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Complete and Selective Cholinergic Denervation of Rat Neocortex
and Hippocampus but Not Amygdala by an Immunotoxin against the

P75 NGF Receptor
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The immunotoxin 192 IgG-saporin, produced by coupling the
ribosome-inactivating protein saporin to the monoclonal 192
IgG antibody against the low-affinity p75 NGF receptor (NGFr),
was injected into the cerebral ventricle, septal area, and
substantia innominata of adult rats.

Injections into the cerebral ventricle induced a complete
loss of NGFr-positive basal forebrain neurons and their ax-
ons. Extensive loss of cholinergic neurons was found in the
septum, diagonal band, and magnocellular preoptic nucleus
but not in the nucleus basalis—substantia innominata com-
plex, where many cholinergic, presumably NGFr-negative,
neurons remained intact. Cholinergic fibers were completely
lost in the neocortex and hippocampus, showed some pres-
ervation in allocortical areas, and showed only minor loss in
the amygdala. The NGFr-positive cholinergic basal forebrain
neurons progressively degenerated during the first 5 d and
did not recover after 180 d. The effect of intraventricular 192
IgG-saporin injections on NGFr-positive basal forebrain neu-
rons could be blocked by simultaneous intraventricular in-
jection of colchicine.

Intraparenchymal injections into the septal area or sub-
stantia innominata damaged cholinergic neurons mainly
around the injection sites and reduced their respective cor-
tical and hippocampal projections.

Noncholinergic septal neurons containing parvalbumin and
noncholinergic neurons containing calbindin-D,,, or NADPHd,
which were adjacent to cholinergic nucleus basalis-sub-
stantia innominata neurons, were not affected by 192 IgG-
saporin. The ChAT immunoreactivity in cortical interneurons,
habenula, and brainstem was unchanged. Dopaminergic and
noradrenergic cortical afferents remained intact.

Received May 18, 1993; revised Aug. 6, 1993; accepted Aug. 13, 1993.

S.H. thanks Dr. Christine Konradi for continuous support during the study. We
express our gratitude for the generous supply of antibodies to Drs. Mark Bothwell,
University of Washington, Seattle (p75 NGFr); Marco Celio, University of Fri-
bourg, Switzerland (calbindin-D.,,); Louis B. Hersh, University of Kentucky,
Lexington (ChAT); and Bruce H. Wainer, University of Chicago, Chicago (Ab8).
This work was supported in part by NIA Grant AG 10282, Javits Neuroscience
Investigator Award (NS 20285), the Department of Veterans Affairs Medical
Research Service, the NIH (DK-18811), and the Whittier Angiogenesis Research
Program. S.H. was supported by the Deutsche Forschungsgemeinschaft and the
Marcia Simon Investigator Award of the National Alliance for Research on Schizo-
phrenia and Depression.

Correspondence should be addressed to Dr. Stephen Heckers, Department of
Neurology, Beth Israel Hospital, 330 Brookline Avenue, Boston, MA 02215.

Copyright © 1994 Society for Neuroscience 0270-6474/94/141271-19%$05.00/0

192 IgG-saporin damaged two neuronal groups outside
the basal forebrain that express the p75 NGF receptor: NGFr-
positive cerebellar Purkinje cells after intraventricular injec-
tion and cholinergic striatal interneurons after injections into
the substantia innominata.

These results indicate that the immunotoxin 192 IgG-sapo-
rin induces a complete and selective lesion of NGFr-positive
cholinergic basal forebrain neurons projecting to hippocam-
pus and neocortex.

[Key words: ChAT, NGF receptor, inmunohistochemistry,
AChE histochemistry]

The cholinergic neurons in the basal forebrain give rise to a
dense network of cholinergic fibers innervating the entire cor-
tical mantle, the hippocampus, the amygdala, and some tha-
lamic nuclei (for review, see Mesulam, 1988; Wainer and Me-
sulam, 1990). Inhibiting the modulatory effect of cholinergic
neurons on their target neurons has been shown to affect several
behavioral domains, especially learning and memory (Olton and
Wenk, 1987; Dekker et al., 1991; Dunnett et al., 1991; Fibiger,
1991).

One widely used method to study the role of cholinergic neu-
rotransmission in learning and memory has been to lesion the
cholinergic basal forebrain neurons. Lesions have been pro-
duced either by physical means (radiofrequency lesion, electro-
lytic lesion) or by the injection of relatively more specific neu-
rotoxic substances that damage neurons but not passing fibers
(for review, see Olton and Wenk, 1987; Dekker et al., 1991).

Chemical lesion models of the cholinergic basal forebrain
system have used four different strategies: (1) basal forebrain
injections of excitatory amino acids (for review, see Dekker et
al., 1991; Reine and Nieoullon, 1992), (2) injections of the aziri-
dinium ion of ethylcholine mustard (AF64A) into the basal
forebrain or target areas of cholinergic neurons (e.g., Fisher and
Hanin, 1986; McGurk et al., 1987; Nakamura et al., 1992), (3)
intracerebral or systemical injections of murine monoclonal an-
tibodies against AChE (Bean et al., 1991; Rakonczay et al.,
1993), and (4) intraventricular or intraparenchymal injections
of a toxin (diphtheria toxin or the ribosome-inactivating protein
saporin; Lappi et al., 1985) coupled to a monoclonal antibody
directed against the p75 NGF receptor (NGFr) (Kudo et al.,
1989; Imaizumi et al., 1991; Wiley et al., 1991; Book et al.,
1992; Nilsson et al., 1992; Wiley, 1992).

The p75 NGF receptor is a 75 kDa transmembrane protein
without tyrosine kinase activity that binds all neurotrophins
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Extensive loss of NGFr-positive basal forebrain neurons after intraventricular 192 IgG-saporin injection. A-C, NGFr-positive neurons

in the medial septum (#5), nucleus of the vertical limb of the diagonal band (nv/), medial preoptic nucleus (mmpo), and nucleus basalis (nb) 22 d
after intraventricular saline injection. D-F, Matching sections demonstrate an almost complete loss of NGFr-positive basal forebrain neurons 22
d after intraventricular 192 IgG-saporin injection. Occasionally, very few NGFr-positive neurons were found (arrowheads in D). Scale bar, 300 pm.

known to date; NGF, brain-derived neurotrophin factor, and
neurotrophin-3, -4, and -5 (Bothwell, 1991a; Chao, 1992). Most
importantly, for the present study, the cholinergic basal fore-
brain neurons have been shown to express by far the highest
level of p75 NGFr immunoreactivity in the adult rat brain (Kiss
et al.,, 1988; Koh et al., 1989; Woolf et al., 1989; Yan and
Johnson, 1989; Pioro and Cuello, 1990a,b; Bothwell, 1991b).
Furthermore, it was demonstrated that the p75 NGF receptor
mediates the retrograde transport of both neurotrophins and a
monoclonal antibody against the p75 NGF receptor (Schweitzer,
1987; Altar and Bakhit, 1991; Ferguson et al., 1991). Therefore,
injection of a toxin-coupled antibody targeting this epitope was
regarded as a very promising lesion model of the cholinergic
basal forebrain system (Wiley, 1992).

Here we report on the extent, time course, specificity, and
mechanism of the cholinergic basal forebrain lesion induced by
intraventricularly or intraparenchymally injected saporin, cou-
pled to an antibody against the p75 NGF receptor (192 IgG-
saporin), in the adult rat CNS.

Materials and Methods

Animals and injections

Eighty-one male albino Sprague-Dawley rats (250400 gm) were used
for stereotaxically placed injections of a 0.42 mg/ml solution of 192
IgG-saporin, a solution of the monoclonal antibody 192 IgG, a 0.06 M
ibotenic acid solution, a 0.1 M quisqualic acid solution, or a 0.9% saline
solution. The production of the 192 IgG-saporin solution is described
elsewhere (Wiley et al., 1991; Wiley and Lappi, 1993).

Animals were anesthetized with 6.5 mg/100 mg body weight sodium
pentobarbital and placed in a stereotaxic apparatus. For each injection,
a hole was drilled in the skull and a microliter syringe filled with toxin
or saline solution was lowered at three different locations. Coordinates
were taken from Paxinos and Watson (1986).

Intraventricular injections. 192 IgG-saporin solution (4-10 ul) was
injected at AP — 1.0, ML +1.5, and DV —4.5 relative to bregma (n =
16). Control animals (n = 9) received equivalent amounts of saline.

Septal injections. 192 IgG-saporin solution (0.3-0.5 ul) (n = 9) or
saline (n = 5) was injected into the septal nuclei at an angle of 15° at
AP +0.6, ML —1.5, and DV —6.7 relative to bregma.

Substantia innominata injections. 192 IgG-saporin solution (0.3-0.7
ul) (n = 25), 1 ul solution of the monoclonal antibody 192 IgG against
the p75 NGF receptor (n = 4), 1 gl ibotenic acid solution (n = 1), 1 ul



quisqualic acid solution (n = 9), or 0.3 ul saline solution (n = 3) was
injected into the substantia innominata at AP —0.9, ML +2.8, and DV
—7.2 relative to bregma.

Intraventricular and septal injections were always single injections;
substantia innominata injections were performed unilaterally as well as
bilaterally. Animals were allowed to survive for 1,2, 3,4, or5d (n =
2 for each group), 7d(n=13), 14d(n=5),22d(n=137),28d (n=
), or180d(n=29).

Preparation of tissue sections

Animals were anesthetized with an overdose of sodium pentobarbital
(13 mg/100 mg body weight) and perfused transcardially with 50-100
ml 0.9% saline, followed by either 4% paraformaldehyde in 0.1 M phos-
phate buffer (pH 7.4), or 4% paraformaldehyde with 0.5% glutaralde-
hyde and 15% saturated picric acid solution in 0.1 m phosphate buffer
(pH 7.4) for 20 min, and finally with 100 ml of a 10% sucrose solution.

Some brains were not perfused with the 10% sucrose solution but
were postfixed in the 4% paraformaldehyde with 0.5% glutaraldehyde
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Figure 2. Complete loss of NGFr-
positive hippocampal and cortical
afferents after intraventricular 192 IgG-
saporin injection (dark-field photomi-
crograph). 4 and B, NGFr-positive fi-
bers in the dentate gyrus (dg) and cornu
ammonis (ca) (4) and occipital cortex
(B) 22 d after intraventricular saline in-
jection. C and D, Matching sections
show a complete loss of NGFr-positive
afferents 22 d after intraventricular 192
IgG-saporin injection. Scale bars: 4, 200
pm for 4 and C; B, 150 um for Band D.

and 15% saturated picric acid solution in 0.1 m phosphate buffer for 2
hr. All brains were immersed in a 30% sucrose solution overnight at
4°C, cut on a freezing microtome into 40-um-thick sections, and stored
in a 0.1 M phosphate buffer solution containing 0.02% sodium azide at
4°C.

Stains

One series of sections per animal was mounted on chromalum-subbed
slides, air dried, and Nissl stained in a 0.1% cresyl violet solution for
5 min.

Enzyme histochemistry. One series of sections per animal was mount-
ed on chromalum-subbed slides, air dried, and stained for acetylcho-
linesterase (AChE) using the Tago modification of the Karnovsky-Roots
histochemical procedure (Tago et al., 1986; Mesulam and Moran, 1987).
Briefly, sections were rinsed in 0.1 M maleate buffer, pH 8.0, and then
incubated in a solution of 0.053 gm of acetylthiocholine iodide, 0.147
gm of sodium citrate, 0.075 gm of cupric sulfate, and 0.0164 gm of
potassium ferricyanide in 1 liter of the 0.1 M maleate buffer. To inhibit
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Figure 3. Distribution of ChAT-positive basal forebrain neurons in
rats 22 d after intraventricular saline or 192 IgG-saporin injection (see
also Fig. 4). 4 and B, Charting of ChAT-positive basal forebrain neurons
after intraventricular saline injection. Ch 1 neurons are located in the
medial septum (ms), Ch 2 neurons are located in the nucleus of the
vertical limb of the diagonal band (nv/), and Ch 4 neurons are distributed
in the nucleus basalis (nb), sublenticular substantia innominata (si), and
the nucleus ansae lenticularis (nal/). Cand D, Charting of ChAT-positive
basal forebrain neurons in a rat after intraventricular 192 IgG-saporin
injection. Note the essentially complete loss of the cholinergic neurons
in the medial septum, diagonal band, and magnocellular preoptic nu-
cleus, but the preservation of Ch 4 neurons (arrowheads) in the ventral
pallidum, nucleus basalis, sublenticular substantia innominata, and nu-
cleus ansae lenticularis. Scale bar, | mm.

nonacetylcholinesterases, 0.0072 gm of ethopropazine was added to the
incubation solution. After 50-60 min the incubation was stopped by
rinsing in 0.1 M Tris buffer, pH 7.6. The sections were then soaked in
a solution of 0.008 gm of cobalt chloride in 100 ml of Tris for 10 min,
rinsed again in the Tris buffer, and finally incubated for 10 min in a
solution of 0.05 gm of diaminobenzidine (DAB) in 100 ml of Tris with
3.3 ml of 0.3% H,O, solution added. The sections were taken through
a final rinse, dehydrated, and coverslipped with permount.

Sections of selected animals were stained free floating for reduced
nicotinamide-adenine dinucleotide phosphate diaphorase (NADPHd)
activity according to the direct method of Scherer-Singler et al. (1983).
Briefly, sections were rinsed in 0.1 m Tris buffer, pH 8.0 and then
incubated in a solution containing 0.8% Triton X-100, 8 mM L-malic
acid (monosodium salt), 0.5 mm reduced NADPH (tetrasodium salt),
and 0.8 mM nitro blue tetrazolium in the same Tris buffer at 37°C. The
incubation was stopped after 10~15 min by rinsing in the Tris buffer
and then the sections were mounted, air dried, dehydrated, and cov-
erslipped with permount.

Immunohistochemistry. Immunohistochemical staining using a
monoclonal antibody to bovine ChAT (Ab8) was carried out using the
peroxidase-antiperoxidase (PAP) method of Sternberger (1986). All oth-
er immunohistochemical stains were performed following the avidin-
biotin ABC procedure (Hsu et al., 1981).

The basic ABC immunohistochemical procedure was as follows: free-

Figure 4. Distribution of ChAT-positive basal forebrain neurons in
rats 22 d after intraventricular saline or 192 IgG-saporin injection. 4
and B, ChAT-positive basal forebrain neurons after intraventricular
saline injection. C and D, ChAT-positive basal forebrain after intra-
ventricular 192 IgG-saporin injection. For abbreviations, see Figure 3.

floating sections were rinsed in 0.1 M phosphate-buffered saline, treated
with 0.4% Triton X-100 in PBS for 1 hr, soaked in carrier medium
consisting of 3% goat serum and 0.1% Triton X-100 in PBS for 1 hr,
and subsequently incubated in solutions of primary antibodies in carrier
medium for 24-72 hr at 4°C. After rinsing, the sections were incubated
in appropriate solutions of biotinylated secondary antibodies (1:500) in
carrier medium for 24 hr at 4°C. The sections were then rinsed again
and transferred to a 1:100 solution of peroxidase-labeled avidin-biotin
complexes in carrier medium for 2 hr. After a final rinse in 0.05 M Tris
buffer, the sections were exposed to a solution of 0.005% DAB and
0.01% H,O, in 0.05 M Tris buffer, pH 7.6.

Monoclonal antibodies (and their concentrations) used in the present
study were directed against (1) purified p75 NGF receptors (1:500) and
(2) the calcium-binding protein parvalbumin purified from carp muscle
(1:2000) (Sigma Chemical Co., St. Louis, MO). Polyclonal antibodies
used were directed against (1) human placental ChAT (1:1000), (2) the
vitamin D—dependent calcium-binding protein calbindin-D,, (1:5000),
(3) the enzymes tyrosine hydroxylase (TH) (1:1000) and (4) dopamine-
B-hydroxylase (DBH) (1:1000) (both from Eugene Tech, Allendale, NJ),
and (5) the neurotransmitter serotonin (5-hydroxytryptamine, 5-HT)
(1:1000) (Incstar, Stillwater, MN).

In some cases, the DAB polymers were intensified using a modified
Fontana-Masson method (Masson, 1928). As described by Kitt et al.
(1988), the sections were incubated in a 2.5% silver nitrate solution,
and then placed in a 0.2% gold chloride solution and fixed in 5% sodium
thiosulfate.

Analysis

Sections were examined using bright-field and dark-field microscopy.
The extent of the cholinergic basal forebrain lesion was judged quali-
tatively by careful analysis of serial sections (stained for cresyl violet,
NGFr, ChAT, and AChE) through the entire forebrain, brainstem, and
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Figure 5. Differential vulnerability of closely adjacent cholinergic basal forebrain neurons after intraventricular 192 IgG-saporin injection (ChAT
immunohistochemistry). 4, ChAT-positive neurons in (from ventral to dorsal) the olfactory tubercle (of), magnocellular preoptic nucleus (mpo),
ventral pallidum (vp) below the anterior commissure (ac), globus pallidus (gp), and putamen (p) of a rat 22 d after intraventricular saline injection.
B, ChAT-positive neurons in the same structures of a rat 22 d after intraventricular 192 IgG-saporin injection. Note the almost complete loss of
cholinergic neurons in the magnocellular preoptic nucleus, but the considerable number of spared Ch 4 cholinergic neurons in the ventral pallidum
and medial aspects of the globus pallidus (curved arrows). The cholinergic neurons in putamen and olfactory tubercle are unchanged. Scale bar,

200 ym.

cerebellum. Selected sections were charted with the aid of a plotter
connected to the movable stage of a microscope via a computer (Mi-
croplotter 4000+, DiLog Instruments, Tallahassee, FL). The specificity
of the lesion for cholinergic basal forebrain neurons was studied with
serial, adjacent sections stained for NGFr, ChAT, AChE, parvalbumin,
calbindin-D,;, NADPHd, TH, and DBH. Unilateral 192 IgG-saporin
injections into the substantia innominata were compared with the con-
tralateral saline injection. Intraventricular, septal, and bilateral sub-
stantia innominata injections were compared with saline injections at
the same coordinates. Cortical areas were delineated according to the
classification of Zilles (Paxinos and Watson, 1986). Cholinergic neurons
were classified according to the nomenclature proposed by Mesulam et
al. (Mesulam et al., 1983; Rye et al., 1984).

Results

General observations

The male Sprague—Dawley rats used in the present study tol-
erated intraventricularly (3.36 or 4.2 ug) as well as intraparen-
chymally (0.126 upg) injected 192 IgG-saporin. Most animals
showed weight loss or a decreased weight gain in the first week
after surgery. We observed no fatalities of animals that had
recovered from the pentobarbital anesthesia.

How complete is the degeneration of cholinergic basal
forebrain neurons?

NGFr-positive basal forebrain neurons

The strong perikaryal immunoreactivity for the p75 NGF re-
ceptor in the cholinergic basal forebrain neurons was unchanged
after intraventricular or intraparenchymal saline injections (Fig.
14-C). In these animals, a dense network of NGFr-positive
fibers could be observed in target areas of the cholinergic basal
forebrain neurons, including the entire cortical mantle and the
hippocampus (Fig. 24, B), as well as parts of the amygdala. NGFr
immunoreactivity was unaltered in rats after intraparenchymal
injections of only the 192 IgG antibody into the substantia
innominata (data not shown).

192 IgG-saporin injections into the ventricle induced an al-
most complete and bilateral loss of perikaryal NGFr immu-
noreactivity in the basal forebrain (Fig. 1D-F). Some sections
displayed two or three residual NGFr-positive neurons in the
basal forebrain (Fig. 1D). No NGFr-positive axonal staining
was seen in cortex, hippocampus (Fig. 2C,D), or amygdala.
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Figure 6. Early signs of degeneration in Ch 4 neurons (ChAT im-
munohistochemistry). ChAT-positive neurons of the posterior Ch 4
group (nucleus ansae lenticularis) display a normal morphology 5 d after
local injection of 192 IgG-saporin into the anterior Ch 4 group on the
contralateral side (4), but show signs of degeneration ipsilaterally (B).
Axons as well as dendrites contribute to the large number of beaded
neurites (arrowheads in C). Scale bars: 4, 100 ym for 4 and B; C, 10
LI,

Intraparenchymal 192 IgG-saporin injections induced a more
restricted loss of NGFr-positive basal forebrain neurons. (1)
Single septal area injections produced a complete and bilateral
loss of NGFr-positive septal neurons as well as considerable
bilateral loss of NGFr-positive neurons in the diagonal band of
Broca. Virtually all NGFr-positive neurons in the nucleus basa-
lis—substantia innominata complex were unchanged. (2) Uni-
lateral substantia innominata injections produced a complete

loss of NGFr-positive neurons in the ipsilateral substantia in-
nominata and also widespread loss of ipsilateral NGFr-positive
neurons of the diagonal band. Very little loss of NGFr-positive
neurons was seen in the septal area. (3) Bilateral substantia
innominata injections (2 x 0.3 ul) also reduced the number of
NGFr-positive septal neurons.

The loss of NGFr immunoreactivity in the somata was
maiched by a loss of NGFr-positive fibers in the respective target
areas, that is, in the hippocampus after septal injections and in
the cortex and amygdala after substantia innominata injections.

Time course. A complete loss of NGFr-positive basal fore-
brain neurons was seen as early as 2 d after 192 IgG-saporin
injection. This was unchanged over the course of 180 d.

ChAT-positive basal forebrain neurons

The extensive collection of cholinergic basal forebrain neurons
was unaltered after intraventricular or intraparenchymal saline
injection (Figs. 34,B; 44,B).

Intraventricular 192 IgG-saporin injections induced a wide-
spread loss of ChAT -positive basal forebrain neurons (Figs. 3C, D,
4(C. D). This reduction was essentially complete in the Ch 1
[medial septum (ms)], Ch 2 [vertical limb of diagonal band of
Broca (nvl)], and Ch 3 (horizontal limb of diagonal band of
Broca) groups of cholinergic neurons and in the magnocellular
preoptic nucleus (mpo) (Figs. 3-5). Many sectors of the Ch 4
group, however [i.e., cholinergic neurons in the nucleus basalis
of Meynert (nb), ventral pallidum (vp), sublenticular substantia
innominata (si), and the nucleus ansae lenticularis (nal)], dis-
played a considerable number of residual ChAT-positive neu-
rons (Figs. 3D; 4C.D; 5B). For example, the ventral pallidum
displayed surviving cholinergic neurons, whereas almost all cho-
linergic neurons in the directly adjacent magnocellular preoptic
nucleus were lost (Figs. 3D, 4C, 5B). Intraparenchymal injec-
tions displayed the same degree of selective damage: complete
loss of Ch 1 and 2 neurons after septal injections and incomplete
loss of Ch 4 neurons after substantia innominata injections.

Time course. The loss of ChAT-positive basal forebrain neu-
rons was first seen 2 d after 192 IgG-saporin injection into the
substantia innominata and gradually increased over the next 5
d (Fig. 6). The extent of the lesion and the distribution of residual
cholinergic neurons as described above were observed mainly
in animals killed after 22 d (Figs. 3, 4). The pattern remained
unchanged in animals 180 d after 192 IgG-saporin injection.

AChE-positive fibers

The histochemical reaction product for AChE can be used as a
marker for cholinergic fibers in the rat cortex with the exception
of a few cortical areas, such as the retrosplenial cortex and
somatosensory barrel fields (Lysakowski et al., 1989). Target
areas of the cholinergic basal forebrain neurons, such as the
hippocampus, the olfactory bulb, the cortex, and the amygdala,
displayed a high density of AChE-positive fibers (Figs. 74; 84—
C; 94,B). This pattern was unchanged after saline injection.
Intraventricular injection of 192 IgG-saporin. The olfactory
bulb, the projection target for the Ch 3 group, showed a complete
loss of AChE-positive fibers (Fig. 8D). The hippocampus and
cingulate cortex, recipients of cholinergic fibers from the Ch 1
and Ch 2 group, displayed a complete loss of AChE-positive
fibers (Figs. 7, 8F). A dense band of AChE activity, observed
in the retrosplenial cortex of control rats (Figs. 74, 8C), did not
disappear after 192 IgG-saporin injection (Figs. 78, 8F). Fron-
tal, temporal, parietal, and occipital isocortex, innervated by
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Figure 7. Extent of cholinergic deafferentiation after intraventricular 192 IgG-saporin injection (AChE histochemistry). The dense network of
AChE-positive fibers in the cortex (c) and hippocampus {(/4) of a saline-treated rat (4) has almost completely disappeared 22 d after intraventricular
192 IgG-saporin injection (B). Arrowheads in B point to large vessels. The dense AChE reaction product in the amygdala (a), putamen (p), and

thalamus (¢) are unchanged (4, B). Scale bar, 1 mm.

the Ch 4 group, displayed an almost complete loss of AChE-
positive fibers (Fig. 7B). Paralimbic cortical areas (insular cor-
tex, perirhinal cortex, piriform cortex, and entorhinal cortex),
which are also innervated by the Ch 4 group, displayed only a
partial loss of AChE-positive fibers (Fig. 9C). AChE-positive
fibers in the amygdala, a target area of cholinergic neurons of
the Ch 4 group, were essentially unchanged 3 weeks after 192
IgG-saporin injection (Figs. 78, 9D).

The lesioned animals in which ChAT-positive cortical and
hippocampal fibers could be visualized confirmed the pattern
of cholinergic denervation as seen with AChE histochemistry.
The upper layer 3 of the retrosplenial cortex displays a band of
much stronger AChE activity than the adjacent layers 2 and
lower layer 3 (Figs. 7; 8C,F). ChAT-positive fibers, however,
are much denser in layers 2 and lower layer 3 (data not shown).
Therefore, we considered the band of strong AChE activity in
the upper layer 3 of the retrosplenial cortex to be noncholinergic.

Intraparenchymal injection of 192 IgG-saporin. Septal injec-
tions induced a complete loss of AChE-positive fibers in the
entire hippocampus and in medial and directly adjacent cortical
areas (cingulate cortex, retrosplenial cortex, frontal cortex, fore-
limb and hindlimb areas, and occipital cortex). Bilateral sub-
slantia innominata injections induced the same degree of neo-
cortical deafferentiation as the intraventricular injections and
produced only mild to moderate loss of AChE-positive fibers

in the hippocampus. The AChE-positive innervation of the ba-
solateral nucleus of the amygdala and the nucleus of the lateral
olfactory tract was essentially unchanged, whereas the remaining
amygdaloid nuclei showed some loss of AChE-positive fibers,

Comparison to excitatory amino acid lesions. Injections of
192 IgG-saporin into the substantia innominata reduced the
density of AChE-positive fibers in the cortex more completely
than ibotenic acid and quisqualic acid injections (Fig. 10). 192
IgG-saporin injections caused a depletion of AChE-positive fi-
bers throughout the neocortical mantle, whereas excitatory ami-
no acids caused a more restricted depletion, probably confined
to the cortical projection areas of the cholinergic neurons around
the injection site.

Time course. This pattern of AChE-positive fiber loss, ob-
served in animals 22 d after lesioning, developed gradually over
the first 5 d after 192 IgG-saporin injection into the substantia
innominata. It was essentially unchanged 180 d after 192 IgG-
saporin injections into the ventricle or the substantia innomi-
nata.

How specific is the lesion for basal forebrain cholinergic
neurons?
NGFr-positive structures outside the basal forebrain

All structures expressing the p75 NGF receptor can be expected
to be affected by 192 IgG-saporin injections. We studied the
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Figure 9. Preservation of AChE-positive fibers in target areas of cholinergic basal forebrain neurons (AChE histochemistry). 4 and B, The caudal
insular cortex between putamen (p) and the rhinal fissure (rf) (4) and the amygdala (B) display a high density of AChE-positive fibers in a saline-
treated rat. C and D, The insula shows some preserved AChE-positive fibers 22 d after intraventricular 192 IgG-saporin injection {C). The dense
collection of AChE-positive fibers in the basolateral (b/) and lateral (/) nuclei and the low density of AChE-positive fibers in the central nucleus
(ce) of the amygdala are essentially unchanged 22 d after intraventricular 192 IgG-saporin injection (D). Scale bars: C, 300 um for 4 and C; D,
100 um for B and D.

effect on four different structures outside the basal forebrain the ventricle or intraparenchymally into the substantia innomi-

that either revealed NGFr immunoreactivity in our material or
for which such evidence is reported in the literature (Pioro and
Cuello, 1988, 1990b; Altar, 1991): the mesencephalic trigeminal
nucleus, the raphe nuclei in the medulla oblongata, the Purkinje
cells of the cerebellum, and the cholinergic neurons of the neo-
striatum.

The mesencephalic trigeminal nucleus displayed the highest
level of NGFr immunoreactivity outside the basal forebrain.
This pattern was not affected by 192 IgG-saporin injections into

—

nata and septal nuclei (Fig. 114).

The raphe nuclei, reported to express low levels of NGFr
immunoreactivity in the adult rat brain (Pioro and Cuello,
1990a), did not show prominent staining in our material. In
sections stained for 5-HT, no difference could be observed com-
paring control animals with animals after intraventricular 192
IgG-saporin injections (Fig. 115).

The cerebellar Purkinje cells displayed characteristic bands
of NGFr staining (Fig. 124). Purkinje cells were also visualized

Figure 8. Complete loss of AChE-positive fibers-in target areas of cholinergic basal forebrain neurons (AChE histochemistry). The dense collection
of AChE-positive fibers in the olfactory bulb (4), the cornu ammonis (ca) and dentate gyrus (dg) of the hippocampus (B), and the retrosplenial
cortex (C) is completely lost 22 d after 192 IgG-saporin injection into the ventricle (D-F). Note the abundance of darkly stained AChE-positive
neurons in the denervated areas (arrowheads in D-F). The dense AChE-positive band in upper layer 3 of the retrosplenial cortex (C) is not affected
by the complete loss of cholinergic afferents (arrows in F). Scale bar, 300 pm.
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by using the calcium-binding protein calbindin-D,;,, which is
expressed in Purkinje cells of normal rats (Fig. 12B). After in-
traventricular 192 IgG-saporin injections, no residual NGFr
staining could be observed in the cerebellum (Fig. 12C). Intra-
ventricular 192 IgG-saporin injections induced an almost com-
plete loss of calbindin-D,,, immunoreactivity in the dorsalmost
folium and a band-like loss of immunoreactivity in more ventral
folia (Fig. 12D). Careful analysis of Nissl-stained sections re-
vealed a loss of Purkinje cells in exactly those bands of lost
calbindin-D,,, immunoreactivity. Injections of 192 IgG-sapo-
rin into the septal area or the substantia innominata did not
change the calbindin-D,;, immunoreactivity in the cerebellum.
We did not observe NGFr immunoreactivity in the neostri-
atum of the adult rat. Rats followed for up to 180 d after in-
traventricular 192 IgG-saporin injections showed neither signs
of degeneration in Nissl-stained material nor a loss of ChAT-
positive striatal neurons. However, in rats that had received 192
IgG-saporin injections into the substantia innominata, a sig-
nificant loss of ChAT-positive striatal interneurons could be
observed. This was especially pronounced in cases followed for
180 d after injection (Fig. 13). This loss of cholinergic striatal
interneurons seemed to be specific, since striatal NADPHd-
positive neurons were not affected by ventricularly or paren-
chymally injected 192 IgG-saporin (data not shown).

NGFr-negative structures

We studied three neuronal populations of special interest with
regard to the specificity of a cholinergic basal forebrain lesion
after 192 IgG-saporin injection: (1) ChAT-positive structures
outside the basal forebrain, (2) noncholinergic basal forebrain
neurons, and (3) noncholinergic cell groups diffusely projecting
to the cortex.

ChAT-positive neurons in cortex, epithalamus, and brainstem.
A subpopulation of cortical interneurons expressed ChAT im-
munoreactivity in the adult rat brain. These neurons did not
express NGFrimmunoreactivity and were not affected after 192
IgG-saporin injections (Fig. 144).

Cholinergic neurons of the pedunculopontine nucleus (Ch 5
group), the laterodorsal tegmental nucleus (Ch 6 group), and the
medial habenula (Ch 7 group) did not display NGFr staining
and were unaffected by 192 IgG-saporin injections (Fig. 14B,C).
The same was true for the ChAT-positive motor nuclei of the
pons and medulla oblongata (motor trigeminal nucleus, dorsal
motor vagal nucleus, facial nucleus, hypoglossal nucleus).

Noncholinergic basal forebrain neurons. Cholinergic neurons
in the medial septum and diagonal band of Broca are adjacent
to noncholinergic neurons expressing the calcium-binding pro-
tein parvalbumin (Fig. 154,B). Intraventricular injections of
192 IgG-saporin, which induced a complete loss of cholinergic
neurons in the septum, did not change the immunoreactivity
for parvalbumin in these midline septal neurons (Fig. 15C,D).

Cholinergic neurons of the Ch 3 and Ch 4 groups are adjacent
to noncholinergic neurons expressing the calcium-binding pro-
tein calbindin-D.g, (Fig. 164, B). 192 IgG-saporin injections into
the ventricle, which induced a widespread loss of Ch 3 and Ch

s
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Figure 11. Preservation of NGFr-expressing neurons outside the basal
forebrain. A, The NGFrimmunoreactivity of the mesencephalic nucleus
of the trigeminal nerve (s¢n) is unaltered after intraventricular 192 IgG-
saporin injection; g indicates cerebral aqueduct. B, Serotonergic neurons
of the raphe magnus nucleus (rm) display a normal level of 5-HT im-
munoreactivity after intraventricular 192 IgG-saporin injection. Scale
bars, 200 um.

4 neurons, did not change the immunoreactivity for calbindin-
D,;x in adjacent noncholinergic neurons (Fig. 16C,D).

The majority of neurons in the medial septum and vertical
limb of the diagonal band that express NADPHA activity are
cholinergic. In the horizontal limb of the diagonal band and the
substantia innominata, however, many NADPHd-positive neu-
rons do not express ChAT immunoreactivity. A normal distri-
bution of NADPHd-positive neurons was found after intraven-
tricular 192 IgG-saporin injections in areas devoid of any
ChAT-positive Ch 3 or Ch 4 neurons (data not shown).

Figure 10. Comparison of 192 IgG-saporin injections with excitatory amino acid lesions (AChE histochemistry). 4, Normal level of AChE-positive
fibers in the occipital cortex. B—D, AChE-positive fibers in the occipital cortex after unilateral injection of 1 ul of a 0.06 M ibotenic acid solution
(B), 1 ul of 0.1 M quisqualic acid solution (C), and 0.3 ul of the 0.42 mg/ml solution of 192 IgG-saporin (D). B and C depict the maximum lesion
effect, seen in less than 10% of the entire cortex, whereas the lesion effect as seen in D was found in the entire cortex. L5 indicates layer 5 in all

four cortical samples. Scale bar, 200 um.
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NGFr

Figure 12. Loss of cerebellar Purkinje cells after intraventricular 192 IgG-saporin injection. 4, Saline-treated rats display a low level of NGFr
immunoreactivity in Purkinje cell perikarya and their dendrites in the adjacent molecular layer. Note the characteristic band-like accentuation of
NGFr immunoreactivity (arrows). B, All Purkinje cells in saline-treated rats displayed high levels of calbindin-D,,, immunoreactivity. C, No NGFr
immunoreactivity was seen in the Purkinje cells after intraventricular 192 IgG-saporin injection. D, The pronounced loss of Purkinje cells after
192 IgG-saporin injection was clearly seen with an antibody against calbindin-D,,,. Note the complete loss in the dorsalmost folium and the band-

like loss in the more ventral folia (arrows). Scale bar, 200 pm.

The distribution of parvalbumin-, calbindin-D,,, -, and
NADPHd-positive basal forebrain neurons was also studied in
rats after injection of 192 IgG-saporin into the septal area or
the substantia innominata. Tissue damage due to the needle
tract and high background immunoreactivity precluded an anal-
ysis of parvalbumin- and calbindin-positive neurons in the im-
mediate vicinity of the injection site. Nissl-stained sections re-
vealed a stronger gliotic reaction around the injection site
compared to intraventricular 192 IgG-saporin injections. How-
ever, in all cases studied, numerous parvalbumin-positive septal
and diagonal band neurons as well as calbindin-D,,,- and
NADPHd-positive neurons in the nucleus basalis—substantia
innominata complex were observed in areas totally devoid of
ChAT- and NGFr-positive basal forebrain neurons.

DBH-positive and TH-positive neurons. Dopaminergic and
noradrenergic neurons were assessed by using antibodies against
TH and DBH (Fig. 17). Animals followed up to 22 d after
intraventricular or intraparenchymal injections of 192 IgG-sap-

orin did not show changes of perikaryal immunoreactivity or
in the dense noradrenergic and dopaminergic innervation of
cortical areas that had been depleted of cholinergic fibers (Fig.
17B,D).

How does the toxin-coupled antibody reach its target?

We injected a mixture of 192 IgG-saporin (1.68 ug) and col-
chicine (2 pg) (n = 2) or just 192 IgG-saporin (1.68 ug) (n = 1)
into the ventricle of three animals. The colchicine/192 IgG-
saporin-treated rats showed normal fiber density over the entire
cortex contralateral to the injection site (Fig. 184) and some
fiber loss ipsilaterally. The animal injected with only 192 IgG-
saporin showed complete bilateral loss of AChE-positive fibers
in isocortex and hippocampus (Fig. 18B).

Discussion

Our study addresses the extent, selectivity, and specificity of the
cholinergic denervation induced by the immunotoxin 192 IgG-



Figure 13. Loss of cholinergic striatal interneurons after 192 IgG-
saporin injection into the basal forebrain. Six months after unilateral
192 IgG-saporin injection into the left basal forebrain, the ChAT-pos-
itive neurons (large dots) in the ipsilateral caudate-putamen (cp) and
olfactory tubercle (ot) are significantly reduced compared to the con-
tralateral side, which received a saline injection. Note the preservation
of cholinergic neurons (small dots) in ventral parts of the globus pallidus
(gp). This section is not near the injection site. Scale bar, 1 mm.

saporin in the adult rat brain. Intraventricular and intraparen-
chymal injections induced a complete loss of NGFr-positive
cholinergic neurons projecting to the neocortex and hippocam-
pus. NGFr-negative cholinergic neurons of the nucleus basalis—
substantia innominata complex were not affected. 192 IgG-sap-
orin proved to be relatively specific for NGFr-positive cholin-
ergic basal forebrain neurons since noncholinergic basal fore-
brain neurons, noncholinergic cortical afferents, and cholinergic
neuronal groups outside the basal forebrain were preserved.
However, two neuronal groups outside the basal forebrain that
express the p75 NGF receptor, cerebellar Purkinje cells and
cholinergic striatal interneurons, were vulnerable to injury by
192 IgG-saporin.

Extent of cholinergic basal forebrain lesions

In previous studies, mechanical lesions or local injections of
neurotoxins into the basal forebrain produced an incomplete
cholinergic deafferentiation of cortex and hippocampus (for re-
view, see Olton and Wenk, 1987; Smith, 1988; Dekker et al.,
1991; Dunnett et al., 1991; Reine and Nieoullon, 1992). This
is in line with our experiments and those of others (Robbins et
al., 1989) demonstrating that injections of various concentra-
tions of ibotenic acid or quiqualic acid into the substantia in-
nominata do not induce a complete loss of AChE-positive fibers
in cortex and hippocampus. The more complete cholinergic
denervation after intraparenchymal 192 IgG-saporin injections
could be due to uptake by local collaterals and retrograde trans-
port into the other neurons of the Ch 1-4 complex. For example,
injections into the substantia innominata always reached all
NGFr-positive Ch 4 neurons in the nucleus basalis-substantia
innominata complex and also spread to the Ch 1-3 neurons.
Intraventricular injections reached virtually every cholinergic
basal forebrain neuron that expressed the p75 NGF receptor.
This seems to be mediated by terminal uptake and retrograde
transport to the soma as demonstrated by the protection of
NGFr-positive basal forebrain neurons by simultaneous injec-
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Figure 14. Preservation of ChAT-positive neurons in cortex, brain-
stem, and thalamus. 4, Cortical interneurons expressing ChAT im-
munoreactivity (arrowheads) are unaltered after intraventricular 192
IgG-saporin injection. B, Cholinergic neurons in the pedunculopontine
(ppn, Ch5) and laterodorsal tegmental (/tn, Ch6) nuclei display normal
levels of ChAT immunoreactivity after intraventricular 192 IgG-saporin
injection. C, Cholinergic neurons in the medial habenula (mh, Ch7) are
not affected by an intraventricular 192 IgG-saporin injection, Scale bars,
100 pm.
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Figure 15. Specificity of damage to Ch 1 neurons after intraventricular 192 IgG-saporin injection. 4, Distribution of ChAT-positive neurons in
the medial septum of a saline-treated rat. B, In the same animal, parvalbumin-positive neurons of the medial septum are located primarily in the
midline. C, Almost complete loss of ChAT-positive medial septum neurons (arrowheads) 22 d after intraventricular 192 IgG-saporin injection. D,
In the same animal, the parvalbumin-positive neurons of the medial septum are spared by the 192 IgG-saporin injection. Scale bar, 100 pm.

tion of 192 IgG-saporin and colchicine. Interestingly, the NGFr-
positive mesencephalic trigeminal nucleus, which sends fibers
to facial and ocular muscles, was not affected by intracerebral
injections of 192 IgG-saporin.

Several studies have reported a reemergence of cortical ChAT-
levels after basal forebrain lesions (see Table 4 in Dekker et al.,
1991). This was interpreted as collateral compensatory sprout-
ing of residual cholinergic fibers after partial lesion of the cho-
linergic basal forebrain neurons (Olton and Wenk, 1987). An-
atomical studies have provided evidence for (Gage et al., 1983)
and against (Mufson et al., 1987; Batchelor et al., 1989; Hen-
derson, 1991) such a compensatory process. In keeping with the
findings of Mufson et al. (1987), we did not observe any recovery
of cholinergic fibers. This may be due to the extensive lesion of
cholinergic basal forebrain neurons.

We observed an extensive number of AChE-positive cortical
neurons after 192 IgG-saporin injections. Furthermore, the
number of ChAT-positive cortical interneurons was unchanged
after complete cholinergic denervation. This supports the sug-
gestion that the residual ChAT and AChE activity seen in bio-
chemical assays of cortical samples after extensive basal fore-

brain lesions is due, at least in part, to intrinsic cortical neurons
(Olton and Wenk, 1987; Book et al., 1992; Nilsson et al., 1992).

Heterogeneity of cholinergic basal forebrain neurons

Although injections of 192 IgG-saporin into the ventricle or the
substantia innominata induced a complete loss of neocortical
cholinergic fibers, a considerable number of cholinergic neurons
and limbic cholinergic fibers were not affected. These neurons
did not express the p75 NGF receptor and were localized mainly
in the ventral pallidum and ventral to the lenticular nucleus
(sublenticular substantia innominata according to Carlsen et al.,
1985). Previous studies have demonstrated such a population
of ChAT-positive, NGFr-negative neurons in the nucleus ba-
salis-substantia innominata complex of the rat (Dawbarn et al.,
1988; Kiss et al., 1988; Batchelor et al., 1989; Woolfet al., 1989;
Bickel and Kewitz, 1990). It is very likely that those residual
ChAT-positive, NGFr-negative neurons give rise to the dense
cholinergic innervation of the amygdala and parts of the rhinal
paralimbic areas that were spared or only partially affected by
192 IgG-saporin injections (S. Heckers and M.-M. Mesulam,
unpublished observation). This is in accordance with studies on
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Figure 16. Specificity of damage to Ch 4 neurons after intraventricular 192 IgG-saporin injection. 4, Saline-treated rats display ChAT-positive
neurons in the putamen (p) and two compartments of the Ch 4 complex, medial to the globus pallidus (gp) and in the medullary stria, interspersed
between putamen and globus pallidus. B, In the same animal, small perikarya and fibers immunoreactive for calbindin-D,;, are located in the
medullary stria and adjacent putamen. C, Twenty-two days after intraventricular 192 IgG-saporin injection, the cholinergic neurons in the putamen
are unchanged, whereas almost all Ch 4 neurons are lost. D, In the same animal, the calbindin-D,g-positive ncurons (curved arrows) are unchanged.

Scale bar, 200 um.

the basal forebrain afferents to the amygdala in the rat (Nagai
et al., 1982; Woolf and Butcher, 1982; Carlsen et al., 1985;
Luiten et al., 1985, 1987; Rao et al., 1987; Henderson and
Evans, 1991). It is of interest that the heterogeneity of cholin-
ergic neurons in the nucleus basalis-substantia innominata com-
plex with regard to p75 NGF receptors coincides with a clear
distinction in the projection pattern of these two groups of neu-
rons. It is not clear whether such a correlation exists for other
heterogeneous chemical markers of rat basal forebrain neurons
such as galanin or NADPHd (Pasqualotto and Vincent, 1991;
Geula et al., 1993). However, there seems to be a differential
vulnerability of cholinergic basal forebrain neurons to excitatory
amino acids. For example, Boegmann et al. (1992) demonstrated
that a-amino-3-hydroxy-4-isoxazole propionic acid (AMPA) and
quisqualic acid injections into the nucleus basalis reduce ChAT
activity primarily in the cortex whereas quinolinic acid and
ibotenic acid injections reduce ChAT activity primarily in the
amygdala. This might be due to the differential expression of
glutamate receptor types on cholinergic basal forebrain neurons

projecting to the amygdala or the cortex. Such a heterogeneity
could explain why AMPA and quisqualic acid injections, which
leave cholinergic neurons projecting to the amygdala relatively
intact, produce only marginal impairments in cognitive tasks
that are significantly impaired after ibotenic acid injections
(Dunnett et al., 1991; Boegmann et al., 1992).

Specificity of cholinergic basal forebrain lesions

Qur experiments demonstrate that 192 IgG-saporin spares three
groups of noncholinergic and one group of cholinergic basal
forebrain neurons: (1) parvalbumin-positive, presumably GA-
BAergic (Freund, 1989) septal neurons that are intermingled
with cholinergic neurons of the Ch 1 and Ch 2 group (Alonso
etal., 1990; Kiss et al., 1990a,b; Brauer et al., 1991), (2) neurons
that express immunoreactivity for the calcium-binding protein
calbindin-D,4 and that are adjacent to the Ch 4 neurons (Chang
and Kuo, 1991; Geula et al., 1993), (3) substantia innominata
neurons with NADPH-diaphorase activity that are mostly non-
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Figure I7. Preservation of TH- and DBH-positive hippocampal afferents after intraventricular 192 IgG-saporin injection. 4 and B, No consistent
change was found comparing tyrosine hydroxylase (TH)-positive fibers in dentate gyrus and cornu ammonis of rats 22 d after intraventricular
saline injection (4) or 192 IgG-saporin injection (B). C and D, No consistent change was seen in the density of dopamine-g-hydroxylase (DBH)-
positive fibers in animals 22 d after intraventricular saline (C) or 192 IgG-saporin (D) injection. Scale bar, 200 um.

cholinergic (Pasqualotto and Vincent, 1991; Geula et al., 1993),
and (4) NGFr-negative, ChAT-positive neurons of the Ch 4
group. Our analysis of these four groups of spared neurons was
based on a qualitative comparison of serial sections through the
entire forebrain. Although we did not observe any neuronal

shrinkage or neuronal loss in any of these noncholinergic neu-
ronal groups comparing 192 IgG-saporin injections with saline
injections, we cannot exclude relatively small quantitative dif-
ferences in perikaryal size or neuronal density.

Parenchymal 192 IgG-saporin injections induced a more pro-
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Figure 18. Colchicine blocks the 192 IgG-saporin-induced loss of AChE-positive fibers. 4, No significant loss of AChE-positive fibers in the
parietal cortex of an animal 7 d after injection of 4 ul of 192 IgG-saporin (0.42 mg/ml) mixed with 4 ul of colchicine (0.5 mg/ml) into the ventricle
of the contralateral hemisphere. B, Complete loss of AChE-positive fibers in the parietal cortex 7 d after injection of only 4 ul of 192 IgG-saporin
(0.42 mg/ml) into the ventricle of the contralateral hemisphere. Scale bar, 200 gm.

nounced gliosis than intraventricular injections. Because of the
gliosis and increased background immunoreactivity we could
not ascertain that the noncholinergic neurons were as completely
preserved after parenchymal injections as after intraventricular
injections. Furthermore, substantia innominata injections also
led to damage of striatal cholinergic neurons. Thus, the speci-
ficity of the lesion for cholinergic basal forebrain neurons may
be less after parenchymal than intraventricular 192 IgG-saporin
injection.

In the rat brain, the p75 NGF receptor is also expressed out-
side the basal forebrain, notably in the mesencephalic trigeminal
nucleus, cerebellar Purkinje cells, and striatal neurons (Pioro
and Cuello, 1988, 1990a,b; Koh et al., 1989; Yan and Johnson,
1989; Altar, 1991; Bothwell, 1991b; Koh and Higgins, 1991;
von Bartheld and Bothwell, 1993). There is evidence from in
vivo and in vitro experiments that a population of noncholi-
nergic, presumably GABAergic, basal forebrain neurons might
also express the p75 NGF receptor (Batchelor et al., 1989; Drey-
fus et al., 1990).

We found that 192 IgG-saporin injections affected two of these
neuronal groups, cerebellar Purkinje cells after intraventricular
injections and cholinergic striatal interneurons after basal fore-
brain injections. A subset of cerebellar Purkinje cells starts ex-
pressing the p75 NGF receptor during development and con-
tinues during adulthood (Pioro and Cuello, 1988, 1990b; Koh
and Higgins, 1991). Striatal neurons express the p75 NGF re-
ceptor in early development but decrease the expression dras-

tically during adulthood (Pioro and Cuello, 1990a; Altar, 1991;
Koh and Higgins, 1991). The loss of striatal neurons might be
due to the lesion-induced reexpression of p75 NGF receptors
in the striatum (Gage et al., 1989). Striatal NADPHd-positive
neurons were not affected by local injections. This is in line with
previous observations that the p75 NGF receptor in the striatum
is expressed primarily by cholinergic neurons (Altar, 1991).

Most previous lesion studies of the basal forebrain did not
find significant differences in noncholinergic neurotransmitter
systems during the first months after basal forebrain lesions (for
review, see Dekker et al., 1991; Reine and Nieoullon, 1992).
The present study also did not find changes in the noradrenergic
and dopaminergic fiber density in the cortex and hippocampus,
which is in agreement with previous studies of the 192 IgG-
saporin lesion model (Book et al., 1992; Nilsson et al., 1992).

In conclusion, 192 IgG-saporin appears to induce more com-
plete lesions of neocortical and hippocampal cholinergic affer-
ents than other previous lesion and toxin models. Lesions of
other neuronal systems seem to be restricted to either cerebellar
(after intraventricular injection) or striatal (after basal forebrain
injection) neurons that present the p75 NGF receptor to the
injected immunotoxin. The complete, selective, and relatively
specific lesions induced by 192 IgG-saporin injections may be
a useful tool to study the anatomical heterogeneity, physiology,
and behavioral implications of the cholinergic basal forebrain
system.
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Appendix

Abbreviations

a amygdala

ac anterior commissure

bl basolateral nucleus of amygdala
c cortex

ca cornu ammonis

Calb calbindin-D,g

ce central nucleus of amygdala
Ch1l cholinergic cell group 1

Ch2 cholinergic cell group 2

Ch3 cholinergic cell group 3

Ch4 cholinergic cell group 4

Chs cholinergic cell group 5

Ch6 cholinergic cell group 6

Ch7 cholinergic cell group 7

cc corpus callosum

cp caudate-putamen

DBH dopamine-8-hydroxylase

dg dentate gyrus

gp globus pallidus

h hippocampus

1 lateral nucleus of amydala

L5 layer 5

Itn laterodorsal tegmental nucleus
mh medial habenula

ms medial septum

mpo magnocellular preoptic nucleus
mtn mesencephalic trigeminal nucleus
nal nucleus ansae lenticularis

nb nucleus basalis

NGFr nerve growth factor receptor
nvl nucleus of the vertical limb of the diagonal band
ot olfactory tubercle

P putamen

Parv parvalbumin

ppn pedunculopontine nucleus

q cerebral aqueduct

rf rhinal fissure

rm raphe magnus nucleus

si substantia innominata

t thalamus

TH tyrosine hydroxylase

vp ventral pallidum
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