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Abstract

This study investigated whether animals sustaining experimental damage to the basal forebrain
cholinergic system would benefit from treatment with exogenous neurotrophic factors.
Specifically, we set out to determine whether neurotrophic factors would rescue damaged
cholinergic neurons and improve behavioral performance on a spatial learning and memory task.
Adult rats received bilateral injections of either saline (controls) or 192 1gG-saporin to damage
basal forebrain cholinergic neurons (BFCNs). Two weeks later, animals received implants of an
Alzet mini-pump connected to cannulae implanted bilaterally in the lateral ventricles. Animals
received infusions of nerve growth factor (NGF), neurotrophin 3 (NT3), a combination of NGF
and NT3, or a saline control over a 4-week period. Compared to saline-treated controls, animals
sustaining saporin-induced damage to BFCNs took significantly more trials to learn a delayed
match to position task and also performed more poorly on subsequent tests, with increasing delays
between test runs. In contrast, animals infused with neurotrophins after saporin treatment
performed significantly better than animals receiving saline infusions; no differences were
detected for performance scores among animals infused with NGF, NT3, or a combination of NGF
and NT3. Studies of ChAT immunnocytochemical labeling of BFCNs revealed a reduction in the
numbers of ChAT-positive neurons in septum, nucleus of diagonal band, and nucleus basalis in
animals treated with saporin followed by saline infusions, whereas animals treated with infusions
of NGF, NT3 or a combination of NGF and NT3 showed only modest reductions in ChAT-
positive neurons. Together, these data support the notion that administration of neurotrophic
factors can rescue basal forebrain cholinergic neurons and improve learning and memory
performance in rats.
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INTRODUCTION

Basal forebrain cholinergic neurons (BFCNs) comprise a population of neurons that are
distributed through the medial septum, diagonal band, substantia innominata, and medial
globus pallidus (Mesulam et al., 1983; Butcher and Woolf, 2004). Cholinergic neurons in
the substantia innominata and medial globus pallidus are sometimes considered to form the
nucleus basalis, a term more appropriate for the human brain (nucleus basalis of Meynert)
but also sometimes applied to rodents (nucleus basalis magnocellularis, nBM). The axons of
this system provide much of the cholinergic innervation of the cerebral cortex (Mesulam et
al., 1983; Baratta et al., 2001; Butcher and Woolf, 2004; Bruel-Jungerman et al., 2011).
Experimental damage to BFCNSs in laboratory animals has been shown to lead to deficits in
learning and memory tasks, particularly those related to spatial memory (Johnson et al.,
2002; Ricceri et al., 2004; Marques Pereira et al., 2005; Deiana et al., 2011). In addition,
specific cholinergic lesions of the nBM can lead to the long-lasting reduction of
acetylcholinesterase (AChE) positive fibers in the cerebral cortex (Szigeti et al. 2013). These
results from laboratory animals have supported the idea that loss of cholinergic function in
humans is associated with diminished cognitive abilities and may contribute to the
development of Alzheimer’s disease (Bartus et al., 1982; Perry et al., 1992; Mufson et al.,
1999; Auld et al., 2002; Tuszynski et al., 2005; Craig et al., 2011).

The idea that cholinergic loss may contribute to Alzheimer’s disease has led to the
suggestion that treatment regimens that target the cholinergic system, primarily neurotrophic
factors, may offer a viable therapy against the development of Alzheimer’s disease
(Tuszynski et al., 2005). Several studies have demonstrated that BFCNs are influenced by
several neurotrophic factors, including nerve growth factor (NGF) and neurotrophic factor 3
(NT3) (Alderson et al., 1990; Dreyfus, 1989; Gahwiler et al., 1987; Morse et al., 1993; Li et
al., 1995; Ha et al., 1996; Nonomura et al., 1996; Ha et al., 1999). These neurotrophic
factors are produced by cells in the region of BFCN cell bodies, as well as in the cortical
target regions of BFCN axonal projections, and they contribute to the development and
maintenance of these cholinergic neurons and their projections (Gahwiler et al., 1987;
Dreyfus et al., 1989; van der Zee et al., 1992; Lauterborn et al., 1994; Ha et al., 1999;
Robertson et al., 2006).

The present study used an experimental model to determine whether exogenous
neurotrophic factors might reduce the deleterious consequences of BFCN damage.
Following treatment of rats with 192 1gG-saporin to partially damage the basal forebrain
cholinergic system, animals were tested to determine if administration of NGF, NT3, or a
combination of NGF and NT3 would improve performance on a delayed match to position
(DMP) test and whether these treatment regimens would reduce atrophy of BFCNs.

EXPERIMENTAL PROCEDURES

Animals

Experiments were performed with adult Sprague-Dawley rats, purchased from Charles River
(Hollister, CA) and housed in the UCI School of Medicine vivarium. At the beginning of
these studies, rats were approximately 8 weeks of age and weighed approximately 180 gm.
Animals were placed on a restricted food diet to maintain body weight at 85% of normal,
(normal weights reported on the Charles River website) as described below.

All procedures were carried out in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and were approved by the University of
California, Irvine, Institutional Animal Care and Use Committee. All efforts were made to
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minimize animal suffering and to use only the number of animals necessary to produce
reliable scientific data.

Materials
Reagents were purchased from Sigma Chemical Co. (St Louis, MO) unless otherwise noted.

Surgical Procedures

Animals were deeply anesthetized with sodium pentobarbital (40mg/kg; IP) and placed in a
stereotaxic apparatus. Injections of 192 IgG-saporin (Chemicon, Temecula CA) in sodium
phosphate-buffered saline (PBS) or PBS alone were made using a Hamilton microsyringe
and an attached glass micropipette. Four injections were made in each animal; bilaterally in
the medial septum (relative to the bregma skull suture, AP +0.2 mm, ML +/- 0.4mm, DV
—7.5 mm) and bilaterally in the basal nucleus (AP —0.4mm, ML +/- 1.8mm, DV -8.0 mm)
(Paxinos and Franklin, 2004). Injections (per site) were 0.2ul of either saline (0.1M sodium-
phosphate buffered 0.9% saline) or 200 ng/ul 192 IgG-saporin, injected slowly over a period
of 5 min, and the pipette tip left in place for an additional 5 minutes to facilitate diffusion
into the tissue. Animals were placed in a temperature-controlled incubator until they
recovered normal activity and then returned to the home cage. These injection parameters
were selected in order to produce partial damage of BFCNs. An incomplete lesion was
important to allow a remaining component of BFCNs as a target for treatment with
neurotrophic factors.

Two weeks after the saporin injections, animals were again deeply anesthetized with
pentobarbital (40mg/kg; IP) and placed in the stereotaxic apparatus. Two 28G cannulae were
implanted bilaterally in the lateral ventricles (stereotaxic targets AP: =0.9 mm; ML: +/- 2.0
mm; DV: =3.5 mm below the brain surface). Cannulae were connected through a “Y’adapter
to a polyethylene tube leading to an Alzet mini-pump (Alzet, Cupertino CA) that was
implanted under the skin at the nape of the neck. The Alzet pumps used were model 2004
pumps, which deliver 0.25 pl/hr, or a total of 200 pul over 4 weeks.

The Alzet pumps contained either NGF (Life Technologies, InVitrogen; Carlsbad CA) or
NT3 (Biosource, InVitrogen; Carlsbad CA), or a combination of both, dissolved in PBS (pH
7.4; 0.1M) at a concentration of 66 ng/pul, for a delivery of 400 ng/day. This treatment
dosage is a relatively low dose (Johnson et al., 2002; Marques Pereira et al., 2005; Pappas
and Sherren, 2003; Robertson et al., 1998). Six different sets of animals were used, with 5
conditions in each set. Condition 1 (Sap+NGF group) received saporin treatment followed
by infusions of NGF alone, over 4 weeks. Condition 2 (Sap+NT3 group) received saporin
treatment followed by infusions of NT3 alone. Condition 3 (Sap+NGF, NT3 Combo group)
received saporin treatment followed by a combination of NGF and NT3, each at 200 ng/day
so the total dose of neurotrophins would be similar to the single neurotrophin groups.
Condition 4 (Sap+Sal Control) received saporin followed by vehicle control infusions of
sodium-phosphate buffered saline. Condition 5 (Sal+Sal Control) received control
intracranial injections of saline followed by infusions of saline. Each set of animals (with 5
conditions in each set) received surgeries, implants and behavioral testing together and was
euthanized and tissues processed together for immunocytochemistry.

Behavioral Tests

The behavioral task employed was the delayed match to position (DMP) T-maze;
performance on this test has been demonstrated to be impaired by lesions of the forebrain
cholinergic system (Johnson et al., 2002). Further, this test offsets the rats’ natural tendency
to alternate between arms of the maze (Rabinovitch and Rosvold, 1951; Still, 1966). The
experimenters in all cases were blinded to the treatment condition.
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All animals were placed on a restricted food diet to maintain body weight at 85% of normal
(normal weights as described on the Charles River website). Animals were housed 1 per
cage and were provided 3 gm of rat chow per 100 gm body weight per day. Each day, after
completion of the behavioral tests, animals were weighed and returned to their home cage, at
which time they receive 3 gm of standard rat chow per 100 gm body weight. This procedure
resulted in animals being food motivated when they underwent training the following day.

Behavioral testing began 2 weeks after the onset of the neurotrophin treatments. A standard
T maze was used for the DMP test. Maze components were 5” wide and 5” high. The
runway was 14” long and each arm was 12” long. During the first week, animals were
adapted to the T maze by placing them in the maze with 2-3 reward pellets (45 mg sucrose
tab/peanut butter pellets; Test Diet, Richmond IN) for 10 min each day for 5 days. On the
second week, animals were trained to run to the end of the maze arms by a series of forced
choices over another 5 days. The DMP training consisted of 10 trial pairs/day; each trial
consisted of a forced choice to one side or the other, followed immediately by an open
choice. A two pellet reward was given when the subject correctly returned to the same arm;
an incorrect run to the opposite arm resulted in no pellet reward and brief (10 sec)
confinement to that arm. Thus, the task was for the animal to remember which side of the
maze was entered in the last trial and to return to that side. The rewarded side was
randomized and balanced (right or left). Between trials within a session, animals were
returned to their cage for approximately 5 min. Animals received 10 trial pairs/day until the
criterion of at least 8 of 10 correct choices was met for two consecutive sessions.

An additional 6 days of testing followed the training sessions; these tests incorporated
increasing delays between the forced and open choices of the trial pairs. Delays were 60, 90,
and 120 sec, with 2 days of tests per delay period.

The data from the animals were averaged for each of the groups and groups were compared
for the acquisition phase and delay tests. Analysis was performed on days to criterion,
percent correct choices over acquisition, and post criterion performance compared the five
groups (GraphPad InStat; LaJolla CA). In addition, groups were compared by days to
criterion using a non-parametric Kuskal-Wallis ANOVA. The group scores were compared
for the post-criterion delay tests, using one-way ANOVA.

Tissue Preparation

At the conclusion of the behavioral studies for each set, animals were deeply anesthetized
(sodium pentobarbital, 100 mg/kg; IP) and euthanized by vascular perfusion with 0.1M PBS
followed with 4% paraformaldehyde and 0.5% glutaraldehyde, in 0.1M PBS. Brains
remained in fixative overnight before being transferred to 30% sucrose for cryoprotection.
Brains were frozen and then cut in the transverse plane, at a thickness of 40 pm, using a
sliding microtome. Transverse sections were collected from the level of the genu of the
corpus callosum posteriorly to the splenium of the corpus callosum. Every fifth section
through the medial septum and nucleus basalis was processed for ChAT
immunocytochemistry; another set of every 5th section was processed for Nissl staining.

ChAT Immunocytochemistry

Sections were treated with 10% DMSO in PBS for 15 min and then blocked with 3% normal
rabbit serum (Chemicon, Temecula CA) for 1 hr at room temperature. Sections were
incubated overnight at 4°C in goat anti-ChAT (Chemicon AB144P) primary antibody, 1:500
in normal rabbit serum. Sections were rinsed in PBS and then incubated in biotinylated
rabbit anti-goat secondary antibody (Vector Labs, Burlingame CA) for 1 hr at room
temperature. Sections were stained according to the Vectastain Elite ABC Kit from Vector
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laboratories (Burlingame CA), using diamino benzidine as the chromagen, with nickel
(0.04% nickel chloride) intensification. Sections were mounted, dehydrated, cleared in
xylenes, and coverslipped for examination under a light microscope. Selected sections were
counterstained with cresyl violet to document the relationship between ChAT-positive cells
and local cytoarchitecture.

Data Analysis

RESULTS

Immunocytochemically processed sections from each set of animals were examined under
bright field illumination with a Nikon Optiphot to determine the relative numbers of ChAT-
positive neurons in basal forebrain nuclei. Borders of nuclear groups were determined from
adjacent Nissl sections. Photographic images were taken using a Nikon DS 5M digital
camera. Exposure parameters were adjusted manually to ensure that photographic
parameters remained consistent within each group set; this allowed for accurate comparison
of labeling intensity between sections within each set of animals. Images were loaded into
Photoshop (Adobe Photoshop 7.0; Adobe Systems, Mountain View CA). When constructing
photographic plates, contrast and brightness were adjusted for photographs within the same
plate; no other manipulation of the images was performed.

Analyses compared the 5 different experimental conditions (Sal+Sal control; Sap+Sal; Sap
+NT3; Sap+NGF, Sap+Comb), with emphasis on determining whether the presence of
neurotrophin affected the number of ChAT-positive neurons in the basal forebrain. Counts
were made of the numbers of ChAT+ cells in MS medial septum (MS), nucleus of the
diagonal band (nDB), and nucleus basalis (nB) of each hemisphere; cells were assigned to
two different categories. Type 1 cells were ChAT positive cells that appeared
morphologically normal (each with a clearly stained soma with an identifiable nucleus and
at least 2 well stained dendrites). Type 2 cells were ChAT positive cells that appeared
atrophic (each with an apparently shrunken soma and with short or apparently shrunken
dendrites). Comparisons were made of total numbers of cells across the groups, as well as
numbers of Type 1 and Type 2 cells.

Performance in the DMP task

The mean correct choices on the acquisition phase of the DMP test for each day of training
for each group of animals are shown in Fig. 1. The groups had similar scores on the initial
day of testing and all groups of animals showed improved performance over time on the
DMP test. The Sap+Sal treated animals scored significantly more poorly on the test than did
the Sal+Sal control animals, indicating the deleterious effects of the saporin treatment (Two-
way ANOVA with Bonferroni post-tests). Treatment with neurotrophins of animals
previously exposed to saporin (Sap+NGF, Sap+NT3, Sap+NGF&NT3) resulted in
behavioral scores that were significantly better than the Sap+Sal and indistinguishable from
the control animals (Sal+Sal).

Figure 2 shows the results of the analysis of trials to criterion for each group. The saline-
treated animals as a group performed well, with only one animal not reaching criterion and
the other members of this group reaching criterion in 7, 9, 10, and 14 days. In contrast, only
one member of the saporin-treated group reached criterion, at 9 days, while the other 4
members failed to reach criterion. The groups receiving saporin injections and subsequent
treatment with neurotrophins were not distinguishable from the controls (Sal+Sal).

Data for the acquisition phase were analyzed further by dividing the results into blocks of
training. Figure 3 shows that for the first 5 days of training (Days 1-5), no significant
differences were detected between groups. By the second block of trials, days 6-10, the
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neurotrophin-treated animals had significantly more correct choices per session than did the
saporin-treated group (Sap+Sal) and the neurotrophin-treated groups were not significantly
different from saline-treated controls (Sal+Sal). These differences between groups continued
into the third block of sessions (Days 11-15), again with the saporin-treated animals
performing more poorly than the saline controls and more poorly than the groups that
received neurotrophin treatment following saporin injections (Two-way ANOVA with
Bonferroni post-tests: * p<0.05, *** p<0.005 vs. individual group at Days 1-5).

The second phase of the DMP trials used increasingly longer delays between the first forced
choice run and the second test run. As shown in Fig. 4, the shortest interval of 60 seconds
did not reveal differences between the groups. That is, although the saline-treated control
animals achieved more correct choices, this was not a statistically significant difference, and
further, no differences were detected between the animals that received neurotrophin
treatments and the animals that received only saporin. However, differences between the
groups became apparent at the 120 second delay, with the saporin-treated animals
performing more poorly than the saline controls and the neurotrophin-treated animals
performing significantly better than the saporin-treated animals and not significantly
different from saline-treated controls (Two-way ANOVA with Bonferroni post-tests).

Morphological assessment of brains

After the completion of the behavioral tests, animals were euthanized and brain tissue was
processed for ChAT immunocytochemistry. Fig. 5 presents photomicrographs of ChAT
immunoreactivity through the septum and nucleus of the diagonal band from representative
animals of each experimental group. The section from the saline-injected control animal
(Fig. 5A, F) reveals patterns of ChAT-positive cells similar to those reported previously for
normal animals (Butcher and Woolf, 2004; Mesulam et al., 1983; Robertson et al., 1998),
with strongly labeled multipolar neurons and a few bipolar neurons seen in medial septum
and in the vertical and horizontal limbs of the diagonal band. As reported previously
(Johnson et al., 2002; Marques Pereira et al., 2005; Pappas and Sherren, 2003; Robertson et
al., 1998) saporin treatment results in the loss of many BFCNSs. In the present experiments,
figures 5B and 5G illustrate a marked loss of ChAT-positive cells in the medial septum and
in the nuclei of the diagonal band of the Sap+Sal animals. However infusion with
neurotrophins following saporin treatment resulted in an apparent sparing of ChAT-positive
cells, whether the treatment was with NT3 alone (Fig. 5C, H), NGF alone (Fig. 5D, I) or
with a combination of NT3 and NGF (Fig. 5E, J).

Counts of ChAT+ cells were made from sections from each of the groups, as illustrated in
figure 6. Counts were made in each hemisphere; no differences were detected between the
two hemispheres, so counts were combined. The images in Fig. 6A and 6B show the pattern
of ChAT+ cells in an animal of the Sal+Sal group. Comparable photomicrographs in 6A’
and 6B’ indicate the regions from which cell counts were made. The photomicrographs in
Fig. 6C, 6E, and 6G show normal appearing Type 1 ChAT positive neurons from MS, nDB,
and nB, respectively. For comparison, photomicrographs in Fig. 6D, 6F, and 6H show
atrophic appearing Type 2 ChAT positive neurons from MS, nDB, and nB. Note that
although the cells in Fig. 6D, 6F, and 6H are ChAT positive, the somata appear smaller and
shrunken, as do the dendrites.

The counts of total numbers of ChAT+ cells, as well as numbers of Type 1 and Type 2 cells,
are presented by the histograms of figure 7. The Sap+Sal group had significantly fewer total
ChAT+ cells than did the Sal+Sal control group for MS (Fig. 7A), nDB (Fig. 7B), and nB
(Fig. 7C) (ANOVA, p<.01; Tukey-Kramer Multiple Comparisons Test; q=17 for MS; 19 for
nDB; 9.3 for nB; all p<.01). Saporin treatment followed by infusions of neurotrophic factors,
either NT3 (Sap+NT3) or NGF (Sap+NGF) did not result in significant loss of ChAT+
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neurons compared to the Sal+Sal control group. Further, mean numbers of ChAT+ cells
were significantly greater in the Sap+NT3 and the Sap+NGF groups than in the Sap+Sal
group for MS (g=8.7 and 12.5, respectively), for nDB (q=9.8 and 7.4, respectively), and for
nB (g=5.9 and 4.7, respectively).

While sections from each brain region from each treatment group displayed both normal
appearing (Type 1) and atrophic appearing (Type 2) cells, the ratios of Type 1 to Type 2
differed considerably between groups (ANOVA, p<.001). Comparisons of the Sal+Sal and
the Sap+Sal groups reveal significant differences in ratios of Type 1 to Type 2 cells for the
MS (g=17.2; p<.001), nDB (g=16.4; p< .001), and nB (g=7.5; p<.01). Further, treatment in
the Sap+NT3 resulted in increased ratios of Type 1 to Type 2 cells, relative to the Sap+Sal
group. Differences in ratios were significant for MS (for the Sap+NGF group; g=4.9; p<.05)
but not for the Sap+NT3 group. Differences in ratios were significant for nDB for both the
Sap+NT3 group (g=6.1; p<.01) and the Sap+NGF group (q=4.5; p<.05). Differences were
not significant in nB for either the Sap+NT3 group (gq=1.13; p>.05) for the Sap+NGF group
(g=2.5; p>.05).

DISCUSSION

The basal forebrain cholinergic system is well positioned to have a significant influence on
crucial aspects of learning and memory. Basal forebrain derived axons provide much of the
cholinergic innervation of the cerebral cortex (Baratta et al., 2001; Butcher and Woolf,
2004; Lysakowski et al., 1989; Mesulam, 1983). BFCN derived cholinergic axons extend to
encompass essentially all of cortex, although regional differences occur (e.g., Lysakowski et
al., 1989). Physiological studies have demonstrated that cholinergic activation of muscarinic
and some nicotinic receptors serves to increase the efficacy of glutamatergic synaptic
transmission (Dotigny et al., 2008; Klinkenberg et al., 2011; Phillis, 2005). Previous studies,
both in humans and in laboratory animal models, have indicated that deficits in forebrain
cholinergic function are associated with deficits in attention and in spatial memory tasks
(Auld et al., 2002; Bartus et al., 1982; Deiana et al., 2011; Haense et al., 2012; Marques
Pereira et al., 2005; Ricceri et al; 2004).

If loss of cholinergic function, either through loss of cholinergic neurons or through their
inactivation, leads to deficits in a learning and memory task performance, then steps to
reduce damage to or recover function of these cholinergic neurons may have a beneficial
impact on behavior. It has been well demonstrated that BFCNSs are influenced by several
neurotrophic factors (Alderson et al., 1990; Dreyfus, 1989; Gahwiler et al., 1987; Ha et al.,
1996; 1999; Li et al., 1995; Morse et al., 1993; Nonomura et al., 1996). These neurotrophins
are obvious candidates to reduce damage, or the effects of damage, to the cholinergic
system. In normal brain, these neurotrophic factors are produced by cells in the cortical
target regions of basal forebrain cholinergic projections and also are produced locally in the
region of cholinergic cell bodies (Friedman et al., 1998; Huang and Reichardt, 2001;
Lauterborn et al., 1993; Volosin et al., 2006). Thus the availability of neurotrophic factors,
either in the axonal terminal field or in the region of the cell bodies, likely contributes to the
development and maintenance of cholinergic systems and could also contribute to their
recovery following damage.

There is widespread agreement that NGF is a survival factor for developing basal forebrain
cholinergic neurons and that in adults, loss of NGF leads to their atrophy (Cadete-Leite et
al., 2003; Morse et al., 1993; Sofroniew et al., 1993; Volosin et al., 2006). Increasing the
availability of NGF may serve to maintain cholinergic circuits later in life, perhaps
providing a therapy for Alzheimer’s disease (Mufson et al., 1999; Tuszynski et al., 2005).
Administering or upregulating NGF alone may not be sufficient, however. Recent findings
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from our laboratory (Robertson et al., 2006) suggest that NT3 has a functional role in
directing cholinergic axons to their targets in cortex. That is, the expression of NT3 appears
to induce extension of the cholinergic axons into cortical target regions and facilitates
preterminal branching and synapse formation with dendrites of target neurons. Thus, the
presence of NGF may help promote basal forebrain cholinergic neuron health and survival,
while NT-3 may facilitate preferential targeting and maintenance of cholinergic terminal
fields in cerebral cortex (Robertson et al., 2006).

If experimental supplements of neurotrophic factors are to be an effective therapy, it is
essential that sufficient portions of the basal forebrain system be intact. In the present
studies, relatively low doses of saporin were used to treat the experimental animals so as to
induce only a partial loss of cholinergic neurons. Control animals that received saporin
injections without neurotrophin supplements exhibited partial loss of ChAT-positive BFCNs
from medial septum, the diagonal band, and nucleus basalis. The present data do not allow a
determination to be made regarding whether the affected cells have been eliminated or
whether reduced ChAT levels has left the cells below the level needed to be detected by our
techniques. In either case, 4 weeks of infusing neutrophic factors resulted in the apparent
sparing of most of the ChAT-positive neurons that appeared to be lost in the saporin only
treated animals. Similar results were obtained irrespective of whether NT3, NGF, or a
combination of NT3 and NGF were infused during the early post-lesion period. These data
may be compared to results of studies that examined the fate of BFCNs following placement
of lesions that destroyed their axons and/or terminal fields, although this issue remains
controversial. Some investigators (e.g., Hagg et al., 1988; Sofroniew et al., 1993) report that
BFCNs may lose their cholinergic phenotype, as regards their expression of ChAT or
acetylcholinesterase (AChE), but that phenotype can be rescued by the administration of
neurotrophins and hence the cells were not dead. In contrast, other investigators (e.g.,
Tuszynski et al., 1990) have demonstrated through retrograde labeling by fluorescent
microspheres that axonal damage leads to the death of the vast majority of BFCNSs.

Treatment with the 192 1gG saporin leads to the loss of a large portion of the BFCNs (Ha et
al., 1999; Johnson et al., 2002; Pappas and Sherren, 2003; Ricceri et al., 2004; Robertson et
al., 1998; Szigeti et al., 2013). Although it is known that saporin is able to kill cells by
inactivating ribosomes and thereby shutting down protein synthesis (Daniels-Wells et al.,
2013), it is not yet clear how a partial, sublethal (to the cell) dose may affect the cell. The
present data suggest that smaller doses of saporin, even when targeted to the specific
population of BFCNs by the 192 IgG saporin, may impact a population of cells so that they
appear atrophic but are still viable. Following saporin administration, later treatment with
neurotrophic factors appears able to rescue some of the cells, in the dual sense that more
ChAT+ positive cells are detected and that the proportion of normal appearing cells is
increased.

Animals that received saporin injections into the basal forebrain region performed
significantly more poorly on the DMP task than did control animals that received saline
injections into the basal forebrain; this result corroborates a previous report that saporin
damage to basal forebrain cholinergic circuits impaired DMP performance (Johnson et al.,
2002). Interestingly, the performance of animals that received saporin treatment followed by
neurotrophin infusions was indistinguishable from that of the saline injected control group.
Further, performance on the DMP test between saline controls and saporin-treated animals
with neurotrophic infusions was indistinguishable, irrespective of whether the animals
received infusions of NT3, NGF, or a combination of NT3 and NGF.

Clearly, treatment of BFCN-damaged animals with neurotrophic factors results in increased
numbers of detectable BFCNs and also improvement of performance on the DMP task.

Exp Neurol. Author manuscript; available in PMC 2014 November 01.
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Furthermore, it is interesting that the result was similar irrespective of whether NGF, NT3 or
a combination of NGF and NT3 was administered to the animals. It could be, for example,
that treatment with NGF allowed more BFCNSs to survive the saporin treatment, and these
neurons were able to maintain, or re-establish connections with cortical neurons. Further,
treatment with NT3 could serve to maintain BFCN connections with cortical neurons, and
this connectivity with associated retrograde transport of neurotrophins (Sofroniew et al.,
1993) could maintain the somata of BFCNSs. Further studies examining more time points
between saporin treatment-induced damage and the therapeutic application of neurotrophic
factors could shed further light on these issues.
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Fig. 1.

Chart shows mean correct choices (of a possible total of 10) for each of 5 groups on the
delayed match to position (DMP) task over a 15-day training period. Groups included Sal
+Sal (received saline injection into basal forebrain followed by saline infusions), Sap+Sal
(saporin injections in basal forebrain followed by saline infusions), Sap+NT3 (saporin
injections followed by infusions of NT3), Sap+NGF (saporin injections followed by
infusions of NGF), and Sap+ NT3&NGF (saporin injections followed by infusions of a
combination of NT3 and NGF). Two-way ANOVA with Bonferroni post-tests: * p<0.05,
*** n<0.005 vs. individual group at Days 1-5.

Exp Neurol. Author manuscript; available in PMC 2014 November 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Leeetal.

Page 14

Sessions to Criterion

Sal+Sal Sap +Sal Sap+NT3 Sap + NGF Sap + NT3 & NGF
Experimental Group

Fig. 2.

Chart shows trials to criterion (8 correct choices in 10 trials for 2 consecutive days) for
individuals in each of the 5 groups on the DMP task. Criterion needed to be met in 15 or
fewer trials. Individual trial to criterion is depicted by the horizontal bars. Note that only 1
of the saline group did not reach criterion, while only 1 of the saporin group did reach
criterion.
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Fig. 3.

Mean correct choices on the DMP task, for each of the 5 groups, subdivided into blocks of 5
trial days. No differences between groups are evident during the first 5 days (Days 1-5).
Differences in mean scores between saline and saporin groups appeared in trial days 6-10
and continued in days 11-15. The neurotrophin infusion groups were not significantly
different from saline controls. However, there were significant differences among three
blocks of 5 trial days. Two-way ANOVA with Bonferroni post-tests: * p<0.05, *** p<0.005
vs. individual group at Days 1-5.
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Fig. 4.

Histogram shows mean correct choices on the DMP test with increasing delays between
forced and open choices. Differences between groups did not become apparent until a delay
of 120 seconds, when the saporin group performed significantly more poorly. Two-way
ANOVA with Bonferroni post-tests: * p<0.05 vs. group at the 60-second delay.
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Fig. 5.
Photomicrographs show ChAT immunoreactivity in medial septum (MS) and nucleus of the

diagonal band (nDB) in representative animals from each of the 5 groups. Photomicrographs
in the upper row (A-E) represent lower magnification images of the basal forebrain regions,
while photomicrographs in the lower row (F-J) represent higher magnification images of the
same regions. The small arrows in each pair of photos indicate corresponding regions. Scale
bar in E =500 um for A — E; bar in J = 100 um for F - J.
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Fig. 6.

ChAT immunoreactivity in basal forebrain. Photomicrographs in A and B show patterns of
immunoreactivity, while A’ and B’ indicate sites of cell counts in medial septum (MS — box
300 pm x 1000 um), nucleus of the diagonal band (hDB — box 800 pm x 1000 pm), and
nucleus basalis (nNB — box 1000 um % 1000 pm). Photomicrographs in the lower row (C-H)
present higher magnification images of ChAT positive cells in these basal forebrain regions.
Normal appearing cells (type 1) from animals treated with saporin followed by NT3 are
shown in C (MS), E (nDB), and G (nB). Cells appearing atrophic (type 2) from animals
treated with saporin followed by saline are shown in D (MS), F (nDB), and H (nB). Scale
bar in A =500 um for A, A, B, and B’. Scale bar in H =50 um for C - H.
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Fig. 7.

Histograms showing mean numbers of cells (error bars show standard deviation) in medial
septum (A), nucleus of diagonal band (B), and nucleus basalis (C), from animal groups
including Sal + Sal (left group), Sap + Sal (second group), Sap + NT3 (third group), and Sap
+ NGF (right group). In each grouping, histograms present means for total number of ChAT
+ cells (T), for normal appearing (type 1) cells (1), and for atrophic appearing (type 2) cells
(2). Two-way ANOVA with Tukey-Kramer Multiple Comparisons Test: ** p<0.01 vs. Sal +
Sal group; # p<0.05, ## p<0.01 vs. Sap + Sal group
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