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Abstract

Loss of basal forebrain cholinergic innervation of the hippocampus and severe neuronal loss
within the hippocampal CA1 region are early hallmarks of Alzheimer’s disease, and are strongly
correlated with cognitive status. Various therapeutic approaches involve attempts to enhance
neurotransmission or to provide some level of neuroprotection for remaining cells. An alternative
approach may involve the generation of new cells to replace those lost in AD. Indeed, a simple
shift in the balance between cell generation and cell loss may slow disease progression and
possibly even reverse existing cognitive deficits. One potential neurogenic regulator might be
acetylcholine, itself, which has been shown to play a critical role in hippocampal development.
Here, we report the effects of various cholinergic compounds on indices of hippocampal
neurogenesis, demonstrating a significant induction following pharmacological activation of
muscarinic M1 receptors, located on hippocampal progenitors in the adult brain. This is the first
report that a small-molecule agonist may induce neurogenesis in the hippocampal CAL region.
Furthermore, such treatment reversed deficits in markers of neurogenesis and spatial working
memory triggered by cholinergic denervation in a rodent model. This study suggests the use of
small molecule, receptor agonists may represent a novel means to trigger the restoration of
specific neuronal populations lost to a variety of neurodegenerative disorders, such as Parkinson’s,
Alzheimer’s, Huntington’s and Amyotrophic Lateral Sclerosis.

Keywords
Alzheimer’s disease; Acetylcholine; Neurogenesis; Hippocampus

1. Introduction

The discovery of ongoing neurogenesis in the adult brain has opened up new avenues for
cell replacement strategies targeting endogenous progenitor cells as a novel tissue resource.
While various growth factors are well-known for their regulatory role during
neurodevelopment, it is becoming increasingly apparent that neurotransmitters also regulate
the generation and fate of neural progenitors (Cameron et al., 1998; Nguyen et al., 2001)
both during embryogenesis (Barker et al., 1998; Miranda-Contreras et al., 1999; Coronas et
al., 2004), and into adulthood (Duman et al., 2001; Powrozek et al., 2004; Van Kampen et
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al., 2004; Encincas et al., 2006; Kotani et al., 2006; Borta and Hoglinger, 2007).
Acetylcholine (ACh) is one such neurotransmitter (Hohmann, 2003; Mohapel et al., 2005).

In the adult brain, new neurons are continuously generated throughout life in the
hippocampal dentate gyrus (DG) (Eriksson et al., 1998). Newborn cells in this region are
contacted by cholinergic projections (Kotani et al., 2006) and express cholinergic receptors
of both the nicotinic (Kaneko et al., 2006) and muscarinic subtypes (Mohapel et al., 2005;
Kaneko et al., 2006). Removal of this cholinergic innervation, through depletion of forebrain
ACh, impairs neurogenesis in the adult DG (Cooper-Kuhn et al., 2004; Mohapel et al., 2005;
Van der Borght et al., 2005). Such deficits in hippocampal neurogenesis have been observed
in several animal models of Alzheimer’s disease (AD) (Haughey et al., 2002; Feng et al.,
2001; Wang et al., 2004; Donovan et al., 2006), a disease marked by significant
degeneration of basal forebrain cholinergic neurons (Whitehouse et al., 1982; Coyle et al.,
1983). In AD patients, a reduction in neural progenitors has been reported, with a strong
association between neurogenesis and the degree of cholinergic loss (Ziabreva et al., 2006).

In light of the pivotal role the hippocampus plays in learning and memory (Morris et al.,
1982; Squire, 1982; Jacobs and Schenk, 2003), and the strong association between
neurogenesis and hippocampal function (Shors et al., 2001; Madsen et al., 2003; Rola et al.,
2004), measures designed to enhance hippocampal neurogenesis could have therapeutic
value in AD. We have previously reported significant elevations in neurogenesis following
chronic exposure to dopaminergic agonists (Van Kampen and Robertson, 2005), which was
capable of reversing cellular and locomotor deficits when applied to a rodent model of
Parkinson’s disease (PD) (Van Kampen and Eckman, 2006). In this report, we examine
whether a similar approach could be applied to the cholinergic system for possible
therapeutic application in AD. Specifically, we sought to determine whether cholinergic
agonist treatment would regulate neurogenesis and restore cellular and behavioural deficits
associated with cholinergic cell loss.

2. Materials and methods

All studies used 250 g female Sprague—Dawley rats (Harlan). Animals were housed in a
temperature-controlled environment with a 12 h light/dark cycle and ad libitum access to
standard rat chow and water. All animal experimentation was conducted in accordance with
the NIH guidelines for the care and use of laboratory animals and were approved by the
Mayo Foundation Institutional Animal Care and Use Committee (IACUC).

2.2. Drug delivery

For intracerebroventricular delivery, animals were anaesthetized using isoflurane (1%) and
placed in a Kopf stereotaxic frame. Stainless steel indwelling cannulae were placed into the
left lateral ventricle (A.P. 0.00, M.L. +1.30, D.V. -3.50). The cannula (30Ga; Plastics ONE,
Raonoke, Virginia) was fixed to the skull using dental acrylic and jeweler’s screws. Each
cannula was attached, by 50 PE polyethylene tubing, to an osmotic minipump (Alza, 2002,
0.5 pl/h, 2 weeks; Alza, 2004, 0.25 pl/h, 4 weeks), which was placed under the skin at the
base of the neck. Each pump was filled with either the cholinesterase inhibitor
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physostigmine (10, 50 pg/h), the nicotinic receptor agonist nicotine (0.5, 5 pg/h), the
muscarinic agonist, oxotremorine (1, 5, 30 ug/h), the nonselective cholinergic agonist,
carbachol (1, 5, 30 ug/h) (Sigma, St. Louis, MO) or their vehicle, 0.9% saline. For
antagonist studies, pumps were filled with either saline (0.9%), or oxotremorine (30 pg/h),
along with one of various doses of the M1 receptor-selective antagonist, pirenzepine (0, 1, 5,
20 pg/h) or the nicotinic receptor antagonist, mecamylamine (0, 1, 5, 20 pg/h).

2.3. Bromodeoxyuridine administration

During the drug treatments, all animals received daily injections of bromo-deoxyuridine
(BrdU) (50 mg/kg, i.p.) (Sigma, St. Louis, MO), to label proliferating cells.

2.4. Immunolesioning

The immunotoxin, 1921gG saporin, was used to create selective basal forebrain cholinergic
lesions. The immunotoxin, 1921gG saporin (SAP), consists of a monoclonal antibody to the
low affinity/p75 nerve growth factor receptor, 1921gG, that is coupled to the ribosome-
inactivating protein, saporin (Wiley, 1992). The p75 NGFr is highly expressed in basal
forebrain cholinergic neurons relative to other neurons or regions, allowing for a selective
neurotoxic lesion. SAP has been used to create such selective basal forebrain cholinergic
lesions with the aim of clarifying the role of cholinergic dysfunction in the deficits
associated with AD (Wiley et al., 1995; Rossner, 1997).

Animals received acute intracerebroventricular infusion of the immunotoxin, 1921gG
saporin (5 pg/5 pl). Thus, animals were anaesthetized using isoflurane (1%) and placed in a
Kopf stereotaxic frame. The immunotoxin, 1921gG saporin was injected unilaterally into the
left lateral ventricle (A.P. 0.00, M.L. +1.30, D.V. —=3.50) (5 ug/5 ul) at a rate of 1 pl/min via
an infusion cannula connected by polyethylene tubing (50 PE) to a 50 ul Hamilton syringe
driven by a Harvard pump. Following infusion, the toxin was permitted to diffuse away
from the cannula for 2 min before withdrawal.

2.5. Radial arm maze

Following 4 weeks of treatment, animals were placed on a food-restricted diet. Animals had
free access to food 4 h at the same time each day, beginning immediately following the
scheduled completion of each RAM trial. Following one week of food-restriction, animals
underwent an adaptation phase using the radial arm maze (RAM). Each animal was placed
on the center platform and permitted to explore for 5 min. During this phase, the reward,
Cheetos®, was scattered throughout the RAM. Then, the reward was then placed half-way
down the arms chosen to be baited. Finally, the reward was placed at the end of the baited
arms. Following 3 days of the adaptation phase, each animal was given one trial per day,
five trials per week, for a total of 25 trials. The RAM consisted of 8 arms, of which 5 were
baited with the reward. The baited and unbaited arms were chosen randomly for each rat and
remained constant throughout the experiment. At the beginning of each trial, the animal was
placed on the central platform and permitted to move throughout the maze until either all
five rewards had been taken or 10 min had elapsed. Entries into unbaited arms and re-entries
into previously visited arms were recorded as reference memory and working memory
errors, respectively. For analysis, data were divided into 5 blocks of 5 trials each, and the
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scores averaged over each block. Drug treatment was terminated 3 days prior to the final
block of testing.

2.6. Immunohistochemistry

Animals were sacrificed by transcardial perfusion with 4% paraformaldehyde. Brains were
removed and postfixed for 24 h in 4% paraformaldehyde followed by cryoprotection in 30%
sucrose. Symmetrical 40 um-thick sections were cut on a freezing microtome and stored in a
Millonigs solution. Every twelfth section was processed for immunohistochemistry. Free-
floating sections were pretreated with 50% formamide/280 mM, incubated in 2 M HCI at 37
°C for 30 min, and rinsed in 0.1 M boric acid (pH 8.5) at room temperature for 10 min.
Sections were incubated in 1% H,0, in phosphate buffered saline for 15 min, in blocking
solution (3% goat or donkey serum/0.3% Triton X-100/Tris-buffered saline [TBS]) for 1 h at
room temperature, followed by the appropriate antibody at 4 °C overnight. Anti-BrdU
antibodies were mouse monoclonal anti-BrdU (1:250, Chemicon) or sheep polyclonal anti-
BrdU (1:10,000, RDI). The other primary antibodies were monoclonal mouse anti-glial
fibrillary acidic protein (GFAP) (1:1000, Chemicon), monoclonal mouse anti-Tuj1 (1:1000,
Chemicon), monoclonal mouse anti-NeuN (1:1000; Chemicon), polyclonal goat anti-choline
acetyltransferase (ChAT) (1:3000, Chemicon), and proliferating cell nuclear antigen
(PCNA) (1:1000, Santa Cruz). For fluorescent visualization, sections were incubated with
the respective secondary antibody conjugated to either Alexa 488, Alexa 594, Alexa 633, or
Alexa 350 (Molecular Probes). In between steps, sections were washed for 3 x 10 min in
TBS. Sections were mounted on unsubbed glass slides and coverslipped in Fluoromount.
Fluorescence signals were detected with a Zeiss axiophot laser scanning confocal
microscope LSM 510 Meta at excitation/emission wavelengths of 535/565 nm, 470/505 nm,
and 585/615 nm.

2.7. Pyknotic cells

Separate sets of hippocampus sections were counterstained with Cresyl Violet acetate,
dehydrated and coverslipped with Permount (Fisher Scientific). Pyknotic cells were counted
on these sections as a morphological measure of cell death on every 12th section. Cells were
considered pyknotic if they lacked a nuclear membrane, had pale or absent cytoplasm and
darkly stained condensed chromatin.

2.8. Cell counts

Unbiased stereological cell counts were obtained using a computer-assisted image analysis
system, Zeiss AIMM (Axiovision Interactive Measurement Module). Immunopositive cells
were counted in every 12th section through the dentate gyrus and CA1 region of the
hippocampus using a 20x objective (sampling frame area, 90,000 pm?) containing an optical
grid. The total number of immunopositive cells was counted in each region of each section
and volume measurements of the selected region were used to estimate the number of cells
per mm3. A double-labeled BrdU/phenotypic marker-positive cell was defined as having the
strongest intensity of both immunolabels within the same or neighbouring 1.5-pum-thick
optical section through the cell in a consecutive Z-series of at least 10 sections, at 200x
magnification and with a resolution of 1024 x 1024 pixels. Cells not present in their entirety
were excluded. All double-labeling was confirmed by rotating the image along each axis to

Neuropharmacology. Author manuscript; available in PMC 2015 July 28.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Van Kampen and Eckman Page 5

ensure signals were localized within the same cell rather than separate cells in close
apposition. Slides were blind-coded to eliminate experimenter bias.

2.9. Statistical analysis

Data were analyzed using a multivariant analysis of variance. Where significant F-values
were obtained, planned pair-wise comparisons were made using Newman-Keuls.
Differences were considered statistically significant when p < 0.05.

3. Results

3.1. Pharmacological activation of muscarinic M1 receptors enhances hippocampal cell
proliferation

First, we sought to determine the effects of various cholinergic compounds on the induction
of neurogenesis in intact animals. Following 10 days of intracerebroventricular infusion, we
observed dose-dependent elevations in immunolabeling for both BrdU and the endogenous
proliferation marker, PCNA, in response to the muscarinic agonist, oxotremorine, and
inverse dose-dependent effects in response to the nonselective cholinergic agonist, carbachol
in the subgranular zone of the DG (BrdU: F7 47 = 34.46, p < 0.0001; PCNA: F7 47 = 35.51, p
< 0.0001) (Fig. 1a). Maximal induction (~458%) was observed following the highest dose of
oxotremorine (30 pg/h), while only lower doses of carbachol appeared to elevate cell
proliferation in the DG (~450%). Physostigmine, triggered a modest, yet significant,
elevation (~102%) in BrdU labeling. However, no changes in PCNA immunolabeling were
found, suggesting that this cholinesterase inhibitor may influence neurogenesis by enhancing
the survival of newly-generated cells rather than through direct effects on cell proliferation.
Conversely, and as an additional indication of specificity, infusion with the nicotinic
receptor agonist, nicotine, resulted in significant reductions in both BrdU and PCNA
immunolabeling in the DG compared to saline-treated controls. As the hippocampal cornus
ammonis 1 (CA1) region undergoes a severe neuronal loss in AD (Ball, 1977; Davies et al.,
1992; Fukutani et al., 2000), one closely associated with disease severity (Bobinski et al.,
1998; Réssler et al., 2002; von Gunten et al., 2006), we also examined effects on cell
proliferation in the CA1 region. Baseline levels of cell proliferation were lower than that
observed in the DG but were similarly affected by pharmacological activation (BrdU: F7 47
=34.46, p < 0.0001; PCNA: F7 47 = 33.48, p < 0.0001) (Fig. 1b).

Muscarinic M1 receptors are the most predominant receptor subtype in the hippocampus,
showing prominent localization to the soma and dendrites of CA1 pyramidal neurons and
the granule cells of the DG (Levey et al., 1995) and have recently been found localized on
newborn cells in the hippocampus (Mohapel et al., 2005). Here, oxotremorine-induced
elevations in both hippocampal BrdU and PCNA immunolabeling were blocked by co-
infusion of the muscarinic M1 receptor antagonist, pirenzepine, with no effect on baseline
levels. There was no significant effect of the nicotinic antagonist, mecamylamine, indicating
that this positive influence on cytogenesis is likely specifically mediated through the M1
receptor (Fig. 2a) [BrdU: (DG: F1 g = 558.50, p < 0.0001, AGONIST main effect; Fq gg =
71.39, p < 0.0001, ANTAGONIST main effect; Fy go = 47.61, p < 0.0001, AGONIST x
ANTAGONIST interaction effect) CAL: (Fq gg = 432.01, p < 0.0001, AGONIST main
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effect; F1 go = 33.24, p < 0.0001, ANTAGONIST main effect; Fq gg = 37.41, p < 0.0001,
AGONIST x ANTAGONIST interaction effect)] [PCNA: (F1 gg = 287.41, p < 0.0001,
AGONIST main effect; F1 gg = 39.80, p < 0.0001, ANTAGONIST main effect; F1 gg =
32.95, p<0.0001, AGONIST x ANTAGONIST interaction effect) CAL: (Fy go = 329.54, p
< 0.0001, AGONIST main effect; F1 go = 32.97, p < 0.0001, ANTAGONIST main effect;
F1,80=27.46, p<0.0001, AGONIST x ANTAGONIST interaction effect)]. Consistent with
the induction of cell proliferation being mediated through muscarinic receptor activation, co-
administration of pirenzepine also blocked elevations in BrdU labeling triggered by low
dose carbachol (1 pg/h) (Fig. 2b) (DG: F1 go = 219.45, p < 0.0001, AGONIST main effect;
F1.80=39.77, p<0.0001, ANTAGONIST main effect; F1 gg = 27.46, p < 0.0001,
AGONIST x ANTAGONIST interaction effect CA1: Fq go = 224.50, p < 0.0001, AGONIST
main effect; Fq gg = 21.43, p < 0.0001, ANTAGONIST main effect; F1 g = 24.76, p <
0.0001, AGONIST x ANTAGONIST interaction effect). While a low dose of carbachol
nearly tripled the number of BrdU-labeled cells in the hippocampus, higher doses were
ineffective. However, when co-administered with the nicotinic receptor antagonist,
mecamylamine (5, 20 pg/h), the number of BrdU-labeled cells significantly increased (Fig.
2b) (DG: F1 go = 32.07, p< 0.0001, AGONIST main effect; F1 gg = 47.85, p < 0.0001,
ANTAGONIST main effect; Fq go = 39.53, p < 0.0001, AGONIST x ANTAGONIST
interaction effect CAL: F1 go = 347.22, p < 0.0001, AGONIST main effect; F1 gg = 41.32, p
< 0.0001, ANTAGONIST main effect; F1 go = 24.02, p < 0.0001, AGONIST x
ANTAGONIST interaction effect). Thus, the nonselective agonist, carbachol, may have
mixed effects on cell proliferation, with nicotinic-mediated suppression masking
muscarinic-mediated activation at higher doses.

3.2. Pharmacological activation of muscarinic receptors reverses deficits in hippocampal
neurogenesis following cholinergic denervation

The loss of cholinergic neurons is an early and invariant feature in patients with Alzheimer’s
disease (Whitehouse et al., 1982; Coyle et al., 1983). Having identified oxotremorine as
modulator of cytogenesis in both the DG and CA1 region of the hippocampus in normal,
healthy rats, we sought to determine if this could be extended into a disease model. Infusion
of the immunotoxin, 1921gG saporin (SAP), results in selective basal forebrain cholinergic
cell loss and this model has been utilized extensively to study the role of cholinergic
dysfunction in AD (Wiley, 1992; Rossner, 1997). As expected, infusion of SAP resulted in a
pronounced loss of ChAT fiber density in the hippocampus and basal forebrain cholinergic
neurons (over 80%) (F1 11 = 119.48, p < 0.0001) (Fig. 3). Consistent with earlier reports
(Cooper-Kuhn et al., 2004; Mohapel et al., 2005), SAP-lesioned animals had significantly
fewer BrdU* and PCNA™ cells in both the DG (BrdU; F1 23 = 113.26, p < 0.0001, LESION
main effect) (PCNA: Fq 23 = 137.14, p < 0.0001, LESION main effect) and CAL region
(BrdU; Fq 23 = 30.29, p < 0.0001, LESION main effect) (PCNA: Fy o3 = 17.39, p < 0.0001,
LESION main effect), when compared to sham-operated control animals (Fig. 4a).
Following oxotremorine treatment, both BrdU* and PCNA* cell counts in the DG and in the
CAL region of the hippocampus were significantly elevated, effectively reversing lesion-
induced impairments in cell proliferation [DG: (BrdU; F1 o3 = 183.49, p < 0.0001,
TREATMENT main effect) (PCNA: F1 23 = 127.34, p < 0.0001, TREATMENT main
effect)] [CAL: (BrdU; Fy 23 = 60.87, p < 0.0001, TREATMENT main effect) (PCNA: F1 3

Neuropharmacology. Author manuscript; available in PMC 2015 July 28.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Van Kampen and Eckman Page 7

=27.48, p<0.0001, TREATMENT main effect)]. We also examined cell death, as
determined by the number of pyknotic cells, revealed using cresyl violet (Fig. 4a). While the
number of pyknotic figures was elevated in the DG following denervation, oxotremorine
failed to reduce these numbers (DG: F1 23 = 49.06, p < 0.0001, LESION main effect; Fq 23 =
2.25, p=0.1489, TREATMENT main effect) (CAL: Fq 23 = 0.52, p = 0.48, LESION main
effect; Fy o3 = 1.75, p = 0.2006, TREATMENT main effect), suggesting the observed
elevations in BrdU™ cells are not due to a decrease in apoptotic cell death.

In order to examine the effect of 4-week treatment with oxotremorine on differentiation to
neurons, we performed multiple immunolabeling experiments examining the number of
BrdU* cells co-labeled with antibodies against the immature neuronal markers, Tujl or
doublecortin (DCX), the mature neuronal marker, NeuN, or the glial marker, GFAP. While
oxotremorine treatment triggered a robust increase in the number of newly-generated cells, it
did not significantly alter the phenotype adopted by these cells in the DG, with the majority
going on to express neuronal markers. Following 4 weeks of oxotremorine treatment,
approximately 56% of the BrdU™* cells co-labeled for NeuN and 15% co-labeled for DCX in
the DG (Fig. 4b). A subset of animals, examined after only one week of treatment, were
found to have significantly fewer BrdU™ cells co-labeled for the mature neuronal marker
(DG: F1 23 =21.67, p=0.0002, TIME main effect) (CAl: Fy 23 = 6.83, p=0.0166, TIME
main effect), consistent with a time-dependent maturation of newly-generated neurons,
rather than nonselective uptake of BrdU by pre-existing mature neurons undergoing
apoptosis. In the CA1 region, only a very small percentage of BrdU™* cells expressed
neuronal markers (~2%) in control animals. However, following 4 weeks of oxotremorine
treatment, we found a significant increase in the percentage of BrdU™ cells co-labeled for
NeuN (~27%) (F123 = 17.68, p = 0.0004, TREATMENT main effect; F1 23 =5.61, p=
0.0281, TREATMENT x TIME interaction effect) (Fig. 4c), suggesting that oxotremorine
treatment promotes a neuronal phenotype in the CA1. While the CA1 region is not noted for
neuronal turnover, these findings are consistent with previous reports of new neurons
following transient global ischemia (Bueters et al., 2008), growth factor infusion (Nakatomi
et al., 2002) and even exposure to isoflurane (Elsersy et al., 2004).

3.3. Pharmacological activation of muscarinic receptors reverses deficits in spatial
memory following cholinergic denervation

Cholinergic denervation by SAP immunolesioning has been shown to trigger deficits in
spatial working memory (Dornan et al., 1996; Wrenn and Wiley,1998), including
impairments in radial arm maze performance (Shen et al., 1996; Walsh et al., 1996;
Lehmann et al., 2002). In order to determine whether agonist-induced restoration of
neurogenesis was accompanied by improvements in spatial learning, we examined the
number of reference and working memory errors committed during 20 trials in the RAM.
Consistent with previous reports, animals tended to make fewer errors over time, with the
exception of SAP immunolesioned animals. While no significant differences in reference
memory errors were observed among the various groups (Fj »3 = 0.85, p = 0.3678, LESION
main effect; Fq 23 = 3.43, p=0.179, TREATMENT main effect; F4 g6 = 1.90, p=0.1182,
BLOCK main effect) (Fig. 5a), SAP immunolesioned animals displayed significantly more
working memory errors than sham controls during the last two blocks of trials (Fig. 5b)
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(F123 = 178.06, p < 0.0001, LESION main effect; Fy 3 = 66.59, p < 0.0001, TREATMENT
main effect; F4 g5 = 39.51, p < 0.0001, BLOCK main effect; F4 g5 = 10.52, p < 0.0001,
LESION x BLOCK interaction effect). However, following chronic intraventricular
administration of oxotremorine, these errors were significantly reduced (F4,0¢ = 8.64, p <
0.0001, LESION x TREATMENT x BLOCK interaction effect), making their performance
in the RAM indistinguishable from sham controls. In order to rule out any nonspecific
effects of motor activity on performance, we examined spontaneous locomotor activity in an
open field one day after all RAM testing was complete. There was no significant effect of
either SAP or oxotremorine on spontaneous locomotor activity (Fq »3 = 0.99, p=0.3322,
LESION main effect; Fq 23 = 1.93, p = 0.1804, TREATMENT main effect) (Fig. 5c). Thus,
recovery of hippocampal neurogenesis following oxotremorine treatment was accompanied
by an improvement in spatial working memory.

4. Discussion

Here, we have shown that selective activation of muscarinic receptors is capable of
triggering an induction of cell proliferation not only in the DG, but also the CA1 region of
the hippocampus, an area of severe neuronal loss in AD (Davies et al., 1992; Bobinski et al.,
1998). As a complement to the BrdU labeling, we also examined immunolabeling for
PCNA, an endogenous marker of cell proliferation. Since PCNA is an endogenous marker,
antibodies only label cells proliferating at the time of death, in contrast to BrdU, which is
taken within the cell and maintained through migration and differentiation. Thus, the
increase in PCNA labeling within the hippocampus suggests that oxotremorine-induced
increases in BrdU-positive cell counts are likely to reflect an effect on cell proliferation
rather than an indirect effect on cell survival (Carvey et al., 2001; Du et al., 2005).
Furthermore, impairments in cell proliferation, in a model of basal forebrain cholinergic cell
loss, are counteracted by chronic muscarinic activation. This restoration of cell proliferation
is accompanied by a time-dependent increase in the number of newly-generated cells
expressing neuronal markers and by a reversal of cognitive deficits characteristic of this
model (Dornan et al., 1996; Wrenn and Wiley, 1998).

Muscarinic M1 receptors are G-protein-coupled receptors and are the most abundant
receptor subtype in the hippocampus where they show prominent localization to the soma
and dendrites of CA1 pyramidal neurons and the granule cells of the DG (Levey et al., 1995)
as well as hippocampal progenitors of the adult brain (Mohapel et al., 2005). There is
accumulating evidence that G-protein-coupled receptors and their signaling molecules are
important for growth stimulation (Rozengurt,1986; Gutkind,1998). Extracellular signal-
regulated kinases, originally noted for their activation by growth factors, are known to also
be activated by G-protein-coupled receptors including muscarinic receptors. The muscarinic
receptor-mediated cell proliferation reported here may involve the activation of multiple
downstream signaling pathways (Larocca and Almazan, 1997; Ma et al., 2000; Li et al.,
2001; Zhao et al., 2003), including the Ras pathway which, in turn, promotes the
phosphorylation of the mitogen-activated protein kinases (MAPK), thought to be important
in cell proliferation (Crespo et al., 1995; Marshall, 1995). Other signaling pathways
including P13-K-Akt, PKC, c-Src and Ca2*, may also be involved, either alone or through
some complex interaction (Ma et al., 2004). Reductions in hippocampal M1 receptor
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expression (Wang et al., 1992) and disturbances in G-protein coupling (Wang and Freidman,
1994) in the brains of AD patients may play a significant role in the disease mechanism
(Caccamo et al., 2006) and resulting cognitive impairments (Rossi et al., 2005; Caccamo et
al., 2006).

The opposing influences of muscarinic and nicotinic receptor activation on cell proliferation
observed in the current study highlight the importance of selective receptor stimulation.
Indeed, when the nonselective cholinergic agonist, carbachol, was administered, an inverse
dose—response was observed. With a higher binding affinity to muscarinic acetylcholine
receptors (Abood et al., 1993), lower doses of carbachol would provide more selective
muscarinic activation, while higher doses would result in a relative increase in nicotinic
receptor activation. Thus, in light of the negative effects nicotinic receptor activation was
shown to have on cell proliferation, their increased activation by higher doses of carbachol
would counteract muscarinic receptor-mediated elevations. This was confirmed by co-
administration of receptor-selective antagonists, which revealed M1 muscarinic receptor-
mediated induction of hippocampal cell proliferation following low doses of carbachol and
nicotinic receptor-mediated suppression of cell proliferation at higher doses. Thus, the
nonselective cholinergic agonist, carbachol, has differential effects on hippocampal cell
proliferation that appear to be dependent upon the dose and, consequently, the cholinergic
receptor type involved.

This oppositional dynamic may also underlie the relatively low effectiveness of the
cholinesterase inhibitor, physostigmine, observed in these studies. By blocking
acetylcholinesterase activity, physostigmine elevates available synaptic levels of ACh,
increasing activation of muscarinic receptors yet failing to provide the receptor selectivity
that appears to be necessary for effective induction of hippocampal cell proliferation. Thus,
the minimal effects observed with physostigmine may be due to the absence of selective
muscarinic receptor activation. This paradigm is similar to that seen with dopamine, as
dopamine D1-like and D2-like receptor activation has been reported to produce mutually
opposing effects on cell proliferation (Ohtani et al., 2003; Van Kampen et al., 2004). These
two receptor subtypes may act, in essence, as a ‘gas’ and ‘brake’ in the regulation of cell
genesis.

The hippocampus is believed to be critically involved in learning and memory (Scoville and
Milner, 1957; Squire, 1982; Moscovitch et al., 2005), particularly spatial learning (Morris et
al., 1982; Jacobs and Schenk, 2003) and it has been suggested that the hippocampal changes
observed in AD may underlie some of the cognitive impairments characteristic of this
disease. The primary site of hippocampal pathology in AD is the pyramidal cell layer of
Ammon’s horn, especially the CA1 region, which exhibits the most severe neuronal loss
(Davies et al., 1992; Fukutani et al., 2000; Kril et al., 2004), one closely correlated with the
degree of cognitive impairment (Bobinski et al., 1998; von Gunten et al., 2006). In rodents,
neuronal numbers in the CA1 region are similarly correlated with cognitive function
(Stepanichev et al., 2004; Roberge et al., 2008), with activity in this region associated with
RAM memory tasks (Vann et al., 2000; Touzani et al., 2003) and CA1 lesions resulting in
impaired spatial working memory, as assessed by RAM performance (Dillon et al., 2008).
Here, cholinergic denervation, modeling that which occurs in AD, reduced markers of
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hippocampal neurogenesis and resulted in cognitive deficits, both of which were effectively
reversed following chronic muscarinic receptor activation. Furthermore, improvements in
spatial working memory were observed long after agonist treatment was terminated,
suggesting the cognitive recovery was not merely an acute pharmacological effect of the
drug. The induction of neurogenesis in a brain region severely affected in AD and correlated
with cognitive function, may be of therapeutic benefit in AD patients.

Classical neurotransmitters appear to play an important role in the development of the CNS
and some vestige of this growth regulatory function may persist in the adult brain. In
previous work, we have generated new dopaminergic neurons through the apparent
activation of a specific dopamine receptor subtype, the D3 receptor (Van Kampen et al.,
2004; Van Kampen and Robertson, 2005; Van Kampen and Eckman, 2006), and applied this
to a model of PD as a novel cell replacement strategy (Van Kampen and Eckman, 2006).
Similar to what we report here concerning cholinergic compounds, we found that selective
receptor activation was critical, with evidence for other dopaminergic receptor subtypes
having either no effect or even an inhibitory effect on cell proliferation. These principles
may have application for disorders involving the loss of other cell types in other regions. For
example, striatal neurons are regulated during neurodevelopment by NMDA receptor
activity (Luk et al., 2003; Gandhi et al., 2008) and cell proliferation can be enhanced by
mGIuRS5 receptor activation (Gandhi et al., 2008), making it a potential target for a similar
cell replacement strategy in Huntington’s disease. Domain-specific proliferative effects
mediated by specific receptor subtypes provides an important mechanism allowing
generation of the correct complement of neuronal subtypes to re-populate areas affected in
neurodegenerative disorders. The concept of selective receptor activation regulating the
generation of specific populations of cells is novel and may alter how we view the brains
endogenous capacity for self-repair, given the appropriate cues.
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Fig. 1.

Cr?olinergic drugs differentially regulate indices of cell proliferation in the adult
hippocampus. a, Both BrdU* and PCNA* cell counts were significantly reduced following
chronic administration of nicotine in the DG, while the muscarinic agonists, oxotremorine
and carbachol induced a dose-dependent and inversely dose-dependent elevation in
immunolabeling, respectively, for both markers of cell proliferation. Slight elevations in
BrdU labeling were also observed in response to the AChE inhibitor, phystostigmine.
Representative photomicrographs depict BrdU immunolabeling in the DG following saline,
nicotine or oxotremorine treatment. b, Similar elevations in both indices of cell proliferation
were also evident in the CA1 region following treatment with oxotremorine or carbachol. By
contrast, nicotine significantly reduced BrdU* and PCNA* cells in the CA1 region.
Representative photomicrographs depict BrdU immunolabeling in the CA1 region following
saline, nicotine or oxotremorine treatment. Each bar represents the mean (zS.E. M.) (n=6)
number of immunopositive cells per mm3. ** sig. diff. from saline-treated controls, p <
0.001; *p < 0.05. Scalebar = 100 pm.
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Fig. 2.
Agonist-induced regulation of cell proliferation is blocked by receptor-selective antagonists

indicating positive regulation mediated by the muscarinic M1 receptor. a, BrdU™* cell counts
in the DG and CAL1 regions of the hippocampus following oxotremorine. Chronic
intraventricular administration of the M1 receptor antagonist, pirenzepine, but not the
nicotinic antagonist, mecamylamine, dose-dependently blocked oxotremarine-induced
elevations in BrdU immunolabeling in both the DG and CAL. b, Chronic intraventricular
administration of the M1 receptor antagonist, pirenzepine, also dose-dependently blocked
low dose carbachol-induced elevations in BrdU immunolabeling. By contrast, the nicotinic
receptor antagonist, mecamylamine, had no effect. As described earlier, a higher dose of
carbachol (30 pg/h) failed to affect cell proliferation. Co-administration with
mecamylamine, however, dose-dependently elevated BrdU immunolabeling while co-
administration with pirenzepine significantly reduced BrdU immunolabeling. Each bar
represents the mean (+S.E.M.) (n = 6) number of BrdU™ cells per mm3. ** sig. diff. from
saline-treated controls, p < 0.001, *p < 0.05; ++ sig. diff. from oxotremorine alone, p <
0.001, +p < 0.05.
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Fig. 3.
Loss of Basal Forebrain Cholinergic Neurons Following Immunolesioning. Representative

photomicrographs depicting choline acetyltransferase immunolabeling in the a,b dentate
gyrus, c¢,d CAl region and e,f medial septum of the adult rat brain following administration
of a,c,e saline, or b,d,f 1921gG saporin. g, ChAT* cell counts were significantly reduced in
the medial septum four and eight weeks following saporin exposure. Each bar represents the
mean (+S.E.M.) (n = 6) number of ChAT* cells **per mm3. ** sig. diff. from saline-treated
controls, p < 0.001. Scalebar = (a—d) 50 um, (e,f) 100 um.
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Fig. 4.

M?Jscarinic receptor activation restores deficits in cell proliferation following
immunolesioning with the majority of newly-generated cells expressing a neuronal
phenotype. a, BrdU* and PCNA™ cell counts were significantly reduced in both regions of
the hippocampus following cholinergic depletion using 1921gG saporin. The muscarinic
agonist, oxotremorine, induced a significant elevation in cell proliferation in sham animals
and reversed the deficits in cell proliferation observed following immunolesioning without
affecting apoptosis, as indicated by pyknotic cell counts. Each bar represents the mean
(+S.E.M.) (n = 6) number of immunopositive cells per mm3. ** sig. diff. from saline-treated
controls, p < 0.001; ++sig. diff. from sham controls, p < 0.001, +p < 0.05. Inset depicts an
example of a pyknotic cell in the hippocampus. b,c, Representative fluorescent
photomicrographs taken from the hippocampus of animals treated with oxotremorine for 4
weeks. b, In the DG, the majority of BrdU™ cells were also labeled with either the mature
neuronal marker, NeuN, or doublecortin (DCX), a marker of immature migrating neurons.
Significantly more BrdU* cells expressed NeuN after 4 weeks as compared to 1 week,
suggesting a time-dependent maturation. Few cells were co-labeled with the glial marker,
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GFAP. c, In the CA1 region, approximately 44% of BrdU* cells were also labeled with
NeuN or the immature neuronal marker, betalll tubulin (Tujl1). Again, significantly more
BrdU™ cells expressed the mature neuronal marker following 4 weeks, as compared to 1
week. Oxotremorine treatment significantly elevated the percentage of BrdU* expressing a
neuronal marker. Few cells were co-labeled with GFAP. Each bar represents the mean
(£S.E.M.) (n = 6) percentage of BrdU™* cells also labeled for a phenotypic marker. ** sig.
diff. from 1 week treatment, p < 0.001, *p < 0.05; ++ sig. diff. from saline-treated control, p
< 0.001. Insets depict enlarged views, rotated along the x and y axes, scalebar = 20 um.
Arrows indicate representative examples of a double-labeled cell. Scalebar = 100 pm.
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Fig. 5.

M?Jscarinic receptor activation reverses impairment in spatial working memory following
immunolesioning. a, None of the groups differed in the number of reference errors
committed. Reference memory errors were defined as entries into arms that were never
baited. Each point represents the mean (£S.E.M.) (n = 6) number of reference memory
errors. b, Significantly more working memory errors were committed by immunolesioned
animals in the last two blocks of trials. These deficits in spatial working memory were
significantly attenuated in animals treated with oxotremorine. Oxotremorine treatment was
terminated 3 days prior to the final block of trials. In this final block, spatial working
memory performance remained elevated. Working memory errors were defined as entries
into previously visited arms. Each point represents the mean (£S.E.M.) (n = 6) number of
working memory errors. ** sig. diff. from sham control, p < 0.001. ¢, No changes in
locomotor activity were observed in any of the groups tested. Each bar represents the mean
(£S.E.M.) (n = 6) total distance traveled (cm) in 1 h.
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