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Abstract

The degeneration of cholinergic basal forebrain (cBF) neurons in Alzheimer’s disease (AD) leads to the cognitive impairment
associated with this condition. ¢cBF neurons express the p75 neurotrophin receptor (p75™ %), which mediates cell death, and the
extracellular domain of p75™™® can bind to amyloid beta (AB) and promote its degradation. Here, we investigated the contri-
bution of ¢BF neuronal p75™™® to the progression of AD by removing p75™ '~ from cholinergic neurons in the APP/PS1 familial
AD mouse strain. Conditional loss of p75™'® slowed cognitive decline and reduced both AB accumulation into plaques and
gliosis. Expression of the amyloid protein precursor and its cleavage enzymes ADAMI10 and BACE1 were unchanged. There
was also no upregulation of p75™'® in non-cholinergic cell types. This indicates that a direct interaction between cBF-expressed
p75N™ and AP does not contribute significantly to the regulation of A load. Rather, loss of p75™™® from c¢BF neurons, which
results in increased cholinergic innervation of the cortex, appears to regulate alternative, more dominant, A3 clearance
mechanisms.

Keywords Cholinergic basal forebrain - p75 neurotrophin receptor - Alzheimer’s disease - Cognitive impairment - Amyloid

plaque - p75 extracellular domain - Conditional knockout

Introduction

The core features of Alzheimer’s disease (AD) include the
accumulation of amyloid-beta (Af) in the brain (particularly
in the cortex), cognitive impairment, and neurodegeneration
[1], with the selective death of cholinergic basal forebrain
(cBF) neurons emerging as a potential mediator of both cog-
nitive impairment and A3 production and/or accumulation. In
humans, ¢BF neuronal degeneration causes basal forebrain
atrophy that can be measured as a decrease in MRI volume
ofthe nuclei. This loss is an early hallmark of AD [2—-5], and it
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precedes and is correlated with A3 load as well as cognitive
impairment [4, 6—11]. In animal models of familial AD that
overproduce Af3, lesioning of ¢cBF neurons in pre-
symptomatic or middle-aged mice causes exacerbation of
Af3 pathology and cognitive decline, and can result in hippo-
campal degeneration [12—17]. In an apparent vicious cycle,
AP is also neurotoxic to ¢cBF neurons [18-22].

cBF neurons are characterized by the expression of the p75
neurotrophin receptor (p75™ %), which is well known for its
role in mediating cell death [23-25]. In the context of AD,
p75N™ can directly interact with AP, resulting in internaliza-
tion of the peptide within cBF neurons [20, 21, 26-28]. Af3
binding to p75™ ™ can also activate cell death pathways, me-
diating A(3-induced cBF degeneration [18, 29-34]. Blocking
or modulating p75N™ signaling with small molecules that
interact with the p75™'® extracellular domain (p75°“P) or
complete p75™ ™ gene deletion reduces ¢cBF degeneration in
A-overexpressing transgenic mice [18-20]. Modulation of
p75N™® signaling also has positive effects on spatial naviga-
tion performance in both wild-type and transgenic mice that
overproduce A3 (see Table 1 [19, 36—41]). These and other
studies highlight p75™™® as a candidate therapeutic target for
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the treatment of the cholinergic degeneration associated with
dementia [42—44].

In the above studies, the cognitive improvements linked to
inhibition of p75N™ function were usually not accompanied
by effects on A} plaque size or density (Table 1; [19, 36, 37]).
However, one study has reported that knockout of p75™'® in
APP/PS1 (amyloid precursor protein/presenilin 1) mice re-
sults in significantly increased levels of cortical A3 and exac-
erbated cognitive decline [35]. The authors proposed that
p75°P, a marker of neurodegeneration [45, 46], can help to
clear A@ from the brain by binding it and preventing its ag-
gregation [35, 47]. This idea is supported by the results of
subsequent studies [48, 49], which have reported that the treat-
ment of aged APP/PS1 mice with a p75™"® extracellular do-
main fragment improves cognitive impairment coincident
with reduced A3 load. Using drugs to prevent Af{3-induced
¢BF neuronal degeneration by blocking p75™ "%, death signal-
ing could therefore have counterproductive effects through the
exacerbation of cortical A3 levels.

To better understand the role of ¢BF neuronal p75™'® on
A levels, we crossed mice from our conditional, cholinergic-
specific p75™™® knockout mice (ChAT-cre: p75™™ [39]) with
familial AD APP/PS1 transgenic mice, and assessed the Af3
load and cognitive performance of their offspring.

Materials and Methods
Mice

All procedures were approved by the University of
Queensland Animal Ethics Committee and conducted in ac-
cordance with the Australian Code of Practice for the Care and
Use of Animals for Scientific Purposes. The animal facility
was kept on a 12 h—12 h light-dark cycle. Animals were
housed up to five per cage and were provided ad libitum
access to water and food. Where mice required separation
for welfare reasons, they were separated by a visual- and
olfactory-permeable barrier. Animals and samples were ran-
domized when possible. Male littermate mice were used at the
ages indicated.

The double transgenic APP/PS1 (B6.Cg-
Tg(APPswe,PSEN1dE9)85Dbo, JAX - 34,832) mice carry
two transgenes. One of these transgenes encodes a chime-
ric human APP with the Swedish mutations K595N/
M596L (APPswe), and the other encodes human PS1 with
the DeltaE9 mutation (PSEN1dE9). The mice were
backcrossed to C57BL6 animals for more than ten genera-
tions. The p75~™ conditional “flexed” knockout (p75™™)
mouse was generated based on C57BL6 embryonic stem
cells as previously described [39]. The p75™'® gene was
knocked out in all cholinergic neurons, including motor
neurons and those in the basal forebrain, by inversion of

exon 1 (p75™™) by intercrossing with the C57BL6 mouse
strain in which cre recombinase expression is driven by the
choline acetyltransferase (ChAT) promoter (B6.129S6-
Chat™2€Lowlj “JAX - 6410). No overt motor phenotype
was observed in these mice. Other cholinergic populations
such as the striatum and mesopontine nuclei do not nor-
mally express p75™'® and we therefore expect that their
function would be unaffected.

cBF Neuron Lesioning

Mice were anesthetized by intraperitoneal (i.p.) injection of
ketamine (100 mg/kg) and xylazine (10 mg/kg). To lesion
cBF neurons, a single infusion of murine p75-saporin
(0.4 mg/ml; Advanced Targeting Systems) or control rabbit
IgG-saporin (0.4 mg/ml) was stereotaxically injected into
the basal forebrain. The needle was lowered into the medi-
al septum (A-P 0.9 mm; M-L 0 mm; D-V 4.2 mm from
Bregma) and the toxin was infused at a rate of 0.4 pl/min
(1.5 ul total volume).

Y-maze

The Y-maze task was used to test working spatial memory.
The Y-maze was composed of three equally spaced arms
(120° apart, 35 cm long and 10 cm wide) made of perspex.
The maze was positioned 1 m above the ground. During train-
ing, the mice were placed in one of the arms (the start arm)
with access to only one other arm for a period of 15 min. The
training arm alternated between mice. One day after the train-
ing, mice were allowed to explore in the Y-maze for 10 min
with access to all three arms. Animals were tracked using
EthoVision XT software and the total time and the percent
time spent in each arm were analyzed for both the first
3 min and throughout the full all 10-min period.

Active Place Avoidance

The active place avoidance task was used to test allothetic
spatial learning and memory [50, 51], as it is considered to
be less stressful for older mice than the Morris water maze.
The apparatus (Bio-Signal Group) was located in a room with
visual cues on the walls and consisted of an arena (80 cm
diameter, 20 cm high) with a transparent circular boundary
placed on a square grid of parallel metal rods (4 mm diameter,
5 mm apart) on a stainless steel Table 1 meter above the floor.
Light levels were maintained at 35 Lux throughout the exper-
iment. An overhead camera (Flea2, Pointgrey) was used to
track the position of the animal in the apparatus. Behavior
was analyzed using Track Analysis software (Bio-Signal
Group). The arena rotated clockwise at a speed of 1 rpm and
an electric shock could be delivered through the grid floor. On
day one, all mice underwent a habituation session during
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which they were allowed to explore the arena freely for 5 min
without receiving any shocks. They then underwent daily
10 min training sessions for 5 days, in which they were placed
in the arena and trained to avoid a 60° shock zone, the posi-
tioning of which was kept constant in relation to the room
coordinates. Entrance into the shock zone led to the delivery
of a brief foot shock (500 ms, 0.5 mA). If, after the initial
shock, the animal remained in the shock zone, further shocks
were delivered at 1.5 s intervals until it moved out of the zone.
To determine their memory of the shock zone, 24 h after the
final training session, the mice were allowed to explore the
arena for 10 min without shocks being applied.

Recorded tracks were analyzed offline using Track
Analysis software. In order to assess the extent of learning,
the following parameters were measured: number of foot
shocks, maximal avoidance time of the shock zone, and laten-
cy to first entry into the shock zone. Animals were excluded
from the analysis if they failed to respond to the foot shock
during training sessions by attempting to avoid the shock area.

Immunohistochemical and Histochemical Studies

Following phenotypic analyses, the experimental animals
were deeply anesthetized with sodium pentobarbitone,
200 mg/kg i.p.) and transcardially perfused with 30 ml of
0.1 M phosphate buffered saline (PBS, pH 7.4) containing
1% sodium nitrite, followed by 30 ml of 4% paraformalde-
hyde (PFA) in PBS. Brains were post-fixed with 4% PFA
overnight and, after repeated washing in PBS, preserved in
30% sucrose solution for 24 h. Coronal or sagittal sections
(40 um) were cut in three serially adjacent sets through the
basal forebrain and hippocampus using a sliding microtome
(SM2000r, Leica). Sections were stored in 0.1% sodium azide
in 0.1 M PBS.

For immunofluorescence labeling, free-floating sections
were probed using a range of antibodies followed by the ap-
propriate secondary antibody (1:1000, Life Technologies).
Sections from p75%° mice were stained using anti-
extracellular p75NTR (1:400, AF1157, R&D Systems), rabbit
anti-DsRed (1:200; Clontech), and goat anti-ChAT (1:1000;
ab144P, Millipore). Amyloid plaques were visualized using
mouse anti-A 3 (6E10, 1:500, Sig-39320, Convance), or incu-
bated with 0.1% thioflavin S in water (T1892, Sigma-
Aldrich). Astrocytes were labeled using anti-GFAP (1:500,
70334, Dako), and microglia were visualized using anti-
CD68 (MCA1957, AbD Serotec). Sections were mounted on-
to slides and coverslipped using fluorescence mounting medi-
um (Dako). For quantification of cholinergic axons, goat anti-
ChAT (1:400, ab144P, Merck Millipore) biotinylated donkey
secondary antibodies (1:1000, Jackson Immunoresearch
Laboratories) and ABC reagent (Vector Laboratories) were
applied sequentially with washing steps in-between.
Immunocytochemical labeling was visualized using nickel-
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intensified DAB (3,3'-diaminobenzidine) staining. Brain
slices were mounted on slides and coverslipped with DePex
(Sigma-Aldrich).

Image Analysis and Histological Quantification

Images of histological sections were obtained using either an
upright fluorescence slide scanner (Zeiss Axio Imager Z2)
with a x 20 objective and AxioVision software, or a
Yokogawa spinning disk confocal microscope with a x 20
objective and sequential acquisition settings at 1024 x 1024
pixel resolution controlled by Slidebook 6.0 software.

For all histological quantification experiments, a minimum
of three mice were used for each genotype at each age. All
basal forebrain cell counts were performed from 1.3 to 0.1 mm
anterior to bregma, with every third section being analyzed.
The percentage area occupied by Af3 plaques, astrocytes, and
microglia in the entire neocortical region per section was de-
termined with an Imaris 7 software (Bitplane) and the values
for five sections per mouse were averaged for each mouse and
then each genotype. Quantification of cBF axonal density has
been previously described in detail [39]. Essentially, images
were converted to black and white and the area covered by
immunopositive axons was calculated for a defined region of
interest.

Biochemical Assays

For biochemical analyses, mice were perfused with PBS be-
fore sacrifice by cervical dislocation. The brains were re-
moved and the cortex and hippocampus were dissected,
weighed, and snapfrozen with liquid nitrogen. Protein was
extracted by adding 20 v/w lysis buffer (0.05 M sodium ace-
tate, 1 M sodium chloride, 1% bovine serum albumin, 1%
Triton-X100, Roche complete inhibitor cocktail tablet) to the
tissue before homogenization using a Bullet Blender Storm 24
(Next Advance). The level of A342 in the tissue was assessed
by ELISA as per the manufacturer’s instructions (Biosensis).
The resulting measurements were normalized for tissue
weight. Proteins within the tissue lysates (150 pg) were also
electrophoresed, and the resultant western blots probed for
APP (1:5000, 1565-1, Epitomics), BACE1 (1:1000, 195111,
Merck Millipore), ADAM10 (1:1000, ab124695, Abcam),
and ChAT (1:2000, ab144P, Merck Millipore) with appropri-
ate secondary antibodies. Immunoreactive bands were visual-
ized and quantified using Image Studio™ Lite v5.2.5 (LI-
COR Biosciences) normalized to GAPDH (1:4000, 2118,
Cell Signaling Technology).

To measure the peripheral levels of the extracellular do-
main fragment of p75~™ (p75 FP), a sandwich ELISA that
captures p75 *“P from mouse urine was used, as previously
described [52, 53]. Briefly, ELISA plates (96-well plates,
Costar Corning) were coated for 18 h at 4 °C with 4 pg/ml
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mouse anti—p7SECD (MLR1) in 25 mM sodium carbonate,
25 mM sodium hydrogen carbonate, and 0.01% thimerosal,
pH 9.6. Wells were blocked with sample buffer comprising
PBS, 2% bovine serum albumin (Sigma) and 0.01% thimero-
sal, pH 7.4, for 1 h at 37 °C. Recombinant mouse p75ECD
(control antigen, aa:20-243, R&D Systems) and urine samples
were diluted in sample buffer and incubated for 20 h at room
temperature. Wells were then incubated with goat anti-p75°“P
(R&D Systems) for 1 h followed by a bovine anti-goat [gG-
HRP antibody (Jackson ImmunoResearch) for 1 h at room
temperature. Visualization was achieved via a peroxidase re-
action developed using the color reagent 3,3',5,5'-
tetramethylbenzidine (Bio-Rad) and stopped with 2 M sulfuric
acid. Between steps, plates were washed four times with wash
buffer (PBS, 0.05% Tween 20, 0.01% thimerosal, pH 7.4).
Plates were read at 450 nm with a PerkinElmer Victor-x 4
Plate Reader. Mouse creatinine was used as a standard for
urinary protein measurements and was assessed using a creat-
inine detection kit (Enzo Life Sciences) as previously de-
scribed [53].

Statistics

Statistical analysis was performed using GraphPad Prism 7
software, accounting for appropriate distribution and variance
to ensure that correct statistical parameters were applied. The
statistical analysis are described in the figure legends or text
for the respective experiments. Values are expressed as the
mean + SEM, with significance set at p <0.05. No statistical
methods were used to predetermine sample sizes. Sample size
was determined on the basis of our previous knowledge of
likely effect size, but varied between experiments due to lit-
termate genotypes, gender, and the survival of the animals to
14 months of age.

Results

ChAT-cre”: p75™™ mice (p75%°) were crossed with APP/
PS1*" (APP/PS1) mice to generate ChAT-cre™": p75™™:
APP/PS1*" (p75¥°APP/PS1) mice and cre-negative, control
homozygous p75™™ (p75™™) littermates (Table 2).
Immunohistochemistry for p75~™ or mCherry, the expres-
sion of which occurs in place of p75™ ™ when the cre enzyme

inverts (™) the floxed allele of p75~™® ([39], Fig. 1a), was
undertaken on basal forebrain sections to confirm that the
p75%° APP/PS1 mice were deficient for p75™ ™. The vast
majority (~87%) of ChAT-positive cells in the basal forebrain
of adult p75“°APP/PS1 animals were also positive for
mCherry, and did not express p75™ '~ (Fig. 1b, ¢; ChAT:
132.8 + 14.4 cells/section vs mCherry: 116.5+13.5 cells/sec-
tion), which is consistent with our previous report of the
p75%° mouse model [39]. In ChAT-cre: p75™™ mice, the
p75N™ gene is interrupted from postnatal day 4, prior to the
period of naturally occurring basal forebrain cell death,
resulting in a 25% increase in cell number and increased cho-
linergic axonal innervation in layer 5 of the cortex compared
with control p75ﬂ/ T mice [39]. A similar trend was observed in
our experimental cohort (Fig. 1d, e). In addition, APP/PS1
mice displayed significantly reduced ChAT immunostaining
of ¢BF axons in the cortex compared to p75<° mice, with
p75%°APP/PS1 mice having innervation equivalent to that
of p75™™ controls.

To determine whether ¢cBF p75™ ' deficiency affected cog-
nitive ability, a cohort of 13-month-old mice was first tested
for memory performance in the Y-maze. No significant differ-
ences between genotypes was found in time spent in the novel
arm (two-way ANOVA followed by Sidak’s multiple compar-
ison test, interaction: F(1,16) = 0.0929, p = 0.7644; genotype:
F(1,16)=2.705, p =0.1195). Next, the mice were tested in the
hippocampal memory-dependent active place avoidance par-
adigm [54]. In this task, the mice were trained to avoid a shock
zone over 5 days in a rotating arena (Fig. 2a). On the 6th day,
they were returned to the arena but no shocks were applied on
entrance to the shock zone; however, the number of shocks
they would have received (“shocks”) was recorded. Animals
of all four genotypes traveled an equivalent distance within
the arena during this task (Fig. 2b; two-way ANOVA followed
by Tukey’s multiple comparison test, interaction: F(12,96) =
0.7195, p=0.7292; genotype: F(3,24)=1.591, p=0.2176).
During the training period, the number of shocks received
by control (p75™™) and p755° mice reduced with time (two-
way ANOVA followed by Tukey’s multiple comparison test,
interaction: F(12,96)=0.6586, p=0.7865; genotype:
F(3,24)=9.4760, p = 0.0003), coincident with an increase in
the maximal time between shocks (Fig. 2c, d; two-way
ANOVA followed by Tukey’s multiple comparison test, inter-
action: F(12,96)=0.5835, p=0.8507; genotype: F(3,24) =

Table 2 Genotypes of the parents
and experimental progeny used in
this study and the abbreviated
nomenclature

APP/PSI™"; p75"" X
ChAT-cre” ; p75/ "

ChAT-cre"; p75fl

ChAT-cre ; p75fl

APP/PSI™; p75f]

APP/PSI”; p75fl

APP/PS1*; ChAT-cre*; p75™"

APP/PS1*; ChAT-cre ; p75™"

p75%CAPP/PS1 APP/PS1
APP/PS17; ChAT-cre*; p75™in APP/PS17; ChAT-cre ; p75™1
p75KO p75ﬂ/ﬂ
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Fig. 1 a Diagram of the p75™'®
flexed allele before and after
recombination due to ChAT-cre
expression. On recombination,
p75N™® exon 1 is inverted and
mCherry is expressed instead.
Immunofluorescence images of B
basal forebrain sections from b
p75%CAPP/PS1 and ¢ APP/PSI1
mice. Sections are costained for
mCherry (red) and either ChAT or
the p75~ ™ extracellular domain
(p75ECD; green), confirming that
significant recombination of both
p75NR alleles has occurred in the
p75%CAPP/PS1 mice. d High and
low power images of cortical
sections of p75X°APP/PS1 and
control mice stained for ChAT.
Scale bars 100 pm. e
Quantification in arbitrary units
(AU) of the area that is
immunopositive for ChAT in
layer V of the somatosensory
cortex of 13-month-old mice.

(*p <0.05; one-way ANOVA,

p 7 5ﬂ/ﬂ
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4.711, p=0.0101), indicative of learning. In contrast, APP/
PS1 mice did not exhibit learning (Fig. 2¢, d) and, on the test
day, their time to first entrance to the previous shock zone was
shorter and they entered this zone more often and/or spent a
longer period of time there than the age-matched control mice,
and thereby received significantly more “shocks” (Fig. 2e, f}
one-way ANOVA followed by Tukey’s multiple comparison
test, time to first shock: F(3,24)=4.482, p =0.0123; number
of “shocks”: F(3,24)=5.081, p=0.0073). However, the
p75%°APP/PS1 mice displayed an intermediate phenotype
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in both the learning and memory phases of the para-
digm (Fig. 2c—f), receiving significantly fewer “shocks”
than APP/PS1 mice on the test day (Fig. 2f; p75XCAPP/
PS1 vs APP/PS1: p=0.0430). This suggests that the
loss of cholinergic neuronal p75™™ in aged APP/PSI
mice benefits cognitive processes.

We next investigated whether the deletion of p75™"™ in
APP/PS1 mice affected the accumulation of A3 over time.
A plaque burden in histological sections was visualized
using thioflavin S staining and immunolabeling with the
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Fig. 2 a Diagram of the top view A chock zone B 504
of the active place avoidance
navigation task. b Quantification 45+
of the distance traveled, ¢ number £
of entrances to the shock zone, I 3
. . © 40
and d maximum time of g
avoidance of the shock zone of o spatial cues E
13-month-old mice during their direction of turn § 357
5 days of training. #p75<°APP/ a8
PS1 vs p75%© is not significantly 30 4
different whereas p75<CAPP/PS1
vs p75"% p=0.047; == P75 == p75K0 == APP/PS1 == p75K°APP/PS1
##ip < 0.001; two-way ANOVA, K= ' ' ' '
Tukey’s multiple comparisons Bayt DEy2 Deys Day4 [DEps
test. e Quantification of the
Cc D
latency to the first entrance to the 25 -
previous shock zone and f the 4009
number shocks the animals would
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in each graph and is indicated on 5 < 5 200
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human-specific Af3 antibody 6E10. At 5.5 months of age,
there were very few Af3- and thioflavin-positive plaques in
the cortex of APP/PS1 and p75°APP/PS1 mice (Fig. 3a—
g). By 7.5 months of age, the plaque density and area had
increased relative to the values obtained in the younger mice,
but there was no significant difference between genotypes
(Fig. 3a—g). These results indicate that loss of p75™'® expres-
sion in ¢cBF neurons does not result in earlier A3 accumula-
tion. However, at 11.5 months of age, the cortex of
p75XCAPP/PS1 mice displayed both significantly reduced
plaque density and a smaller plaque area than those of
control APP/PS1 mice (Fig. 3a—g). This was accompanied
by decreased astrocyte (Fig. 3h, i)(Fig. 3j, k), indicative of
reduced gliosis.

To determine whether the reduction in plaque load was due
to reduced production of A3, hippocampal lysates of 15-
month-old mice were analyzed by ELISA for A342, with no
significant difference being found between APP/PSI and
p75%CAPP/PS1 mice (Fig. 4a). We also examined the levels
of APP, ADAM10, and BACEI] in cortical (Fig. 4b) and hip-
pocampal (data not shown) lysates of 12-month-old p75%©
and p75™™ mice. Western blotting did not reveal any signifi-
cant change in the levels of these proteins (Fig. 4c). However,
the ChAT protein levels in the cortical lysates were increased
in p75%° mice compared to cre-negative controls (Fig. 4b, c),
demonstrating that our methods were sufficiently sensitive to
detect a subtle change, consistent with the increase in cholin-
ergic innovation to the cortex (Fig. 1d). Together, these
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<« Fig. 3 6E10, GFAP, and CD68 immunostaining of coronal sections of
the cortex of p75™", APP/PS1, p75%°, and p75XCAPP/PS1 animals at the
indicated ages (a). Scale bars 100 um. Quantification of amyloid plaque
number (b, e), total area stained (c, f), and plaque size (d, g) following
identification with A3 antibody 6E10 (b—d) or thioflavin S (e—g) in motor
and somatosensory cortical sections. Quantification of the number of (H)
and area covered by (i) GFAP-positive astrocytes in cortical sections.
Quantification of the number of (j) and area covered by (k) CD68-
positive microglia *p <0.05; **p <0.01, ***p <0.001, two-way
ANOVA, Tukey’s multiple comparisons test. APP/PS1 vs p75XCAPP/
PS155m,n=3vs6;75m,8vs4;11 m, 6vs6

findings suggest that A3 deposition, rather than the rate of A3
production, is decreased in the p75X°APP/PS1 mice.

It has been shown that p75°“® can act to prevent A ag-
gregation and facilitate its clearance [35, 49]. As cBF neurons
comprise the major cell type in the healthy adult brain to
express p75™ 'R, they are expected to be the main source of
the p75°“P that is able to bind AB. Depletion of p75™'® from
¢BF neurons would therefore be expected to result in in-
creased Af3. To determine whether other sources of brain
p755P can act to sequester AB (such as neurons or glia in
the frontal cortex and hippocampus which upregulate p75~ ™
in AD [55-57]), p75™'® expression in 12-month-old C57BL6
and APP/PS1 mice was determined by immunohistochemis-
try. This revealed an increase in p75™ '~ levels within the cBF
axons of APP/PS1 mice, as previously reported [58], with no
other major cellular source of p75N™ being identified

(Fig. 5a—d). As peripheral p755CP can also sequester Ap
A B
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Fig.4 a The total amount of A342 in detergent-extracted cortical lysates,
derived from 15-month-old mice, as quantified by ELISA. n=3 per
group. b Western blots of cortical lysates from 12- to 12.5-month-old
p75ﬂ/ fl (WT) and ChAT-cre: p75i“/in (KO) mice probed with antibodies
for APP and «- and (-cleavage enzymes (ADAM10 and BACE1
respectively), ChAT, and the loading control GAPDH. Western blots of

Normalized BACE1 expression

[21, 49], we next asked whether an increase in peripheral
p75%“P production might explain our results. To investigate
this, we measured the urinary levels of this fragment by
ELISA. First, the amount of p755" in the urine of C57BL6
mice that had undergone cBF lesions (following injection of
anti-p75™R-saporin toxin) was determined. No significant
difference in the level of p75“" was found between these
lesioned mice and control animals (Fig. 5e), indicating that
¢BF neuron-derived p755“P does not contribute significantly
to the p75ECD found in urine. Next, to determine whether there
was an upregulation of peripheral p755“" in APP/PS1 mice
that might contribute to sequestering Af3, the amount of
p755" in the urine of 13-month-old APP/PS1, p75“°APP/
PS1, and control mouse strains was determined. Although
there was a trend for reduced p75°“® in p75*° mice (in which
all cholinergic cells lack p75™"™) compared to cre-negative
p75"™ animals, there was no significant difference in the uri-
nary level of p755“P between the genotypes (Fig. 5e). These
results indicate that the reduction in A3 deposition in the brain
is not due to an increase in brain or peripheral p75°P.

Discussion

Here, we report that conditional deletion of p75™'® from cho-
linergic neurons in APP/PS1 mice significantly delays cogni-
tive impairment and reduces the deposition of transgenic
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cortical lysates from 12.5-month-old mice probed with anti-ChAT
antibody. c. Quantification of APP ADAM10, BACE1, and ChAT
levels relative to GAPDH loading controls. A difference in
intensity between genotypes was only observed for the ChAT
protein.*p < 0.05, ¢ test
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Fig. 5 Brain sections of 12-month-old a, b C57BI6 and ¢, d APP/PS1
mice immunostained with an extracellular p75™™ antibody (pink) and a
nuclear stain (DAPI; blue). ¢, d White boxes represent higher power
images. Although p75~™-expressing cBF axons can clearly be seen,
there are no other cell types expressing p75™" " in the brain. Scale bars:
a and b, 500 um; ¢ and d, 50 um. e Quantification of the amount of
p75%P in the urine of 5-month-old C57BL6 mice injected with either
IgG-saporin (control) or p75-saporin (lesion) 4 weeks earlier, and 13-
month-old mice of various genotypes. No significant differences were
found between control and lesion (two-way ¢ test) or genotype (one-
way ANOVA, Sidak’s multiple comparisons test). The number of mice
in each group is indicated

APP-derived Af3 into plaques in the cortex. Analysis of total
A levels, together with the expression of APP and BACE1
suggest that these phenotypes are not due to either decreased
A production or AR sequestration by p75°“P fragments.
Rather, we suggest that the depletion of p75™ ™ from cholin-
ergic neurons alters cBF neuron function, which slows the
processes that cause cognitive impairment and increase A3
clearance from the brains of p75%° APP/PS1 mice.

Our first finding was that the significant cognitive deficits
observed in aged APP/PS1 mice subjected to the active place
avoidance task were reduced by postnatal loss of p75™ ™ from

@ Springer

cholinergic neurons. Although the animal numbers per group
are limited, the trend for improved behavior in the active place
avoidance task is consistent with those of a number of studies
which have reported that systemic removal or downregulation
of p75N™R expression results in positive spatial memory out-
comes compared with age-matched cognitively impaired A3-
overproducing littermates (Table 1). However as ¢cBF neurons
are the principal neurons of the brain to express p75™ %, it not
surprising that the behavioral changes observed in complete
p75%° mice have been replicated using our cholinergic-
specific conditional p75%° mouse. Furthermore, it is likely
that the reduction in p75™'® signaling in ¢cBF neurons is re-
sponsible for the previous results observed when p75™'® is
downregulated globally. Indeed, a number of studies have
demonstrated that genetic removal or downregulation of
p75™"™® can enhance outcomes in learning and memory tasks
in otherwise wild-type mice [41, 59], including our ChAT-cre;
p75™™ mice [39, 60]. Such findings are also consistent with
the loss of p75™ ™ function enhancing long-term potentiation
and/or reducing long-term depression, including in the context
of increased AP [31, 37, 61, 62]. However, differences be-
tween genotypes were not observed in the Y-maze task, which
is also hippocampal-dependent but less reliant on cBF neurons
[40]. This indicates that the loss of p75™™ in the brain, and
specifically within ¢cBF neurons, has a significant effect on
cognitive processing that enhances memory, which is domi-
nant over any negative effects of AP or related AD pathology.

Although most previous studies have reported cognitive
improvements in AD transgenic mice when p75™™ function
is inhibited, there is no consensus on the effect on A3 levels
(Table 1). This may be partially due to the use of different
strains of A3 overproducing mice and their genetic back-
grounds, as well as the methods used by independent groups
to monitor A 3. Nonetheless, based on the ability of p75™ "~ to
bind and sequester A3, we hypothesized that the loss of ¢cBF
p75N™ would result in exacerbated AB accumulation.
However, an equivalent total A3 level was found in the hip-
pocampus of 15-month-old APP/PS1 and p75*°APP/PS1
mice when measured by ELISA. Given the reduction in Af3
plaque levels between 7 and 11.5 months, this could indicate
an increase in soluble A levels.

Soluble Af3 is known to be the more neurotoxic species and
has been associated with impaired long-term potentiation and
cognitive processes [63]. However, as the p75CAPP/PS1 an-
imals displayed partial cognitive improvements, rather than
exacerbation of the impairment, it is unlikely that any increase
in soluble A is significant. Although it is not possible to
conclusively determine whether the behavioral improvement
is due to the reduced A3 plaque load and/or to changes in cBF
function, cognitive improvements have been reported in AD
mouse models with reduced p75NTR function, even when
there is no change or an increase in A3 plaque load [20, 37],
suggesting that these two phenotypes are independent.
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Therefore, our study indicates that preventing p75™ " expres-
sion in ¢BF neurons specifically provides two positive out-
comes in the context of AD: a reduction in A3 plaques and
improved spatial memory.

How might ¢BF p75™™ reduce AR plaque load?
Similar to our findings, Jian and colleagues reported re-
duced AP plaque load and improved spatial memory in
p75NTR+~ Tg2576 mice [38], with no change in
ADAMI10 or BACEI1 expression. However, they observed
reduced levels of both soluble and plaque A3, which was
accounted for by reduced activity of 3-secretase and PS1.
Wang and colleagues [35] also reported no change in
BACEI levels in complete p75N"™®~ APP/PS1 mice, but
a significant increase in total A3 levels. In our study, it is
possible that the combination of genetic changes altered
the expression or activity of cleavage enzymes, including
cortical area- or layer-specific changes in the p75XCAPP/
PS1 mice that were not detected by our methods.
However, the lack of change in total AP levels in
p75%CAPP/PS1 mice compared to APP/PS1 animals indi-
cates that altered cleavage of APP does not appreciably
account for the reduced plaque load observed in the for-
mer mice. Rather, the results imply that A clearance
mechanisms are enhanced in our transgenic mice.

Reduced clearance of A3 is considered a major mediator of
idiopathic AD [64]. p75™ "®-mediated endocytosis and degra-
dation of AP within ¢cBF neurons has been proposed as a
major mechanism regulating the physiological levels of Af3
within brain areas innervated by ¢cBF axons [22]. An addition-
al role for cleaved p75°® in reducing AP deposition has also
been demonstrated [49]. In our paradigm, p75™ ' R-mediated
sequestration of A3 by cBF neurons was not possible.
Furthermore, the level of p75ECD, as indicated by the level
of this fragment in the urine, was not significantly reduced
by cholinergic-specific p75™ '~ knockdown or ¢BF lesioning,
and peripheral levels of p75™ ™ were not appreciably upreg-
ulated in the p75XCAPP/PS1 mice. Similarly, it has been re-
ported that treatment with the p75™"*-inhibiting compound
LMI11A-31, which induces cleavage of p75~™® [19], does
not significantly alter total hippocampal A{3 levels in AD
model mice [19]. This signifies that interactions between
cBF-derived p75™™ and AP do not appreciably regulate
AP load. We do not refute the possibility that cBF neuronal
p75NR internalizes AP, or that p75~“P can reduce A aggre-
gation. However, our data indicate that another, more domi-
nant A3 clearance mechanism is mediated by the loss of
p75N™ from cBF neurons.

Another A3 clearance mechanism is phagocytic removal
by microglia [65, 66]. In our paradigm, the number of activat-
ed microglia (and astrocytes) was significantly reduced in
p75XCAPP/PS1 mice compared to their APP/PS1 littermates,
suggesting that this process is not active. This result also sug-
gests that A3 does not aggregate as plaques before being

removed by inflammation-driven mechanisms, but rather that
soluble A3 is cleared prior to aggregation and deposition.
LM11A-31 treatment has also been shown to decrease the
activation of microglia and to attenuate the levels of reactive
astrocytes [36] without changing total AR levels [19]. It is
therefore possible that microglia in p75™"R-deficient tissue
can actively remove A3 without transformation into the del-
eterious microglial phenotype associated with aging and AD
[66]. The possibility of a decreased hyper-inflammatory re-
sponse mediated by loss of p75™'® signaling [57] also war-
rants further investigation.

p75N™ is known to affect cBF neuron number and
structure, with both complete and conditional p75° mice
having ~25% more cBF neurons and significantly in-
creased innervation of the cortex [39, 60]. This is the likely
explanation for the improvement in spatial memory exhib-
ited by our p75X°APP/PS1 mice. Enhanced cholinergic
signaling has also been shown to affect AR levels, al-
though predominantly by altering APP cleavage. For ex-
ample, muscarinic M1 receptor agonists reverse A3 pa-
thology in 3 x Tg AD model mice, by enhancing «-
secretase cleavage of APP [67]. Genetic deletion of M1
receptors in the APPSWedish/Indiana Ay m5use model also
induces exacerbated A[3-related pathology [68]. In addi-
tion, knockout of the cholinergic vesicle transporter chang-
es ¢cBF neuron-derived microRNAs, including affecting
BACEI! expression [69, 70]. As indicated above, it is pos-
sible that such changes in APP cleavage occurred in our
mice but were not detected experimentally. However, an
alternative explanation is that cholinergic neurons regulate
mechanisms of A3 clearance, which are currently incom-
pletely understood. Both A3-degrading enzymes, such as
neprilysin, and glymphatic drainage of neural waste such
as AP from interstitial fluid are attracting increasing inter-
est as processes that affect A3 accumulation [71, 72]. ¢cBF
neurons directly innervate the neocortical microvessels, re-
leasing acetylcholine which is an important regulator of
cerebral blood flow and vessel dilation [72, 73]. In turn,
cholinergic regulation of blood flow might affect
glymphatic drainage and/or the availability of circulating
neprilysin to clear brain A3 [74]. This is a speculative, but
attractive, explanation of our findings.

In summary, we have found that removal of p7
expression from cholinergic neurons during the postnatal
and adult life of the familial AD model mice reduces
cortical A deposition and gliosis without changing the
production of A3, and slows cognitive impairment in
aged animals. We propose that the A3 clearance mecha-
nisms in our p75%° APP/PS1 mice are enhanced due to
increased cholinergic innovation and function. Targeting
p75N™® to promote cholinergic function may therefore
have a dual effect of inhibiting cBF neuronal degeneration
and promoting A clearance.
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