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Neurotrophin receptor p75 mediates the uptake of the amyloid
beta (AP) peptide, guiding it to lysosomes for degradation in basal

forebrain cholinergic neurons
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Abstract A fascinating yet perhaps overlooked trait of
the p75 neurotrophin receptor (p75™ 7 is its ability to bind
ligands with no obvious neurotrophic function. Using cul-
tured basal forebrain (BF) neurons, this study demonstrates
selective internalization of amyloid B (AB) 1-42 in con-
junction with p75N™® (labelled with IgG192-Cy3) by
cholinergic cells. Active under resting conditions, this
process was enhanced by high K* stimulation and was
insensitive to inhibitors of regulated synaptic activity—
tetrodotoxin or botulinum neurotoxins (BoNT type/A and/
B). Blockade of sarco-endoplasmic reticulum (SERCA)
Ca®*" ATPase with thapsigargin and CPA or chelation of
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Ca”* with EGTA-AM strongly suppressed the endocytosis
of p75N™ implicating the role of ER released Ca*". The
uptake of IgG192-Cy3 was also reduced by T-type Ca®"
channel blocker mibefradil but not Cd2+, an indiscriminate
blocker of high voltage-activated Ca®" currents. A strong
co-localization of IgG192-Cy3 with late endosome (Rab7)
or lysosome (Lampl) qualifier proteins suggest these
compartments as the primary destination for internalized
1gG192 and AP. Selective uptake and labeling of BF
cholinergic cells with IgG192-Cy3 injected into the pre-
frontal cortex was verified also in vivo. The significance of
these findings in relation to AP clearance in the cerebral
cortex and pathophysiology of Alzheimer’s disease is
discussed.

Keywords p75 NTR - Basal forebrain cholinergic
neurons - Lysosomal degradation - Calcium - Amyloid
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Introduction

The amyloid cascade hypothesis infers excessive deposi-
tion of B amyloid (A) peptide in the brain as the proximal
cause of Alzheimer’s disease (AD). It purports the over-
production or failure of A clearance as a key factor to the
pathological process, which is characterized by progressive
synaptic loss and cognitive decline (Hardy and Higgins
1992; Mesulam 2004). Being one of the end products of
amyloid protein precursor (APP) cleavage, Ap when in
excess, aggregates in the form of insoluble oligomers and
fibrillary plaques, causing severe functional and structural
disruptions, which affect primarily the limbic, paralimbic
and associative areas of the cerebral cortex (Mesulam
2004; Buckner et al. 2008). The confinement of the early
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pathology to certain brain regions along with co-related
deficits in cognitive and mnemonic (but not motor and
visceral) functions are highly perplexing, given that APP is
ubiquitously expressed throughout the central nervous
system (Lah and Levey 2000).

Progressive depletion of cortical acetylcholine with
loss of cholinergic innervations is another consistent trait
of brains affected by AD (Mesulam 2004; McKinney and
Jacksonville 2005). Analysis of human AD autopsies has
revealed a positive correlation between the extent of
cholinergic axonal loss and density of AP plaques in
several cortical regions (Mesulam 1990; Geula et al.
1998). While an increase in AP loading associated with
degeneration of cholinergic axons is expected, given that
acetylcholine via M1 receptors promotes non-amyloido-
genic cleavage of APP (Nitsch et al. 1992; Yan and
Feng 2004), the mechanisms underlying greater vulner-
ability of cholinergic axons in AD remains unclear,
despite decades of intense research (Mesulam 2004). The
prevailing, neurotrophin hypothesis, implicates deregula-
tion of trophic signalling in BF cholinergic cells as one
of the primary causes (Hefti and Weiner 1986; Counts
and Mufson 2005). Indeed, quantitative analysis revealed
a significant reduction in the expression of the high-
affinity  neurotrophin  receptor—tropomyosin-related
kinase A (trkA) with the number of neurons immuno-
reactive to trkA antibody in the BF region being greatly
reduced in mild cognitive impairment (46 %) and AD
(56 %) brain autopsies (Mufson 2000; Allen 2011).
Single cell mRNA profiling, in addition to reduced trkA,
also revealed down-regulation of trkB and trkC receptors
(Ginsberg et al. 2006). Quite unexpectedly, the level of
low-affinity p75 neurotrophin receptor (p75™ %), which is
expressed in the adult forebrain primarily in BF cholin-
ergic neurons, remained unchanged (Ginsberg et al.
2006). Capable of binding most of known neurotrophins,
p75N™ is recognized for its trophic as well as apoptotic
functions (Van der Zee et al. 1996; Naumann et al.
2002; Sotthibundhu et al. 2008), depending on its partner
co-receptors or activating ligands.

An intriguing, yet neglected characteristic of p7 S
its capacity, in addition to neurotrophins, also bind a range
of collateral ligands with no apparent trophic function
(Dechant and Barde 2002; Butowt and von Bartheld 2009).
In the present study, the mechanisms regulating the endo-
cytosis and transport of IgG192-Cy3-labelled p75™'~ in
conjunction with Alexa488-AB 1-42 in cholinergic neu-
rons of primary BF cultures are analysed. Live microscopy
and confocal imaging reveal late endosomes and lysosomes
as primary destinations of these proteins. The pertinence of
these processes to AP clearance via lysosomal degradation
in BF cholinergic neurons, with their early loss during AD
is discussed.
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Materials and methods
Reagents and materials

All chemicals were purchased from Sigma (Ireland) unless
specified otherwise. Reagents and materials for tissue
culture were obtained from BioSciences (Ireland); Ibidi
GmbH supplied 35 mm glass dishes. Alexa-488 labeled
and non-labeled AP (1-42) and rat monoclonal anti-Af
(1-42) antibody were obtained from Ana Spec (UK). Goat
anti-ChAT polyclonal antibody and rabbit polyclonal anti-
early endosome antigen-1 (EEA1l) IgG were purchased
from Millipore (Ireland); rat monoclonal [gG192-Cy3
came from Advanced Targeting Systems (USA). Goat
polyclonal anti-Rabl1 (C-19) IgG and rabbit polyclonal
anti-Rab7 (H-50) IgG were obtained from Santa Cruz
Biotechnology (USA). Mouse anti-Lampl monoclonal-
and FITC-labeled rabbit anti-goat polyclonal antibodies
were purchased from Abcam (Ireland). Alexa fluors 488 or
594 secondary antibodies and 12 % NuPage Bis—Tris gels
were obtained from Invitrogen (BioSciences, UK). Vecta-
shield mounting medium with DAPI was purchased from
Vector Labs (UK). Recombinant botulinum neurotoxins
(BoNT/A and/B) were produced and purified in-house as
described (Lacy and Stevens 1997; Smith 1998). Ketamine
(Velatar™) was bought from Pfizer (Ireland). AP oligo-
mers were prepared according to procedures (Dahlgren
et al. 2002) with the presence of oligomeric forms con-
firmed through dilution of the sample in NuPage sample
buffer and separation on a 12 % NuPage Bis—Tris gel. The
size of the bands confirmed the presence of monomers,
trimers, and tetramers in the sample used for the presented
experiments. Gels were scanned using a standard gel
imaging scanner (SynGene).

Primary basal forebrain neuronal cultures

All procedures involving animals (rats, P1 or P60-70 days
old) conformed to guidelines approved by the Research
Ethics Committee of the University and the Ministry of
Health and Children, Republic of Ireland and the U.S.
Public Health Service Policy on Human Care and Use of
Laboratory Animals with the National Institute of Health,
approved by the Institutional Board of the Rutgers Uni-
versity. BF neurons were cultured according to the protocol
described (Mudd et al. 1998; Auld et al. 2000). In brief,
under deep ketamine anaesthesia (120 mg/kg, i.p.), P1 rat
pups were decapitated, septum/BF area extracted and
placed in dissecting medium containing Hank’s Balanced
Salt Solution supplemented with 25 mM glucose and
10 mM HEPES buffer. After mincing, the tissue was
transferred into trypsin/EDTA solution (7-10 min; 37 °C)
followed by centrifugation (5 min, 10,000 rpm). Pellet was
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re-suspended in medium containing 1:1 mixture of modi-
fied Eagle Medium (DMEM):F12 (1:1) and 5 % fetal
bovine serum, followed by gentle triturating and centrifu-
gation (5 min, 1,000 rpm). Cells were then plated in
35 mm poly-L-lysine-coated dishes at a density of
0.5-1.0 x 10° cells/cm? in serum-free DMEM:Neurobasal
(1:1) plus B27 supplement containing growth medium with
antibiotic mixture (1 % Gibco, 10,000 units penicillin,
10 mg streptomycin and 25 mg amphotericin B per ml)
and NGF (50 ng/ml) (mouse, 2.5S). 24 h after plating
antimitotic cytosine arabinofuranoside (10 uM final con-
centration) was added to the cultures for 48 h to inhibit the
proliferation of non-neuronal cells. Neurons were kept in a
humidified incubator (5 % CO,) for max. 2 weeks at
37 °C, with half of the growth medium being replaced
every 5 days.

Immuno-cytochemistry and microscopic analysis

Procedures for pre-labelling of BF cholinergic neurons
with Cy3-IgG192 in vivo followed by ChAT staining of
brain sections, fluorescence microscopy, cell counting and
data analysis were conducted according to protocols
described elsewhere (Ovsepian et al. 2012). In three rats
(~2 months old), IgG192-Cy3 was injected into the
medial prefrontal cortex with its transport to BF verified. In
brief, under deep anaesthesia (ketamine: 90 mg/kg; xyla-
sine: 10 mg/kg, i.p.), 1gG192-Cy3 (2 ul, 0.4 mg/ml) was
slowly injected with a Hamilton syringe (22-gauge needle)
into the brain, using stereotaxic coordinates as follows:
2.5 mm anterior from bregma; 0.4 mm lateral from midline
and 2.3 mm below the dura mater. Three days later injected
animals were overdosed with sodium pentobarbital
(200 mg/kg) and killed, with the site of injection in the
prefrontal cortex and labelling of neurons in BF verified
with fluorescence microscopic analysis, using appropriate
filters (Cy3/DsRed/Rhodamine filter set) (Axioscope,
Zeiss). In different sets of experiments, 1gG192-Cy3 was
injected into the lateral ventricle, which was followed by
staining of BF slices for ChAT, to verify the localization of
1gG192-Cy3 in BF cholinergic neurons (Ovsepian et al.
2012). In tissue culture experiments, primary BF cultures
of 6-9 days old were assayed for ChAT-positive cholin-
ergic neurons, the only neuron type in the forebrain that
expresses p75™ 'R (Hartig et al. 1998). After overnight
incubation in growth medium supplemented with fluor-
labelled anti-p75™™™ monoclonal antibody IgG192-Cy3
(5 nM final concentration), cultures were rinsed
(3 x 5 min) with phosphate buffer saline (PBS), fixed with
4 % paraformaldehyde (PFA; pH 7.4, 30 min in PBS),
washed (3 x 5 min) and permeabilized (0.4 % Triton
X-100, 1 h). These steps were followed by blocking of
non-specific immuno-reactive sites with 5 % bovine serum

albumin plus 2 % rabbit serum (1 h), followed by over-
night exposure of tissue to polyclonal goat anti-ChAT
antibody (1:100) in the same blocking medium also con-
taining 0.4 % Triton X-100 (PBS, pH 7.4; room tempera-
ture). Following extensive rinses (3 x 15 min, PBS),
samples were exposed to FITC-labelled secondary poly-
clonal antibody (2 h; 1:1,000), air-dried and coverslipped
with Vectashield mounting medium (where specified also
containing DAPI). Cholinergic neurons were identified
based on their positive labelling for ChAT or presence of
anti-p75~"™ 1gG192-Cy3, while DAPI (in primary cul-
tures) was used for assessment of the total number of
neurons. Negative control dishes were processed in the
same way but with the omission of primary ChAT anti-
body. To identify the intracellular location of IgG192-
Cy3, neuronal cultures were additionally labelled for early
(EEAL1), recycling (Rabll), and late (Rab7) endosome
and (Lampl) lysosome qualifier proteins (Nixon 2007
Saavedra et al. 2007). In brief, after overnight incubation
of BF cultures in growth medium supplemented with
Cy3-I1gG192 (5 nM), samples were extensively rinsed,
fixed, permeabilized and blocked, as specified above, and
exposed overnight to anti- EEAl, Rabll, Rab7 and
Lampl primary antibodies (1:100) in blocking medium
supplemented with Triton X-100 in PBS (0.4 %, pH 7.4;
room temperature). Subsequently, the tissue was exposed
for 1 h to Alexa-488 labelled corresponding secondary
antibody (1:1,000) at room temperature, rinsed
(3 x 5 min), dried and mounted for confocal microscopic
analysis.

Live microscopy and functional imaging of BF cultures

To monitor internalization of AP and its trafficking with
1gG192-Cy3/p75™™, 100 nM HiLyte fluor (Alexa 488)
labeled AP (1-42) (Nazer et al. 2008) was co-applied
with 5 nM IgG192-Cy3 to BF cultures for 2 h (37 °C,
5 % CO,). This was followed by extensive rinsing of
cultures with growth medium and live confocal imaging
(LSM710, AxioObserver, 40 x 1.3 Plan Apochromat oil-
immersion objective). Argon and Helium/Neon lasers
provided 488 and 543 nm lines in time series mode;
emitted fluorescence signals were sampled at the resolu-
tion of 30 nm/pixels with a dwell time of 1.5 ps. Co-
localization of Alexa-488 AP and Cy3-IgG192 is defined
by the presence of two labels in the same pixel in the
digitally acquired images, using a co-localization algo-
rithm (Zen 2008, Carl Zeiss). Separation of emission
spectra was ensured with appropriate cut-off filters (green
492-590 nm; red 585-734 nm). In selected cases and due
to mobility of fluor-loaded bodies, co-localization of
Alexa-488 AP and Cy3-IgG192 was verified after fixation
of samples with 4 % PFA for 30 min followed by

@ Springer



Brain Struct Funct

extensive washes (3 x 15 min, PBS), air drying of the
samples and coverslipping with Vectashield mounting
medium. Stacks of optical sections in Z-dimension
(750 nm thick) were collected from cell bodies and pro-
cesses with individual frames analyzed for signal intensity
and co-localization. In experiments with assessment of
1gG192-Cy3 internalization under high [K*] (KCI
50 mM) stimulation or blockade of Na' channels by
0.5 uM tetrodoxin (TTX), cholinergic neurons were
imaged and the signal intensity was compared to those
acquired from untreated controls. The reliance of 1gG192-
Cy3 uptake on synaptic vesicle turnover was assessed in a
similar way with neurons exposed to BoNT/A (5 nM) and
BoNT/B (10 nM) neurotoxins, which cleave and inacti-
vate SNAP-25 and VAMP, respectively, and hence, block
SNARE-dependent exo-endocytosis. Similar steps were
followed in experiments involving chelation of Ca®" with
EGTA (200 uM), selective blockade of high (CdCl,;
50 uM) and low (mibefradil; 10 pM) voltage-gated Ca®"
channels as well as depletion of internal Ca*" stores with
inhibitors of the sarco-endoplasmic reticular Ca®" ATPase
(SERCA)—thapsigargin (1 uM) or cyclopiazonic acid
(CPA, 10 pM). In experiments for testing the effects of
AP 1-42 on the internalization of IgG192-Cy3, a mixture
of soluble mono- and oligomeric forms of this peptide
were prepared and added in various concentrations to
cultured BF neurons with incubation for 2h in a
humidified incubator at 37 °C in 5 % CO, before addition
of 5 nM IgG192-Cy3 for 2 h or overnight. Afterwards,
cultures were washed with PBS (pH 7.4), fixed with 4 %
PFA and processed for microscopy as described above.
Similar procedures were followed in control experiments,
but with omission of tested compounds. For two-colour
time lapse series, a dichroic filter was used for simulta-
neous imaging of IgG-Cy3 and Alexa-488-Ap1-42, with
pinhole kept fully open. Images were acquired in con-
tinuous scanning mode.

Data analysis and statistical significance

All settings used for data acquisition were kept constant
throughout experiments (Zen 2008). For cell counting,
neurons with fluorescence signal intensity exceeding three
times the average intensity of the background were con-
sidered suitable for including in the analysis (O’Leary et al.
2011). Numerical values of fluorescence intensity were
normalized over the regions of interest (ROI) pulled from
at least 25 frames, collected from 20 to 30 cells for each
experimental condition. These were tabulated and analysed
using Zen 2008 and Excel analytical software. Data are
reported as mean £ SE with statistical significance asses-
sed using paired or unpaired Student’s ¢ test, with p < 0.05
defining a significant (*) difference.
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Results

BF cholinergic neurons in culture retain a high level
of p75N™® expression

The majority of ChAT-positive profiles in medial septum-
diagonal band Broca (MS-DBB) as well as in more caudal
BF nuclei were also immuno-reactive for IgG192-Cy3
(Fig. 1a) with punctuate Cy3 labelling of intracellular
compartments visible in neurites and soma (Fig. la, a2
inset). Counting of double-labelled neurons revealed
94.3 £ 5 % of cholinergic cells (350-400 neurons, from 3
rats) being positive for 1gG192-Cy3 in MS-DBB nuclei,
while in more caudal BF structures the percentage of
double-labelled cells was lower (85.6 &= 5.7 %, 350-400
neurons, from 3 rats) (Fig. la, ¢). With no exception, all
Cy3-1gG192 positive cells were immuno-reactive for
ChAT (Fig. 1 panel a2 and a3), an observation that con-
firms IgG192-Cy3 as a reliable marker for BF cholinergic
neurons (Hartig et al. 1998; Ovsepian et al. 2012). Exten-
sive labelling of ChAT-positive cells with Cy3-IgG192 was
also evident in BF primary neuronal cultures (Fig. 1b3, d)
with punctuate Cy3 fluorescence visible in somata and
neurites (Fig. 1b3). Assessment of the time course of
I1gG192-Cy3 uptake showed that the bulk of it is internal-
ized within the first 2 h of exposure (78.1 %), with pro-
longed exposure of cultures to IgG192-Cy3 (24 h) causing
only a modest (~20 %) further gain in Cy3 labelling (not
shown). It is worth noting that similar to brain slices, a
notable fraction of ChAT-positive profiles remained non-
labelled with IgG192-Cy3 (25-30 % of cells, 300—400
neurons counted from 3 culture dishes) (Fig. 1b, d).
Overall, these findings demonstrate that the majority of BF
cholinergic cells in primary cultures retain high expression
of p75N™, which at the resting state is constitutively
turned over together with associated ligands.

1gG192-Cy3 and AP share entry routes and intracellular
carriers

The p75"™ was suggested as a neuronal acceptor for AR
(Yaar et al. 1997). To establish if interactions of A with
p75™™ are confined to the plasmalemma, or similar to
neurotrophins, AP undergoes p75"'® mediated internali-
zation and trafficking within ‘signalling” endosomes, the
loading of Alexa-488-Af (1-42) and IgG192-Cy3 were
monitored in cultured cholinergic cells with live micros-
copy. Due to known hydrophobicity of A, the background
florescence of cultures exposed to Alexa-488-Af 1-42
remained high even after rigorous washes, making the
clear-cut distinction between surface-bound and internal-
ized AP in distal neurites impossible, hence, limiting our
microscopic analysis to cell bodies and proximal neurites.
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Fig. 1 Selective labelling of BF cholinergic neurons with IgG192-
Cy3. al-3 [gG192-Cy3-labelled neurons also immuno-reactive to
ChAT antibody in the vertical limb of DBB: (al) ChAT positive
(green) (a2) 1gG192-Cy3 positive (red) and double (a3) ChA-
T + 1gG192-Cy3-labelled neurons (yellow). (MS medial septum,
DBB diagonal band Broca). Inset (a2) illustrates high magnification
1gG192-Cy3-labelled bodies in soma (S) and dendrites (arrows) of BF
cholinergic neuron. Scale corresponds to 10 pm. b1-2 ChAT-labelled
BF cholinergic neurons (b1) and DAPI stained cells in the same field
of view (b2). Note, only a fraction of cells are double-labelled with
DAPI and ChAT. Arrows point to DAPI-labelled non-cholinergic

ChAT / ChAT /Cy3/

d DAPI +Cy3 +ChAT

= 120 ~

© *

Is) = %

2 100 —==

S

o 801

c

S 60+ T

[1}]

C 40 4

[1}]

>

£ 20

(7))

o]

o 0 - T T
1 2 3

cells. b3 High power triple labelled (ChAT/IgG192-Cy3/DAPI) BF
cholinergic neuron with punctuate IgG192-Cy3 labelling along with
two non-cholinergic cells also in the field (arrows) (inset b3—larger
field of view of cultured BF neurons with some (arrowhead) being
immuno-reactive for ChAT and 1gG192-Cy3). Scale corresponds to
35 um. ¢ Summary plot of the fraction (%) of Cy3-positive neurons in
MS/DBB (black bar) and caudal BF nuclei (grey bar) of total
population of ChAT-positive cells (white bar). d Summary plot of the
fraction (%) of Cy3 (black bar) and ChAT (grey bar) positive cells of
the total DAPI-positive neurons in BF cultures (white bar)
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Fig. 2 Co-labelling of
stationary and mobile
endosomes with 1gG192-Cy3
and Alexa-488-Af in BF
cholinergic neurons.

a Representative live BF
cholinergic neuron labelled with
Alexa-488 AP1-42 (green),
Cy3-1gG192 (red) and merged
(vellow, right panel): a Z-stack
projection. b Time lapse series
of a neurite with [gG192-Cy3
and Alexa-488 AP containing
endosomes. [nsets indicate the
times of acquisition of
individual frames. Note rapid
(arrow) and slow (arrowheads)
moving vesicles in addition to
the large amount of stationary
double-labelled structures.

c—e Summary plots of Alexa-
488/1gG192-Cy3 (c, left) and
1gG192-Cy3/Alexa-488

(¢, right) co-localization in
intracellular compartments of
BF cholinergic neurons

(¢, neuritis and soma —left and
right bar pairs, respectively),
trafficking velocity of Alexa-
488 and IgG192-Cy3-labelled
vesicles (d) and their estimated
diameters (e)
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Figure 2 shows a reconstructed 3D Z-stack of the soma and 1-42 (Fig. 2a). Analysis of randomly defined ROI revealed
proximal neuritis of a representative live BF cholinergic strong co-localization of Alexa-488 and Cy3 in both peri-
neuron co-labelled with 1gG192-Cy3 and Alexa-488 AP karyon and neurites, with closely matching co-localization
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coefficients (0.91 & 0.07 vs. 0.96 £ 0.1; neurites vs. soma,
respectively) (Fig. 2a, c). Reversed assessment of Cy3 and
Alexa-488 co-localization revealed significantly lower
coefficients (0.36 + 0.05 vs. 0.48 & 0.08, neurites and cell
bodies, respectively), suggestive of the crucial role of
p75N™® for the uptake of Alexa-488 labelled AP 1-42 by
cholinergic neurons. Similar to IgG192-Cy3, Alexa-488-
AP labelling of intracellular compartments became evident
within ~30 min of exposure (Fig. 2b). Of note, trafficking
of double-labelled compartments occurred in both somato-
petal and somato-fugal directions at widely varying speed
ranges (0.05—4.2 um/s), with, however, closely matching
average movement velocity of Cy3 and Alexa-488-labelled
elements (3.18 & 0.7 pum vs. 2.81 £ 0.8 pm, p = 0.81)
(Fig. 2b, d and suppl. video 1). Comparison of the relative
sizes of Cy3 and Alexa-488-labelled organelles also
revealed their close correspondences (0.8 = 0.06 vs.
0.71 %+ 0.08, respectively; p = 0.34) (Fig. 2e). It is worth
noting that in addition to mobile compartments there was a
large amount of stationary or oscillating double-labelled
elements within both neurites and perikaryon. Together
with the results of earlier reports (Yaar et al. 1997, 2002),
our findings strongly suggest a significant role for p75™'®
in uptake and loading of AP onto intracellular carriers.

Internalization of p75™ '~ is independent of synaptic
activity but depends on Ca*"

While much progress has been made in defining the
mechanisms of the release of neurotrophins (Hartmann
et al. 2001; Dean et al. 2009), little is know about events
governing their uptake. To gain new insights, the effects of
stimulants and blockers of synaptic activity on IgG192-Cy3
uptake by cholinergic neurons were analysed (Fig. 3).
After incubating cultures for 10 min in growth medium
containing 50 mM KCI or 0.5 nM TTX (CaCl,/MgCl,
2/1 mM), Cy3-IgG192 was supplemented (final concen-
tration 5 nM) for 2 h, which was followed by washes and
fixation of neurons for microscopic analysis. As shown
(Fig. 3a), Cy3-1gG192 uptake was enhanced under high
[K*] stimulation, with signal intensity in both soma and
neurites exceeding those in non-stimulated controls
(89.4 &+ 18.2 % increase; p = 0.0071) (Fig. 3a, d). Unex-
pectedly, blockade of action-potential driven activity by
TTX did not alter the internalization of IgG192-Cy3, with
fluorescence signal of neurons in treated cultures being
indistinguishable from controls (2.1 £ 17.1 % increase;
p = 0.24) (Fig. 3a, e). Failure of TTX to alter the basal
uptake of IgG192-Cy3 suggests its independence from
regulated synaptic activity. To prove this directly, the
effects of potent inhibitors of regulated neurotransmission
BoNT/A (5 nM) or/B (10 nM) on IgG192-Cy3 uptake were
examined. As shown, the loading of cholinergic neurons

with IgG192-Cy3 was not compromised by either BONT/A
or/B proteases (4.8 &= 7.2 % and 9.2 + 12 % reduction,
respectively; p = 0.53 and p = 0.16) (Fig. 3b, e). Because
Ca”" is a ubiquitous regulator of membrane turnover at
both axon terminals and dendrites (Ovsepian and Dolly
2011), we assessed if the uptake of IgG192-Cy3 relies on
the increase of intracellular [Caz+]. Indiscriminate block-
ade of high-voltage gated Ca”*" channels with cadmium
(CdCl,, 50 uM) (Tsien et al. 1988) marginally inhibited the
loading of cholinergic neurons with IgG192-Cy3
(9.6 £ 6.3 % reduction, p = 0.41) (Fig. 3c, f), an obser-
vation that contrasts with pronounced reduction of IgG192-
Cy3 uptake by mibefradil—a selective blocker of low-
voltage gated Ca”’" channels (75.4 + 3.1 % reduction,
p = 0.004) (Fig. 3c, f). Inhibition of Cy3-IgG192 inter-
nalization was also evident under global chelation of Ca®"
with EGTA-AM (61.2 £ 2.1 % decrease, p = 0.0081) as
well as after depletion of internal Ca®" stores by thapsi-
gargin 592 £ 14 %, p=0.0036) or CPA
(51.2 £ 6.4 %, p = 0.021) (Fig. 3c, f). In summary, while
depolarization greatly promotes the loading of cholinergic
cells with IgG192-Cy3, the basal uptake appears not to rely
on regulated synaptic activity but entails low-threshold
calcium influx and Ca®" release from internal stores.

Amyloid B inhibits the endocytosis of p75N™
in cholinergic BF neurons

The competitive binding of AP and NGF to p75~™® is well
documented (Yaar et al. 2002; Arevalo et al. 2009) and
contrasts to the non-competitive interaction of IgG192 with
this receptor, attributed to binding of the latter to a different
extra-cellular epitope (Taniuchi and Johnson 1985). The trait
renders IgG192-Cy3 ideally suitable for studying the
mechanisms of uptake and the intracellular journey of
p75N™R | without interfering with its trophic functions. Tak-
ing advantage of this, we examined the effects of sub-cyto-
toxic concentrations of AP on the internalization of p75™ '}
in BF cholinergic neurons. After 24 h exposure of cultures to
non-labelled AP (1-42) in growth medium (6-600 nM,
mono- and oligomers; Fig. 4a), 1gG192-Cy3 was supple-
mented (5 nM) for 2 h, which was followed by fixation of the
samples and microscopic analysis. As shown, AP dose-
dependently reduced the basal uptake of p75~'R, with over
70 % decrease in IgG192-Cy3 loading of cholinergic cells
caused by the highest concentration of this peptide tested
(75.2 £ 14.2 %, 600 nM; p = 0.008) (Fig. 4b, c).

Bulk of internalized IgG192-Cy3 accumulates
in lysosomes of BF cholinergic neurons

To define the intracellular journey of p75™'™ and its

ligands, after 2 h exposure of BF cultures to IgG192-Cy3
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«Fig. 3 Internalization of IgG192-Cy3 is enhanced by depolarization,
is independent of SNARE-driven vesicle turnover and requires
intracellular Ca>". a Representative micrographs of BF cholinergic
cells showing significant basal uptake of 1gG192-Cy3 (top panel),
uptake under stimulation with high [K™] (lower left, KCl) and in
presence of TTX (lower right). b Neither BONT/A not/B (lower left
and right) caused notable alteration in the uptake of IgG192-Cy3 in
BF cholinergic neurons (control, on the fop). These concentrations of
BoNT/A and/B proteases are sufficient for complete blockade of
neuro-secretion. ¢ Blockade of high-voltage activated Ca>" channels
with Cd** only slightly reduced the endocytosis of IgG192-Cy3,
while T-type Ca®" channel blocker mibefradil (MEB) strongly
inhibited its uptake (lower right). d Chelating of Ca>" with EGTA
and blockade of SERCA ATPase by thapsigargin or CPA caused
strong decrease of 1gG192-Cy3 uptake by BF cholinergic cells. e—
g Summary plots illustrating the average fluorescence intensities (FI)
pooled from various experimental groups (mean and & SEM)

(5 nM), neurons were fixed and stained for various endo-
somal proteins. EEA1 staining with two-colour microscopy
revealed that only a small fraction of 1gG192-Cy3 was
present in early endosomes (7.7 &+ 6.7 %) (Fig. 5a, e).
Congruently, assessment of the co-localization of 1gG192-
Cy3 with EEA1 revealed a predominant fraction of Cy3-
labelled profiles lacking EEA1 (Fig. 5e). Similar experi-
ments revealed notably higher co-labelling of IgG192-Cy3
containing profiles with Rabll, a qualifier protein for
recycling endosomes, with 25.1 & 11 % of endosomes
being positive for Rabl1l and IgG192-Cy3 (Fig. 5b, e).
This observation suggests that a substantial fraction of
1gG192-Cy3-p75™™ carrying endosomes in BF choliner-
gic cells are sorted to trans-Golgi networks and recycled.
Because NGF or its signalling components have been
identified in lysosomes of other neurons (Butowt and von
Bartheld 2009), we examined if some of the IgG192-Cy3
positive compartments advance into late endosomes and

-.- f.l.‘e‘nt?ol ;

- +Ap 60nM

Fig. 4 AP inhibits the internalization of p75™'® by BF cholinergic
neurons. a Proof of the presence of mono- and oligomeric forms of
the AP in sample applied to BF cholinergic neurons: coomassie
stained (12 % Bis—Tris SDS page) gel showing 3 different fractions of
AP in the experimental material applied to BF neuronal cultures:
L molecular ladder. The gel is truncated at 25 kD. b 1gG192-Cy3

20um

lysosomes in BF cholinergic neurons. As shown in Fig. 5¢
and d, both Rab7- and Lampl-containing profiles are also
strongly co-labelled with 1gG192-Cy3 (Rab7/IgG192-Cy3
529 £ 28 % and I1gG192-Cy3/Rab7 56.1 &+ 3.2 %;
Lamp1/1gG192-Cy3 60.5 =88 % and IgG192-Cy3/
Lampl 82.1 & 5.9 %). These observations suggest late
endosomes and especially lysosomes as key destinations of
internalized 1gG192-Cy3 in BF cholinergic neurons
(Fig. 5c, d, f and g). Overall, while a fraction of internal-
ized IgG192-Cy3-p75~™® is recruited to EEA1 and Rabl1
positive compartments for recycling, the bulk of it appears
to be guided for degradation in late endosomes and
lysosomes.

Injection of IgG192-Cy3 into the prefrontal cortex
labels BF cholinergic cells in vivo

Having shown the uptake and co-trafficking of Alexa488-
AP and IgG192-Cy3 in cultured BF cholinergic neurons,
we set out to establish the pertinence of this process to
in vivo conditions. As illustrated (Fig. 6), injection of
1gG192-Cy3 in the medial prefrontal cortex selectively
labels neurons in the BF area, with fluorescence signal
being strongest within the horizontal limb of the DBB,
inferior extension of ventral pallidum and the rostral sub-
stantia innominata (Fig. 6a, b). This contrasts to wide-
spread Cy3 labeling of cholinergic neurons throughout the
entire BF area following the intra-ventricular injection of
1gG192-Cy3, with highest levels of labeling in the MS
nucleus and DBB. Under higher magnification, a distinctly
punctuate pattern of intracellular Cy3 became evident,
which is consistent with the uptake and accumulation of
1gG192-Cy3 within endosomes (Hartig et al. 1998; Kacza

S +Ap6AM c éé‘ +AB (nM)
S F OOQ ‘o Q Q
120 - ¢ &
—
100 - l
5 l
< 80+
c
+AB 600nM E -
L 40+
20 -
o -

uptake by representative BF cholinergic cells exposed to 3 different
concentrations of AP (6, 60 and 600 nM rop right, bottom left, and
right, respectively) compared to non-exposed control (fop left). ¢ A
summary plot of the effects of various concentrations of AP on Cy3-
1gG192 internalization by BF neurons
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Fig. 5 Localization of 1gG192-Cy3 in intracellular compartments of
BF cholinergic neurons. a, b Double staining of BF cholinergic
neurons in primary cultures reveals only a small fraction of
intracellular IgG192-Cy3 co-localized with early or recycling endo-
somal marker proteins (EEA1 and Rabl1, respectively). e Summary
plots demonstrating the average co-localization coefficients of
IgG192-Cy3 with EEA1 (lefr) and with Rabll1 (right). ¢, d Similar

et al. 2000). Immuno-staining of MS and DBB containing
slices from animals injected with IgG192-Cy3 revealed
highly specific Cy3 labeling of ChAT-positive profiles
(97.4 =+ 1.9 %; Fig. 6¢). Along with above presented data,
these in vivo observations are consistent with the constant
internalization of p75™ '} (and its ligands) at axon termi-
nals of cholinergic neurons followed by its transport to the
BF nuclei, where the cell bodies of these neurons reside.
Quite disappointingly, similar experiments with intra-ven-
tricular injection of Alexa488-AB1-42 (2 pl, 0.5 mg/ml)
revealed poor and variable labelling of BF cholinergic
cells. Although the basis for the discrepancy between these
in vivo observations from those obtained in BF primary
cultures remains unclear, the lower mobility of AP peptide
(1) and its possible binding to other known receptors/
acceptors, including NMDA, metabotropic glutamate,

@ Springer

experiments with late endosomal markers Rab7 and lysosomal protein
Lampl reveals much stronger co-localization of these proteins with
1gG192-Cy3. f, g Higher level of double-labelling of Rab7 and
Lampl containing compartments with IgG192-Cy3 reflected in
average co-localization graphs. g A histogram of the overlap
coefficients of IgG192-Cy3 positive vesicles with EEA1, Rabll,
Rab7, and Lamp1 proteins in cholinergic neurons

nicotinic, muscarinic and insulin growth factor receptors
(2) (Patel and Jhamandas 2012) could contribute and
attenuated labelling of BF cholinergic cells by AP-
Alexa488 in the intact brain.

Discussion

The survival and differentiation of neurons in central and
peripheral nervous systems depend on neurotrophic sup-
port. After binding and internalization at axon terminals,
neurotrophins give rise to ‘signalling’ endosomes, which
are retrogradely transported to the cell body to influence an
array of biological processes, including nuclear signalling,
gene expression and protein phosphorylation (Chao 2003;
Huotari and Helenius 2011). Over recent years, it has
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Fig. 6 Retrograde labelling of basal forebrain cholinergic neurons
with anti-p75™™® antibody IgG192-Cy3. a and b Coronal sections of
the rat brain (bregma +3.2 mm and +0.2 mm) highlighting the site of
injection (red circle in panel a: left schematic and b1) of IgG192-Cy3
(0.4 mg/ml, 0.5 pl cingulate/pre-limbic cortices) and retrogradely
labeled cholinergic neurons in the horizontal limb of the diagonal
band Broca (red box in the panel a: right schematic and B2).
Anatomical references: VP ventral pallidum, VDB and HDB vertical
and horizontal limb of diagonal band Broca, respectively, LS lateral
septum, Cg, PrL, M1, and M2 (as defined above), respectively; cc
corpus callosum, CPu caudate putamen, SA somato-sensory areas,

become evident that certain neurotoxins, peptides and viral
particles are also capable of binding neurotrophin recep-
tors, with some exploiting the sorting and long-range
transport machinery of neurons to carry out their deadly
mission (Salinas et al. 2010). A model example of the
highjacking of neurotrophin receptors by non-neurotrophic
ligands is provided by the interaction of p75™'~ with the
AP peptide (Baldwin and Shooter 1995; Yaar et al. 1997).
With a reported dissociation constant of AP close to that of
NGF, p75NTR has been shown to mediate the detrimental
effects of A in both neurons and non-neuronal cells (Yaar
et al. 2002; Sotthibundhu et al. 2008). Using primary BF
cultures, herein we demonstrate for the first time the rapid

+ 0.2 mm

CPu

M1

. Cd

LS

L voB

HDB

AIV agranular insular cortex, /PAC interstitial nucleus of the posterior
limb of anterior commissure. ¢ Low power fluorescence micrographs
illustrating cholinergic neurons of the medial septum (MS) and
diagonal band Broca (DBB) labeled in vivo with IgG192-Cy3 injected
into the lateral ventricle; 48 h after injection of Cy3-IgG192 (0.4 mg/
ml; 3 pl), rat was perfused and fixed with 4 % paraformaldehyde, the
brain containing MS and DBB areas was sectioned in coronal plane
(30 pm) and stained for ubiquitous cholinergic neuronal marker
ChAT. Note high level of neuronal labelling in both MS and DBB
areas with IgG192-Cy3 (top panel), with majority of profiles being
labelled also positive for ChAT (middle and lower panels)

and robust internalization of AP (1-42) along with its
trafficking in conjunction with the anti-p75™'™® antibody
IgG192 in BF cholinergic cells. While active at rest, this
process is stimulated by high [K™] induced depolarization,
requires Ca*" influx via T-type channels and Ca”" release
from internal stores. Curiously, our data suggest that the
internalization of p75™™® is independent of regulated
exocytosis (and evidently coupled to it endocytosis), as it is
insensitive to TTX, BoNT/A and/B proteases. Finally, we
provide evidence for late endosomes and lysosomes as
principal destinations of p75™'™® (and presumably AB) in
cholinergic cells and verify the pertinence of described
in vitro processes to the intact brain in vivo.
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Shared route of uptake and trafficking of Cy3-IgG192
and A in BF cholinergic cells

Cholinergic BF neurons source one of the largest modu-
lator systems of the brain (Mesulam 1990; Zaborszky
2002). Through their widespread ascending projections,
these cells supply acetylcholine to the entire cerebral
mantle, regulating a wide range of cortical functions
(Buzsaki and Gage 1989; Huerta and Lisman 1995; Ov-
sepian et al. 2004; Hasselmo and Giocomo 2006; Lawrence
et al. 2006; Lawrence 2008; Ovsepian 2008). In turn,
neurons of target fields provide continuous neurotrophic
support to cholinergic projections, vital to their survival
and stability (Swaab 1991). Aging and neurodegenerative
disease-related disruptions in trophic support of the BF
cholinergic system have been long recognized with a sig-
nificant down-regulation of the expression of high affinity
trkA, B and C receptors shown in BF along with reduction
of NGF in the nucleus basalis Meynert (Counts and Mufson
2005; Ginsberg et al. 2006). Intriguingly, the level of the
pan-neurotrophin receptor p75™"'® (low affinity NGF
receptor) known to interact with NGF and several other
neurotrophins as well as AP remained unaltered (Ginsberg
et al. 2006; Coulson et al. 2009). The latter is of special
interest for neurodegenerative mechanisms during AD due
to its known pro-apoptotic functions activated by AP
(Coulson et al. 2008; Sotthibundhu et al. 2008) as well as
its suspected role in regulating the production and aggre-
gation of AP (Wang et al. 2011; Zeng et al. 2011). Our live
and confocal microscopic data demonstrate joint internal-
ization and trafficking of AP and IgG192-Cy3 in BF cho-
linergic cells. The high basal uptake of IgG192-Cy3 is
consistent with its constitutive character, a notion sup-
ported by its persistence in the presence of potent blockers
of regulated synaptic activity such as TTX or BoNT/A and/
B (Ovsepian and Dolly 2011; Ovsepian and Friel 2012).
Enhancement of IgG192-Cy3 loading under high K*
stimulation and its inhibition by the selective T-type Ca**
channel blocker mibefradil (Ertel and Ertel 1997; Ertel
et al. 1997) as well as by SERCA inhibitor thapsigargin or
CPA (Lytton et al. 1991; Wayman et al 1996) imply the
significance of low voltage-gated Ca®" influx and Ca®*
release from internal stores. Rather unexpectedly, the
indiscriminate blocker of high voltage-activated Ca®"
channels Cd*™ (Tsien et al. 1988) only marginally reduced
the uptake of IgG192-Cy3, suggestive of the negligible role
of high voltage-gated Ca®' influx to the constitutive
internalization of p75™ "}, Taken together these data imply
a stringent segregation between processes governing the
uptake of neurotrophins (and presumably Af) from those
contributing to the membrane recovery after regulated
fusion of synaptic vesicles, reliant primarily on Ca** influx
via high voltage-activated Ca*" channels (Gad et al. 1998;
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Shupliakov 2009). It is worth stressing that the BF cho-
linergic cells express a range of voltage-gated Ca®"
channels and undergo age- and disease-related compensa-
tory changes in their Ca** buffering mechanisms (Griffith
et al. 1994; Murchison and Griffith 1995; Etheredge et al.
2007). In light of unaltered (Ginsberg et al. 2006) or
enhanced expression of p75™'® (Chakravarthy et al. 2012)
during aging and AD with the capacity of p75™™® to bind
and remove AP from target cortical fields, the widespread
basalo-cortical cholinergic projections are likely to afford
the entire cerebral cortex with a powerful molecular ‘drain’
for AP clearance. The robust uptake of 1gG192-Cy3 by
cholinergic axon terminals in the prefrontal cortex with its
transport to BF nuclei in vivo supports the potential
homeostatic role of p75™™® in AP clearance.

Late endosomes and lysosomes constitute the primary
destination of Cy3-IgG192 in BF cholinergic neurons

As an endogenous ligand of p75"™ (Yaar et al. 1997;
Dechant and Barde 2002), AP is likely to undergo rapid
neurotrophin-like internalization followed by retrograde
trafficking to the perykarion of BF cholinergic cells.
Indistinguishable kinetics of intracellular trafficking and
distribution of Alexa-488-Af and Cy3-IgG192 along with
their strong co-localization within transport organelles are
consistent with such a premise. Although the precise sites
and molecular machinery driving the uptake of p75~'R
remain unclear, its association with caveolae-like com-
partments on the surface membrane has been documented
in PC-12 cells and motor neurons (Huang et al. 1999; Lalli
and Schiavo 2002). Indeed, specialized lipid rafts enriched
with caveolin and p75™™® have been shown to bind NGF
and mediate its rapid internalization (Herreros et al. 2001;
Saavedra et al. 2007). Partial co-localization of Alexa488-
AP (1-42) with caveolin containing vesicles has been also
shown in cultured superior cervical ganglionic neurons,
albeit the bulk of internalized A in these cells was not
associated with caveolin or vesicles carrying EEAI, an
early endosome qualifier protein (Saavedra et al. 2007).
Our microscopic data with double immuno-labelling of BF
cholinergic cells shows a low level of co-localization of
Cy3-IgG192 and EEAL, consistent with the negligible role
of early endosomes in the internalization of p75™ "™ and its
ligands. Similar experiments using markers for recycling
(Rabl1), late (Rab7) endosomes and lysosomes (Lampl)
(Cantalupo et al. 2001) revealed their much stronger co-
localization with Cy3-IgG192, with estimated coefficients
being highest for Lampl. Importantly, both Rab7 and
Lampl proteins label acidifying late endosomes and
lysosomes, which constitute the primary site for degrada-
tion of metabolite and cellular debris (Ullrich et al. 1996;
Jager et al. 2004). The direct relevance of acidifying late
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endosomes and multi-vesicular bodies (MVBs) to AP
degradation, through their full fusion or transient ‘kiss-
and-run’ interactions with lysosomes has been explicitly
shown, with MVBs and lysosomes forming dynamic late
endosome-lysosome hybrids, warranting effective prote-
olysis of AB (Mullins and Bonifacino 2001; Nixon 2007).
It is worth noting that the level of MVBs and late endo-
somes and their loading with AP increases with age and
have been demonstrated to be especially high in mouse
models of AD and in AD brain autopsies (Takahashi et al.
2002b; Takahashi et al. 2002a; LaFerla et al. 2007). In
APPxPS1 mice, for instance, the AP positive granulated
structures are largely concentrated within the perinuclear
regions of neurons and are immuno-reactive for key
lysosomal proteins, including cathepsin-D—a major pho-
tolytic enzyme (Langui et al. 2004; Almeida et al. 2006).
Taken as a whole, while internalization and removal of A3
by p75™™® rich basalo-cortical axons are likely to keep
check on the level of A in the cerebral cortex, the path-
ological increase of AP production with failure of other
clearance mechanisms could overwhelm the proteolytic
machinery of cholinergic cells, jeopardising numerous key
biological processes, thereby, perhaps, contributing
towards higher vulnerability and early loss of these neu-
rons in to course of AD.
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