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Highlights:

BDNF and proNGF transport are reduced in basal forebrain neurons with aging in vitro

BDNF transport is impaired in aged basal forebrain compared to cortical neurons

TrkA and TrkB levels are reduced with aging, but p75NTR levels are maintained

Age-induced transport deficits may contribute to neurodegeneration in Alzheimer’s



Abstract: Basal forebrain cholinergic neurons (BFCNs) are critical for learning and memory and
degenerate early in Alzheimer’s disease. BFCNSs depend for their survival and function on nerve growth
factor (NGF) and brain-derived neurotrophic factor (BDNF) which are retrogradely transported from
BFCN targets. Age is the greatest risk factor for developing Alzheimer’s disease, yet the influence of age
on BFCN axonal transport is poorly understood. To model aging, embryonic rat basal forebrain or cortical
neurons were cultured in microfluidic chambers. Staining for senescence-associated beta-galactosidase
indicated an aging phenotype and was observed only in BFCNSs cultured for 18 or more days in vitro.
Significant reductions in BDNF transport speed and increases in pause duration were seen in aged BFCNs
but not cortical neurons. Young BFCNs displayed robust proNGF transport, which also diminished with
in vitro age. The expression of NGF receptor TrkA and BDNF receptor TrkB also decreased significantly
as a function of in vitro aging in BFCNs only. These results suggest a unique vulnerability of BFCNs to
age-induced transport deficits. These deficits, coupled with the reliance of BFCNs on axonal transport of

neurotrophins, may explain their vulnerability to age-related disorders like Alzheimer’s disease.
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1. Introduction

The basal forebrain is the primary source of cholinergic innervation in the central nervous system
(CNS) and plays a critical role in learning, memory, attention and regulation of cortical blood flow
(Ballinger et al., 2016; Baxter and Chiba, 1999; Linville and Arneri¢, 1991). Diffuse projections from
basal forebrain cholinergic neurons (BFCNSs) terminate mainly in the hippocampus and throughout the
cortex (Ballinger et al., 2016). These projections, especially those of the septohippocampal tract, have
been shown to degenerate with age (Grothe et al., 2012; Ypsilanti et al., 2008). Extreme-andrapid
Degeneration of the basal forebrain has been repeatedly observed in age-related neurodegenerative
disorders like Alzheimer’s disease (AD), with multiple studies demonstrating that basal forebrain
dysfunction is predictive of the disorder (Baker-Nigh et al., 2015; Ballinger et al., 2016; Schmitz et al.,
2016; Teipel et al., 2014). Furthermore, synaptic loss in BFCNSs correlates strongly with dementia
severity in AD and is implicated in aging and age-associated memory deficits (Ballinger et al., 2016; H.

Ferreira-Vieira et al., 2016; Whitehouse et al., 1982; Ypsilanti et al., 2008).

Age-related degeneration of BFCNs may occur due to their unique reliance on target-derived
trophic support. BFCNs do not make their own neurotrophins. They rely on their cortical and
hippocampal targets to produce brain-derived neurotrophic factor (BDNF) and nerve growth factor (NGF)
that are transported back to BFCN cell bodies via retrograde axonal transport (DiStefano et al., 1992;
Gotz et al., 2001; Seiler and Schwab, 1984; Sobreviela et al., 1996). Neurotrophins like BDNF and NGF
are critical for a wide variety of cellular processes including apoptotic suppression, differentiation,
activity-dependent plasticity and maintenance of synaptic connectivity (Bothwell, 2014). As a result,
retrograde axonal transport of neurotrophins by BFCNSs is crucial for their proper function and survival.
NGF receptor alterations have been observed prior to phenotypic alteration of BFCNs in AD, suggesting
that a lack of neurotrophic support is causative with respect to basal forebrain degeneration (Mufson et
al., 2003, 2000). In postmortem AD BFCN, tropomyosin-related kinase A (TrkA) receptor is lost while

the pan-neurotrophin receptor p75N™R and tropomyosin-related kinase B (TrkB) receptors are stable



(Counts et al., 2004; Ginsberg et al., 2006; Mufson et al., 2000). Increased NGF-like immunoreactivity
has been found in both the AD cortex and hippocampus, with decreased levels in the basal forebrain,
suggesting a deficit in retrograde axonal NGF transport (Scott et al., 1995). Impaired NGF transport in
BFCNSs has also been demonstrated in the amyloid precursor protein (APP) overexpressing Ts65Dn
Down syndrome mouse model (Cooper et al., 2001; Salehi et al., 2006). These results implicate

dysfunctional BFCN retrograde axonal transport in AD pathogenesis.

Aside from AD, age itself has been shown to negatively impact the basal forebrain. BFCN
nuclear size and overall BFCN numbers are decreased in aged rats (Altavista et al., 1990). TrkA receptor
levels, the receptor for NGF, and levels of downstream NGF signaling proteins are decreased in aged rat
BFCNs (Parikh et al., 2013; Williams et al., 2007, 2006). The length of cholinergic fibers projecting to
the hippocampus from the basal forebrain is reduced with age (Ypsilanti et al., 2008). Moreover, general
retrograde axonal transport is diminished in aged rat BFCNs (Bearer et al., 2018; Cooper et al., 1994; De
Lacalle et al., 1996). These deficits have behavioral consequences, as both aged rats and Lim Homebox-7
(LHX7) knockout mice that fail to develop forebrain cholinergic neurons show learning and memory

impairments (Fragkouli et al., 2005; Gustilo et al., 1999).

nedrotrophin-autocrine-production. While aging has been demonstrated to impact general axonal transport

in the basal forebrain, the impact of aging on neurotrophin-specific transport is poorly understood.
Although both proBDNF and BDNF are found in the CNS (Michalski & Fahnestock, 2003), the form of
NGF found in both human and rodent brain is proNGF (Fahnestock et al., 2001). ProNGF binds to TrkA
and activates MAPK and Akt pathways to signal survival and neurite outgrowth (Fahnestock et al., 2004;
Clewes et al., 2008; loannou and Fahnestock, 2017; Masoudi et al., 2009; Fahnestock & Shekari, 2019).
ProNGF is retrogradely transported by peripheral dorsal root ganglion neurons (DRGs) and co-localizes
with TrkA and p75N™ in DRG axons (De Nadai et al., 2016). However, proNGF axonal transport in the

CNS has not been reported in the literature. BDNF retrograde transport has been demonstrated in both



cortical and hippocampal neurons, but not in BFCNs (Poon et al., 2011; Zhao et al., 2014). As a result, we

sought to explore the impact of age on proNGF and BDNF axonal transport in BFCNs.

To study transport in BFCNs, we adopted a microfluidic platform to separate neuronal cell bodies
from axons. To model aging, cells were assayed after either 7-10 days in vitro (DIV), just enough time to
allow axons to cross the 450uM microgroove barrier, or 18-20 DIV. Aging in vitro is not a perfect analog
of in vivo aging, but is commonly used in both primary neuron and stem cell cultures to examine age-
sensitive phenomena (Campos et al., 2014; Martin et al., 2008; Palomer et al., 2016; Sodero et al., 2011;
Uday Bhanu et al., 2010). To confirm an aging phenotype in our neurons, BFCNs were stained with
senescence-associated beta galactosidase (SapG), a well-validated marker of aging in humans, primates,
and rodents both in vivo and in vitro (Dimri et al., 1995; Kurz et al., 2000; Mishima et al., 1999; Uday

Bhanu et al., 2010).



2. Methods

All reagents were purchased from ThermoFisher Scientific (Burlington, ON, Canada) unless otherwise

stated.

2.1 Neuron Culture in Microfluidic Chambers

One day prior to dissection, microfluidic chambers (Xona Microfluidics, Temecula, California)
were prepared according to the manufacturer’s instruction. Briefly, 95% ethanol was added to each well
of the chamber, followed by two phosphate-buffered saline (PBS) washes. 100uL of poly-L-lysine
(Sigma Aldrich, Burlington, Ontario) was added to each of the wells, and the chambers were left to
incubate overnight in a 37°C, 5% CO; incubator. The chambers were then washed once with PBS, and
150uL of cell culture medium was added to each of the wells. The cell culture medium consisted of
Neurobasal, 1% Penicillin-Streptomycin, 1X B27 supplement, 1X GlutaMAX supplement, 1% Fetal
Bovine Serum, 50ng/mL BDNF (Peprotech, Rocky Hill, New Jersey), and 50 ng/mL NGF (generous gift
from Dr. Michael Coughlin, McMaster University, Hamilton, Canada). The chambers were left to

incubate at 37°C 5% CO; during the dissection.

Whole basal forebrain and cortex were dissected from embryonic day 18 (E18) rat embryos and
immediately placed on ice in a solution of Hank’s Balanced Salt Solution (HBSS) with 1% Penicillin-
Streptomycin. The tissue from 5 embryos was pooled for each round of dissection, therefore sex was not
determined. The neural tissue was washed with fresh HBSS five times and then trypsinized in a 37°C
water bath for 20 minutes. DNase | (Sigma Aldrich) was added to a final concentration of 1X, and the
tissue was triturated using a sterile, small-bore, fire-polished, glass pipette. ImL of cell culture medium
was then added, and the suspension was centrifuged at 250xg for 4 minutes. The cell pellet was
resuspended in 300uL of cell culture medium, and the volume was adjusted to a final concentration of 1.0
x 106 cells/mL. 140uL of medium was removed from each of the four wells of the chambers, and 10uL of

cell suspension was added to the two left wells. The chambers were incubated for 10 minutes to allow cell



adherence, which was confirmed under a microscope (Zeiss AxioVert Al). 150uL of cell culture medium
was then added to all wells, and the cells were incubated overnight at 37°C and 5% CO,. The next day, all
the medium was removed and replaced with a serum-free variant of the medium described above. Cells
were maintained in this medium for the duration of the experiments, with medium changes occurring

every 48-72 hours.

2.2 Immunostaining and Confirmation of BFCN Phenotype.

Neurons were stained for TrkA, TrkB, p75NTR, and vesicular acetylcholine transporter (VAChT).
Immunostaining was carried out in the microfluidic devices themselves. Cells were fixed in freshly
prepared 4% paraformaldehyde for 30 minutes at room temperature (RT). Cells were washed twice with
PBS, permeabilized with 0.2% Triton-X100 in PBS for 30 minutes at RT and blocked with 3% bovine
serum albumin in PBS for 30 minutes at RT. Primary antibodies anti-TrkA (Santa Cruz Biotechnology,
Santa Cruz, California) or anti-VAChT (Santa Cruz Biotechnology, Santa Cruz, California) were added at
a 1:500 dilution, anti-TrkB (Cell Signaling Technologies, Danvers, Massachusetts) at a 1:500 dilution,
and anti-p75N™R (Cell Signaling Technologies, Danvers, Massachusetts) at a 1:1600 dilution and were left
to incubate overnight at 4°C. Cells were washed with blocking solution 3 times on the following day.
Alexa Fluor 488 secondary antibody was then added at a 1:1000 dilution and was left to incubate for 2
hours at RT. Neurons were visualized via fluorescence microscopy using a YFP filter cube set (488nm
excitation, 525nm emission). All immunostaining was carried out in microfluidic chambers between DIV
10-18. TrkA and VAChAT staining was robust at DIV10 (Supplementary Figure 1A, B). Cortical neurons,

as expected, did not express either and were used as a negative control (Supplementary Figure 1C).

2.3 Histological Staining

Neurons were stained for senescence-associated beta-galactosidase (SapG) at DIV7-10 and at

DIV18-20. Cells were stained within the chambers themselves, with 150uL of fixative added to all wells,



followed by 150uL of staining solution prepared according to the manufacturer’s instruction (Cell

Signaling, Danvers, Massachusetts). Cells were imaged using a Zeiss AxioVert A1 microscope.

2.4 Preparation of Labelled Neurotrophins

2.4.1 BDNF

Biotinylated BDNF was purchased from Alomone Labs (Tel Aviv, Israel). BDNF-biotin was
incubated with Quantum Dot 625 Streptavidin conjugate at a 1:1 molar ratio on ice for one hour in the

dark, and then diluted to 1nM using serum-free cell culture medium without BDNF and NGF.

2.4.2 proNGF

We use a cleavage-resistant proNGF mutant containing a cytosine-to-guanine point mutation at
position 633, resulting in an arginine-to-glycine substitution at the -1 position (ProNGF[R-1G];
Fahnestock et al., 2004). This cleavage-resistant proNGF binds to TrkA and p75N™R, is internalized and
activates Mitogen-activated protein kinase (MAPK) and Akt pathways (Fahnestock et al., 2004; loannou
and Fahnestock, 2017; Masoudi et al., 2009). This sequence was engineered to include both a biotin-
accepting AVI region and a nickel-binding histidine tag, as described in (Sung et al., 2011). Briefly, a
vector containing mature NGF-avi (a generous gift from Dr. Chengbiao Wu, UCSD) was digested using
EcoR1 and BamH1, and the excised NGF-avi fragment was ligated into a PCDNA 3.1 myc.his(+) vector.
The R-1G mutation was then introduced using site-directed mutagenesis as described in Fahnestock et al.
(2004) using the QuickChange Il site-directed mutagenesis kit from Agilent Technologies (Santa Clara,

USA).

1ug of the tagged proNGF[R-1G] plasmid, along with 20ug of a plasmid encoding biotin ligase (a
generous gift from Dr. Chengbiao Wu, USCD) were co-transfected into HEK293FT cells using
Lipofectamine 3000. Cells were grown to 70% confluency in medium containing Dulbecco’s Minimal

Essential Medium (DMEM), 1% FBS, 1% Penicillin-Streptomycin, 200mM GlutaMAX supplement,
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50uM D-biotin (Sigma Aldrich) and 100mM sodium pyruvate (Sigma Aldrich). Medium was collected 72
hours post-transfection. ProNGF-biotin was purified from the medium via nickel affinity
chromatography. Protein concentration was determined via an in-house NGF ELISA (Fahnestock et al,
2004). Biotinylated proNGF was shown to be intact by Western blotting (Supplementary Figure 2) and

was labeled with Quantum Dot 625 as described above for BDNF.

2.5 Tracking Neurotrophin Transport

2.5.1 BDNF

Neuronal cell bodies and axons were starved of neurotrophin by incubating overnight in medium
containing only Neurobasal, 1% Penicillin-Streptomycin, 1X B27 supplement, and 1X GlutaMAX
supplement. The next day, cells were washed 3 times with this neurotrophin-free medium to remove any
residual neurotrophins. 160puL of 1nM gquantum dot-labeled BDNF (QD-BDNF) was added to the axonal
side of the chambers and was incubated for one hour (BFCNSs) or 4 hours (cortical neurons) to account for
differences in BDNF uptake efficiency between the cell types. The chambers were then transferred to an
EVOS2 FL Microscope (ThermoFisher Scientific) with an environmental chamber set to 37°C and 5%
CO.. Quantum dots were visualized using a TexasRed filter, exciting at 585nm and detecting emission at
624nm. Kymographs were generated by compiling 120 images (from the TexasRed filter only) taken
every 2 seconds into a vertical Z-stack using ImageJ. Particle speeds and pause duration were calculated
using the mTrackJ ImageJ plug-in to track the distance travelled by labelled particles between images.

Experiments were repeated three times.

2.5.2 proNGF

BFCN cell bodies were starved of neurotrophins as described above, and 160uL of 50pM
guantum dot-labeled proNGF (QD-proNGF) was added to the axons and incubated for 1 hour. The same

microscope described above was used to capture the proNGF data. Mean fluorescence intensity was
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determined by measuring the mean grey value of pixels within proNGF-positive cell bodies with ImageJ.

Experiments were repeated 3 times.

2.6 Statistical Analysis

Sample sizes were similar to those reported in other related publications (Mufson et al., 2000;
Poon et al., 2011; Zhao et al., 2014). Unpaired, two-tailed Student’s t-tests were performed when
comparing 2 groups, with a confidence interval of 95%. One-way ANOVA with post hoc Tukey tests
were performed when more than 2 groups were compared, with a p value of 0.05 being considered
significant. All error bars represent the standard error of the mean (SEM). Statistical methods are further

elaborated upon in the text and in figure legends.
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3. Results

3.1 BDNF Transport is Impaired in Aged BFCNs but not cortical neurons

To determine the effect of aging in vitro on retrograde neurotrophin transport in BFCNs, axonal
transport assays using QD-BDNF were carried out and kymographs were generated using neurons kept in
culture for differing lengths of time. DIV8 BFCNs (Fig. 1A-C) and DIV22 cortical neurons (Fig. 1G-I)
showed robust BDNF transport as indicated by horizontal/diagonal lines in the kymographs, whereas QD-
BDNF taken up by DIV21 BFCNs were largely stationary as shown by the vertical lines (Fig. 1D-F).
Quantification of BDNF-QD particle movement (Fig. 2A-B) demonstrated that the speed of QD-BDNF
particles decreased significantly in DIV18-20 BFCNs compared to DIV7-10 BFCNs (N=60 QD-BDNF
particles per group, p= 0.003, 1-way ANOVA and post hoc Tukey test). However, QD-BDNF particle
speed did not differ between DIV7-10 BFCNs and DIV18 cortical neurons (N=60 QD-BDNF particles
per group p=0.9, 1-way ANOVA and post hoc Tukey test). BDNF-QD particles also paused for
significantly longer in DIV18-20 BFCNs compared to DIV7-10 BFCNs (N=60 QD-BDNF particles per
group, p<0.001, 1-way ANOVA and post hoc Tukey test). BDNF-QD particles in DIV18-20 cortical
neurons did not differ significantly in pause duration from DIV7-10 BFCNs (N=60 QD-BDNF particles
per group, p=0.928, 1-way ANOVA and post hoc Tukey test). BDNF transport did not decrease
significantly with further in vitro aging, as DIV21-24 BFCNs were not significantly different from

DIV18-20 BFCNSs in terms of BDNF speed and pause duration (data not shown).

3.2 proNGF Uptake is Robust in Young BFCNs and is Reduced with Age in vitro

Next, we aimed to characterize proNGF transport in BFCNs and to assess the role of in vitro
aging on the process. To determine if similar axonal transport deficits could be seen with proNGF,
experiments were repeated using the same timepoints with cleavage-resistant proNGF as opposed to
BDNF. Of note, cortical neurons could not be used as a comparison group due to their lack of TrkA

expression.
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The conditions required for proNGF uptake differed from BDNF: neurotrophic starvation of axon
terminals and cell bodies, as carried out for BDNF, resulted in no proNGF being taken up by BFCNSs;
proNGF transport occurred only after cell bodies alone instead of axon terminals and cell bodies were
starved of neurotrophins (Fig. 3A-B). We also determined that proNGF uptake by DIV7-10 BFCNs was
extremely rapid. ProNGF uptake occurred within 15 minutes of its administration, and it accumulated in
cell bodies after just 1 hour (Fig. 3A, Fig. 4A). ProNGF uptake in DIV 7-10 BFCNs was also extremely
robust, as just 50pM proNGF was enough to yield a proNGF-QD signal along the entire length of the
BFCN axons (Fig. 3A, Fig 4C). For comparison, BDNF uptake was undetectable at 50pM (data not
shown), and transport required at least 1nM BDNF and starvation of both axons and cell bodies (Fig. 3C-

D).

Next, we assessed the effect of in vitro aging on proNGF uptake. Experiments were completed at
DIV7-10 and DIV18-20, with the only difference being the starvation conditions required for proNGF
uptake as described above; cell bodies were starved of neurotrophins and QD-proNGF was added
immediately to the axonal compartment. ProNGF accumulation in DIV18-20 BFCN cell bodies was
significantly diminished compared to DIV 7-10 BFCNSs (Fig. 4A, B, Fig. 5, N= 100 cell bodies, p< 0.001,

Student’s t-test).

3.3 Aged BFCNs Stain Positive for SafG

To determine if neurons cultured for extended periods of time displayed signs of aging, we
carried out histological staining for SaBG. BFCNs cultured for 10 days in vitro did not stain for SapG
(Fig. 6A). Only BFCNs cultured for 18 days or more stained positive for SapG (Fig. 6B, C). Staining
became more pronounced as the neurons were kept longer in culture, with DIV21-24 BFCNs
demonstrating robust SapG staining (Fig. 6C). Cortical neurons did not stain positive for SapG even at

DIV24 (Fig. 6D, E).
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3.4 TrkB Immunoreactivity is Decreased in BFCNs but not Cortical Neurons Aged In Vitro

To determine if a reduction in the BDNF receptor TrkB was facilitating the impaired BDNF
transport in aged BFCNs, immunostaining for TrkB was carried out at both timepoints. DIV18 BFCNs
displayed significantly reduced TrkB immunoreactivity compared to DIVV10 (Fig. 7A-B, E, N= 60 cell
bodies, p<0.001, 1-way ANOVA and post hoc Tukey test). TrkB immunoreactivity in cortical neurons
did not change significantly with in vitro age (Fig. 7C-E, N= 60 cell bodies, p=0.8, 1-way ANOVA and
post hoc Tukey test). TrkB immunoreactivity in DIV10 BFCNs was significantly higher compared to
cortical neurons at both DIV10 and DIV18 (Fig. 7A, C-E) N= 60 cell bodies, p<0.001, 1-way ANOVA

and post hoc Tukey test).
3.5 TrkA, but not p75" ™ Immunoreactivity is Decreased in BFCNs Aged In Vitro

To determine if a reduction in proNGF receptors TrkA and p75N™ was mediating the reduced
proNGF uptake in DIV18-20 BFCNs, immunostaining for TrkA and p75N™R was carried out at both
timepoints. TrkA immunoreactivity was significantly reduced in BFCNs at DIV18 compared to DIV10
(Fig. 8 N= 60 cell bodies, p< 0.001, Student’s t-test) while p75N™ immunoreactivity did not change

significantly between the 2 timepoints (Fig. 9 N= 60 cell bodies, p=0.09, Student’s t-test).
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4, Discussion

Here we characterized neurotrophin axonal transport and neurotrophin receptor expression in
BFCNs. We demonstrated that both BDNF and proNGF transport diminishes with in vitro aging in
BFCNs and that BDNF transport deficits are unique to BFCNs. For BDNF, significant increases in pause
duration and decreases in axonal transport speed were seen in DIV18-20 BFCNs, but not in younger
BFCNs or in DIV 18-20 cortical neurons. Cortical neurons whose axons were clearly degenerated (e.g.
whose axons were no longer smooth and continuous) ceased to take up BDNF only at DIVV28. For
proNGF, levels of uptake were significantly diminished in DIV20 BFCNs compared to DIV8 BFCNSs.
BFCNs cultured for 18 days or more, but not cortical neurons, stained positive for SafG and were the
only neurons that displayed neurotrophic transport deficits. BFCNs aged in vitro displayed significantly
reduced TrkA and TrkB immunoreactivity. p75N™ immunoreactivity did not change significantly in
BFCNs aged in vitro. These findings strongly suggest that BFCNSs are particularly susceptible to
senescence and age-induced neurotrophin transport deficits and to TrkA and TrkB receptor

downregulation.

BFCNs were much more efficient in their uptake of BDNF compared to their cortical
counterparts. We found that cortical neurons required a four-hour incubation with QD-BDNF in order for
transport within the microgrooves to be observed, in line with previously reported findings in
hippocampal neurons (Poon et al., 2011; Zhao et al., 2014). BFCNs, on the other hand, required only one

hour of incubation time. perha

. This is most likely due to
the greater TrkB expression observed in BFCNs compared to cortical neurons. BDNF uptake was slower
in DIV18 BFCNSs (data not shown) compared to DIVV10, further implicating TrkB levels in BDNF uptake
latency. Once taken up, transport speed (1uM/s) and mean pause duration (12.4s) of BDNF by DIV10
BFCNs were similar to both cortical and hippocampal neurons (Poon et al., 2011; Zhao et al., 2014).

Reduced TrkB receptor levels do not account for the decreased motility of BDNF particles in DIVV18
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BFCNSs because DIV18 cortical neurons displayed significantly less TrkB immunoreactivity compared to
DIV10 BFCNSs, but their BDNF transport dynamics did not differ. While differences in TrkB expression
may explain the variance in BDNF uptake efficiency between cell types, the mechanism of decreased

BDNF motility along axons with increased in vitro age remains unknown.

The efficiency of BFCN neurotrophin transport was even more evident with proNGF than with
BDNF, with proNGF uptake beginning within 10 minutes of neurotrophin addition to BFCN axon
terminals. This time course was even faster than in DRGs, a class of neurons in which proNGF transport
is well characterized. In DRGs, proNGF transport occurs after 35 minutes (De Nadai et al., 2016; Villarin
et al., 2016). Taken together, these results suggest that both CNS and PNS neurons are capable of rapid
proNGF uptake and subsequent retrograde axonal transport. The functional implications of this rapid

uptake are currently unknown.

The conditions required for uptake differed between BDNF and proNGF. For BDNF, both axons
and cell bodies were deprived of neurotrophin for at least 1 hour before uptake was observed. For
proNGF, depriving both the axons and cell bodies of neurotrophin completely inhibited uptake. This
finding suggests that TrkA trafficking in BFCNs is similar to DRGs, where NGF-bound TrkA promotes
the recruitment of additional TrkA receptors to axon terminals in a positive feedback loop (YYamashita et
al., 2017). Cutting off neurotrophin supply to the axons abolishes this positive feedback loop, reducing
TrkA trafficking to the terminals. This finding also suggests that TrkA and TrkB trafficking are governed
by distinct mechanisms in BFCNSs, because axonal neurotrophin starvation abolishes TrkA-mediated

(proNGF) transport but not TrkB-mediated (BDNF) transport (Zhao et al., 2014).

The uptake of proNGF was diminished in BFCNs aged in vitro. This diminished uptake coincided
with a significant decrease in TrkA receptor immunoreactivity. P75N™R immunoreactivity did not decrease
with in vitro age. These findings suggest that the reduction of TrkA receptor levels is responsible for the

reduced uptake of proNGF by BFCNSs aged in vitro. p75N™® has a higher binding affinity for proNGF
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compared to TrkA (Clewes et al., 2008; Nykjaer et al., 2004). However, its maintenance in DIV18
BFCNs did not result in maintenance of proNGF transport at this timepoint, suggesting that the balance
between TrkA and p75NTR levels is important for the retrograde transport of proNGF and that loss of TrkA

contributes to reduced proNGF transport in aged BFCNSs.

Although the uptake of proNGF was diminished in aged BFCNSs, the robust level of uptake
observed in young BFCNs was surprising. 50pM of proNGF was enough to observe a proNGF-QD signal
along the entire length of the microgrooves. This rapid and robust uptake of proNGF made generating
kymographs with individual trackable particles difficult. With BDNF, even concentrations of over 1nM
resulted in few particles populating the microgrooves. These results strongly suggest that proNGF uptake

is more efficient than BDNF uptake in BFCNS.

One of the key limitations of this work is the in vitro model of aging. Cultured CNS neurons are
viable for 3-4 weeks in culture before they degenerate. With the lifespan of healthy rats being around 2
years, the degeneration seen in vitro occurs at an accelerated rate compared to in vivo. However, many of
the hallmarks associated with neuronal aging in vivo are recapitulated in vitro. Hippocampal neurons kept
in culture for 3 weeks display ROS accumulation, lipofuscin granules, loss of cholesterol from cell
membranes, and activation of both the pJNK and p53/p21 pathways, all of which are also seen in neurons
taken from aged animals (Brewer et al., 2007; Calvo et al., 2015; Porter et al., 1997; Sodero et al., 2011).
Furthermore, it has recently been demonstrated that general axonal transport through the
septohippocampal tract is reduced in vivo with normal aging in mice and is exacerbated by AD pathology
(Bearer et al., 2018). Our BFCNSs, but not cortical neurons, stained positive for SapG at DIV18, a well
validated marker of aging both in vivo and in vitro. By DIV28, axons were clearly degenerating in both
groups. TrkA downregulation in the absence of p75N™® downregulation has been repeatedly observed in
both aging and AD-affected basal forebrain neurons in humans and rodents (Fahnestock and Shekari,
2019; Gibbs, 1998; Ginsberg et al., 2006; Mufson et al., 2000; Niewiadomska et al., 2002). Thus, while

the molecular mechanisms underlying neuronal degeneration in vivo are accelerated in vitro, they are not
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dissimilar. Studying in vitro aging provides an effective way to gain insight into the mechanisms

underlying aging in paradigms where in vivo work is difficult.

In conclusion, our data suggest that BFCNSs display unique, age-dependent deficits in TrkA and
TrkB receptor expression and the retrograde axonal transport of BDNF and proNGF. These deficits
support previous findings that demonstrate the susceptibility of the basal forebrain to age-related
degeneration and may explain the extreme susceptibility of the basal forebrain to AD. The basal forebrain
projects to almost all areas of the cortex and the hippocampus. It plays canonical and crucial roles in
learning, memory and attention and is also involved in other important functions including regulation of
blood flow to the cortex. Understanding how and why these neurons degenerate both with age and in AD

is critical for our understanding of aging, neurodegenerative diseases and the nervous system as a whole.
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Figure Legends.

Fig 1. BDNF Transport in Basal Forebrain and Cortical Neurons Aged in Culture. Kymographs of
guantum-dot labelled BDNF (QD-BDNF) particles within the microgrooves of basal forebrain cholinergic
neurons (BFCN, A-F) and cortical neurons (CTX, G-I) in microfluidic chambers. Horizontal/diagonal
lines represent movement in the anterograde or retrograde direction as indicated by open or closed arrows,
respectively. Vertical line segments indicate instances of no movement or pausing. Neurons were cultured
for at least 7 days in vitro (DIV) to allow axons to fully traverse the microgrooves. Images were taken 1
hour after 1nM QD-BDNF was added to the axon terminal side only. Aged (DIV21) BFCNSs clearly show

stationary BDNF-QD (D-F).

Fig 2. BDNF Transport Speed and Pause Duration in Basal Forebrain and Cortical Neurons Aged
in Culture. Quantification of speed (A) and pause duration (B) of quantum-dot labelled BDNF (QD-
BDNF) in basal forebrain cholinergic neurons (BFCN) and cortical neurons (CTX). Data were collected 1
hour after 1nM QD-BDNF was added to the axon terminal side of the microfluidic chambers for BFCNSs,
and 4 hours for cortical neurons. Neurons cultured for either 7-10 days in vitro (DIV) or 18-20 DIV. The
mTrackJ plug-in for ImageJ was used to determine the distanced travelled by QD-BDNF particles
between time-lapse images. Each bar shows N= 60 QD-BDNF particles from 3 different chambers and 3
rounds of dissection (5 embryos each). Data represented as means +SE. **p<0.01, ***p<0.001, 1-way

ANOVA and post-hoc Tukey test.

Figure 3. Representative Uptake of Neurotrophins in Basal Forebrain Neurons. proNGF uptake (C)
by BFCNs is more robust than BDNF uptake (A, B). proNGF uptake conditions differ from BDNF (A-D).
All images were taken at the first instance of fluorescence in the microgrooves following QD-labelled
neurotrophin administration to axon terminals only. For QD-BDNF, images were taken 1 hour following

neurotrophin starvation of axons and cell bodies overnight. For QD-proNGF, images were taken 15
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minutes following immediate neurotrophin starvation of cell bodies only. Individual microgrooves

visualized.

Fig 4. Uptake and Transport of Quantum-Dot Labelled proNGF (QD-proNGF) in Basal Forebrain
Cholinergic Neurons (BFCNSs). Data were collected 1 hour after 50pM QD-proNGF[R-1G] was added
to the axon terminal side of the microfluidic chambers. A and B: Cell bodies; C and D: microgrooves

(axons).

Fig 5. Quantification of Quantum-Dot Labelled proNGF (QD-proNGF) Uptake by Basal Forebrain
Cholinergic Neurons (BFCNs). BFCN cell bodies demonstrated more proNGF[R-1G] at DIV8
compared to DIV20. N= 100 cell bodies per group, from 3 different chambers and 2 rounds of dissection

(5 embryos each). Data represented as mean +SE. ***p<0.001 by Student’s t-test.

Fig 6. Senescence-Associated Beta Galactosidase Stain of Basal Forebrain and Cortical Neurons
Aged in Culture. DIV10 basal forebrain (BFCN) and cortical (CTX) neurons do not stain for
senescence-associated beta-galactosidase. BFCNs begin to stain positive at DIV18, with more
pronounced staining occurring at DIV24. DIV24 CTX neurons do not stain positive for senescence-

associated beta-galactosidase. Arrows indicate labelled cell bodies.

Fig 7. Decreased TrkB Immunoreactivity in Basal Forebrain Cholinergic Neurons (BFCNs) but not
Cortical Neurons (CTX) aged In Vitro. BFCN cell bodies demonstrated significantly less TrkB
immunoreactivity at DIV18 compared to DIV10. TrkB immunoreactivity did not change significantly in
cortical neurons between DIV10 and DIV18. TrkB immunoreactivity was significantly greater in BFCNs
at DIV10 compared to CTX at all time points. Each bar shows N= 60 cell bodies from 3 different
chambers and 3 rounds of dissection (5 embryos each). Data represented as means +SE. ***p<0.001,

“ns” = not significant (p=0.8) 1-way ANOVA and post-hoc Tukey test.

Fig 8. Decreased TrkA Immunoreactivity in Basal Forebrain Cholinergic Neurons (BFCNs) Aged

In Vitro. BFCN cell bodies demonstrated significantly less TrkA immunoreactivity at DIV18 compared
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to DIVV10. N= 60 cell bodies per group, from 3 different chambers and 3 rounds of dissection (5 embryos

each). Data represented as mean +SE. ***p<0.001 by Student’s t-test.

Fig. 9. p75NTR Immunoreactivity in Basal Forebrain Cholinergic Neurons (BFCNs) Does Not
Change During Aging In Vitro. p75N™ immunoreactivity did not change significantly between DIV10
and DIV18 in BFCNs. N= 60 cell bodies per group, from 3 different chambers and 3 rounds of dissection

(5 embryos each). Data represented as mean +SE. p=0.09 by Student’s t-test. “ns” = not significant

(p=0.8)

Supplementary Figure 1. TrkA and VAChT Staining in BFCNs. Basal forebrain neurons grown in
microfluidic chambers for 10 days stained with an antibody against TrkA (A) and vesicular acetylcholine

transporter (B). Cortical neurons did not stain with either marker (C).

Supplementary Figure 2. Western blot of proNGF purified from HEK cell medium. Blots were
completed as described in Fahnestock et al. (2001). 50 pg of nickel-affinity purified protein loaded in lane
1, 100 pg recombinant mature NGF (a generous gift from Dr. Michael Coughlin, McMaster University)
loaded in lane 2, and elution buffer (no recombinant protein) loaded in lane 3. No mature NGF was

detected in the purified protein sample.
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Supplementary Figure 1.

Supplementary Figure 1. TrkA and VACHT Staining in BFCNs. Basal forebrain neurons
grown in microfluidic chambers for 10 days stained with an antibody against TrkA (A) and
vesicular acetylcholine transporter (B). Cortical neurons did not stain with either marker (C).
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Supplementary Figure 2. Western blot of proNGF purified from HEK cell medium.
Blots were completed as described in Fahnestock et al. (2001). Lane 1, 50 pg of nickel-
affinity purified protein. Lane 2, 100 pg recombinant mature NGF. Lane 3, elution buffer (no
protein). No mature NGF was detected in the purified protein sample.
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