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Abstract

Basal forebrain cholinergic neurons (BFCNs) extend long projections to multiple regions in the 

brain to regulate cognitive functions. Degeneration of BFCNs is seen with aging, after brain 

injury, and in neurodegenerative disorders. An increase in the amount of the immature proform 

of nerve growth factor (proNGF) in the cerebral cortex results in retrograde degeneration of 

BFCNs through activation of proNGF receptor p75NTR. Here, we investigated the signaling 

cascades initiated at the axon terminal that mediate proNGF-induced retrograde degeneration. 

We found that local axonal protein synthesis and retrograde transport mediated proNGF-induced 

degeneration initiated from the axon terminal. Analysis of the nascent axonal proteome revealed 

that proNGF stimulation of axonal terminals triggered the synthesis of numerous proteins within 

the axon, and pathway analysis showed that amyloid precursor protein (APP) was a key upstream 

regulator in cultured BFCNs and in mice. Our findings reveal a functional role for APP in 

mediating BFCN axonal degeneration and cell death induced by proNGF.

Introduction

Almost three decades of research has shown that cognitive decline and neurodegenerative 

disorders such as Alzheimer’s disease (AD) are associated with loss and degeneration of 

basal forebrain cholinergic neurons (BFCNs) (1, 2). BFCNs are highly polarized cells and 

send long axonal projections to multiple targets in the brain, through which they help 

regulate cognitive processes such as memory formation, learning and attention (3, 4, 5). 

BFCNs require neurotrophic factors for their survival, differentiation, maintenance, and 

function (6) which may be produced by their neuronal target regions, and signal through 

cognate receptor complexes through the projecting axon terminals. BFCNs are unique in 

their life-long expression of all the neurotrophin receptors, including the p75 neurotrophin 
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receptor (p75NTR) and the receptor tyrosine kinases TrkA, TrkB, and TrkC. Mature 

neurotrophins promote a pro-survival response through Trk signaling (7, 8, 9, 10), whereas 

precursor neurotrophins (pro-NTs) bind p75NTR and sortilin to promote apoptosis in BFCNs 

(11, 12). p75NTR mediated BFCN degeneration has been studied in mass cultures and after 

seizure conditions in vivo (12). p75NTR is known to promote secondary neurodegeneration 

in the penumbra after cortical traumatic brain injury (TBI) (13, 14, 15). Our previous study 

further established that cortical TBI in mice promotes a retrograde loss of BFCNs through 

p75NTR, stimulated by proneurotrophins induced in the cortical area of impact, to which a 

subpopulation of BFCNs project (16). Moreover, direct axonal stimulation with proNGF 

or proBDNF promotes retrograde axon degeneration and cell death of mouse BFCNs 

in vitro (16). However, the mechanisms that promote proNT-p75NTR-mediated retrograde 

degeneration of BFCNs remain to be elucidated.

Studies in the peripheral nervous system have shown that under conditions of axonal 

injury, the interactions between the axon and soma which promote a degenerative response 

involve unique pathways and key players that include early and pre-catastrophic calcium 

waves, retrograde transport via dynein, c-Jun N-terminal kinase (JNK) activity, and local 

axonal protein synthesis (17, 18, 19). Among mechanisms underlying p75NTR-mediated 

apoptotic signaling, proneurotrophins activate JNK (12) and the intrinsic caspase signaling 

pathway (20, 21). Studies have also established an integral role for local protein synthesis in 

promoting nervous system pathologies at the sub-cellular site of disease or insult due to the 

extensive axonal and dendritic morphology of neurons (22). Axon degeneration in peripheral 

dorsal root ganglia (DRG) sensory neurons due to NGF deprivation is regulated by amyloid 

precursor protein (APP) through modulation of calcium homeostasis (23). Although APP 

cleavage has been extensively studied in conjunction with several central nervous system 

(CNS) disorders involving axonopathies, such as AD as well as traumatic brain injury (24, 

25), the role of full-length APP in the developing brain as well as in CNS degeneration is 

unclear.

In our study, microfluidic and filter chambers were used to segregate BFCN soma and axons 

in vitro to study the pathways underlying the retrograde degenerative effect of proNGF 

in BFCNs. Our results showed that axon specific stimulation of BFCNs with proNGF led 

to p75NTR-mediated retrograde axon degeneration and cell death. JNK regulated proNGF-

mediated retrograde cell death but not axon fragmentation. We also demonstrate a functional 

role for local axonal protein synthesis, specifically of APP, in promoting BFCN axon 

degeneration and cell death in response to proNGF treatment at the axon terminal. In this 

study, a functional role for APP mediated pre-catastrophic Ca2+ increase in the axons was 

also established. Overall, this investigation elaborates on the signaling mechanisms that lead 

to p75NTR-mediated retrograde degeneration of BFCNs following axonal proneurotrophin 

stimulation.

Results

proNGF promotes retrograde degeneration of basal forebrain cholinergic neurons (BFCNs)

To study the mechanisms underlying the degenerative effect of axonal proNGF stimulation, 

compartmental cultures of rat BFCNs were established using microfluidic chambers. BFCNs 
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projected to the axon compartment by 5 days in vitro (5-DIV), and co-expressed p75NTR, 

TrkB, and Tuj1 (Fig. 1, A and B). BFCNs that successfully projected their axons to the 

distal compartment were identified by pretreatment of the axons with the retrograde tracer 

choleratoxin B labeled with Alexa Fluor 488 (CTB), whereas propidium iodide (PI) was 

added to the soma chamber to identify dying cells (Fig. 1, A to C). This was followed by 

the proNGF treatment in the somas or axons. CTB+/PI+ double–positive neurons indicated 

neurons degenerating (Fig. 1D). Consistent with our previous study (12), proNGF applied to 

the somas promoted BFCN cell death and axon degeneration (Fig 1, E to H). As we have 

previously shown for mouse neurons (16), axonal stimulation of rat BFCNs with proNGF 

promoted retrograde cell death (Fig. 1E), which was confirmed by TUNEL labeling (Fig. 

1, F and G). Axonal stimulation with proNGF also elicited axon degeneration after 24 

hours of treatment (Fig 1, H and I). Moreover, live imaging showed that axon fragmentation 

was observed at around 16 hours, whereas cell death occurred around 24 hours, suggesting 

that axon degeneration preceded cell death (Fig. 1D). ProNGF is a high-affinity ligand 

for p75NTR and has been shown to promote cell death through p75NTR in BFCNs in 

vivo after seizures and cortical injury (12, 16). To investigate whether p75NTR mediated 

the retrograde, proNGF-induced cell death in rat BFCNs, we pretreated the axons with a 

p75NTR ligand–blocking antibody then stimulated the axons with proNGF. By 24 hours, 

the number of degenerating BFCNs induced by axonal proNGF was significantly reduced 

in the presence of the blocking antibody in the axons (Fig. 1J). In contrast, blocking TrkA 

activity with K252a did not protect BFCN degeneration (fig. S1, A to D), although as a 

control it did prevent ERK activation by NGF (fig. S1E), suggesting that TrkA does not play 

a role in proNGF-induced retrograde degeneration. Additionally, BFCN cultures prepared 

from p75NTR KO rats were protected from axonal proNGF-induced cell death as well as 

axon degeneration (Fig. 1, K and L). These results show that p75NTR is necessary for 

proNGF-induced retrograde degeneration of BFCNs.

Retrograde transport is necessary for axonal proNGF treatment to induce BFCN axon 
degeneration and cell death.

To investigate whether retrograde transport is required for the degenerative signal initiated 

by proNGF at the axon terminal, BFCN axons were pre-treated with ciliobrevin D, an 

inhibitor of the retrograde motor dynein, for 20 mins before stimulation with proNGF. 

Live images obtained 24 hours after treatment were analyzed to quantify the number of 

degenerating neurons as a ratio of CTB+ PI+ cells over total CTB+ cells (Fig. 2A). The 

presence of ciliobrevin D in the axons rescued the BFCNs from axonal proNGF-induced 

degeneration and cell death (Fig. 2, B to D), suggesting that retrograde transport is necessary 

for proNGF-p75NTR mediated signaling from the axons to elicit BFCN retrograde cell death 

and axon degeneration. Moreover, blocking dynein function in the somas prior to axonal 

proNGF stimulation also rescued BFCNs from cell death (Fig. 2, E and F) as well as axon 

degeneration (Fig. 2, G and H) suggesting that following proNGF stimulation transport of 

cargo to and from the soma is necessary for the degenerative activity of proNGF.
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JNK activity is necessary for proNGF induced retrograde BFCN cell death but not axon 
fragmentation.

To investigate whether JNK, a known downstream target of proNGF-p75NTR–mediated 

death signaling in hippocampal neurons (26), was activated by proNGF treatment of the 

axons, BFCNs were grown on filter cultures for Western blot analysis (fig. S2A). Axons 

grew through the 1-μm pores of the filters separating axons from the somas expressing 

MAP2 and NeuN (fig. S2, B and C). Diffusion of 10 kDa Dextran beads across the filters 

was assessed to determine the window of time for specific treatments of axons or somas 

with proneurotrophins (32-37 kDa). Diffusion from the top to the bottom compartment was 

observed after 45 min (fig. S2D), whereas diffusion from the bottom to the top compartment 

was not observed until the 2-hour mark (fig. S2E), thus allowing a 2-hour window for 

axon-specific treatments. Filter cultures were treated with proNGF in the axons for 15 and 

30 minutes, then axon and soma lysates were analyzed for phosphorylation of JNK. Axonal 

stimulation with proNGF resulted in a significant increase in p-JNK levels over total JNK 

(Fig. 3, A and B), which was prevented by JNK inhibitor II (Fig. 3, C and D). To assess 

the role of JNK in mediating retrograde degeneration and cell death, microfluidic cultures 

were used to test whether blocking JNK activity protected BFCNs from proNGF induced 

retrograde degeneration. Notably, blocking JNK activation in BFCN axons protected BFCNs 

from cell death (Fig. 3E) but did not protect from axon degeneration (Fig. 3, F and G) 

after 24 hours of proNGF axonal stimulation. These results showed that JNK is activated 

in the axons by proNGF and may be involved in retrograde cell death signaling but not 

axon degeneration in response to axonal proNGF stimulation, suggesting that different 

mechanisms may mediate BFCN axon degeneration versus cell death.

Axonal protein synthesis is necessary for proNGF induced retrograde BFCN cell death and 
axon degeneration.

Recent studies have demonstrated that axonal protein synthesis occurs in response to a 

variety of environmental cues. A low concentration of puromycin, which incorporates 

into the C-terminus of elongating nascent chains, was provided to proNGF-treated axons, 

and showed incorporation 1 hour after treatment, confirming an increase in local protein 

synthesis in the axons after axonal stimulation with proNGF (Fig. 4, A and B). To determine 

whether local protein synthesis in the axon was required for proNGF-induced retrograde 

BFCN degeneration, microfluidic cultures were pre-treated with cycloheximide in the axons 

to locally inhibit protein synthesis before stimulating axons with proNGF. Inhibition of local 

axonal protein synthesis protected BFCNs from cell death as well as axon fragmentation 

caused by proNGF at the axons (Fig. 4, C to E). These results suggest that after axonal 

stimulation with proNGF, newly synthesized proteins in the axons promote retrograde 

axon degeneration and cell death. To determine the time window of increased protein 

synthesis required for degeneration after axonal proNGF stimulation, BFCNs were treated 

with proNGF in the axons, followed by delayed cycloheximide treatment in the axons 0.5, 1, 

and 2 hours after exposure to proNGF. BFCNs were not protected from cell death if axonal 

protein synthesis was blocked after 2 hours of proNGF treatment (Fig. 4E), suggesting that 

nascent proteins required for proNGF induced BFCN degeneration are synthesized in the 

axons within 1 to 2 hours after axonal proNGF treatment. These results suggest that proNGF 
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induced new protein synthesis in BFCN axons within 1 to 2 hours of treatment, which 

promote axon degeneration and retrograde cell death of BFCNs.

Analysis of axonal protein synthesis induced by proNGF

To analyze the newly synthesized axonal proteins induced by proNGF, the axon 

compartments of filter cultures were treated for 2 hours with O-propagryl-puromycin 

(OPP) after 30 min of proNGF treatment in the axons. Axon lysates were processed for 

mass spectrometry, and the data were analyzed using Ingenuity Pathway Analysis (IPA), 

a bioinformatic tool that allows prediction of upstream and downstream target proteins as 

well as cellular pathways likely to be associated with the dataset provided. IPA analysis 

of top upstream regulators predicted amyloid precursor protein (APP) as one of the major 

upstream activators of the pathways induced by proNGF axonal stimulation compared to 

control untreated BFCN axons (Fig. 5, A to C). Moreover, IPA analysis of Diseases and 

Functions comparing nascent proteins in axon lysates predicted increased probability of 

cell death, and a decreased probability of cell viability induced by proNGF (Fig. 5B), 

consistent with the degenerative response of axonal proNGF in BFCNs we observed (Fig. 

1). Confirming the results from the mass spec analysis, axonal proNGF stimulation showed 

a statistically significant increase in the level of APP over 2 hours specifically in the 

BFCN axons analyzed by Western blot (Fig. 5, D and E). In contrast to axonal proNGF 

stimulation, BFCN soma stimulation with proNGF did not result in induction of APP in 

the axons or somas (Fig. 5, F and G), suggesting that the regulation of APP in the BFCN 

axons is specific to axonally sourced proNGF. Overall, these results showed that the nascent 

proteome synthesized as a response to proNGF in the axons is predicted to promote BFCN 

degeneration. Moreover, among upstream regulators, induction of APP, which has been 

studied in several CNS disorders, (24, 25) was validated as a response to the axonal proNGF 

stimulation.

APP regulates JNK activation in response to axonal proNGF stimulation of BFCNs

To investigate whether JNK and APP regulate each other in the axons following BFCN 

exposure to proNGF, axons in filter cultures were pre-treated for 20 mins with combinations 

of JNK inhibitor II and siRNA for APP. Notably JNK inhibitor II alone increased axonal 

APP levels, though not to a statistically significant extent (Fig. 6, A to C). However, despite 

inhibition of JNK activation, axonal APP levels were significantly increased at 30 minutes 

in comparison to untreated controls (Fig. 6, A and C). In comparison, when local APP 

induction was blocked, JNK activation was impaired (Fig. 6, D to F). These results suggest 

that in the axonal proNGF induced degeneration cascade, either APP is activated upstream 

of JNK, or APP and JNK are components of parallel pathways.

APP mediates proNGF-induced retrograde axon degeneration and cell death in BFCNs.

A study by de Leon et al. (23), showed that APP has a pro-degenerative function in DRG 

axons following NGF deprivation. To assess the role of axonal APP in proNGF-induced 

BFCN degeneration , the increase in APP was prevented with an siRNA specific to APP 

linked with penetratin-1 (APP siRNA) to promote cell permeability (Fig. 7A). Knockdown 

of APP in BFCN mass cultures significantly reduced basal APP levels by 2 hours of 

treatment (Fig. 7, A and B). Additionally, pre-treatment of BFCN axons in filter cultures 
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with two distinct siRNAs targeted to APP for 30 minutes was able to block APP induction 

in the axons even after 2 hours of proNGF axonal treatment, in contrast to proNGF alone 

(Fig. 7, C to F). A reduction in basal APP levels was not observed upon the axon-specific 

application of APP siRNA , with the short pre-treatment time of 30 minutes prior to 

proNGF addition, as the aim was to restrict the local APP induction that was observed 

with axonal proNGF treatment (Fig. 7, C and E). Inhibition of axonal protein synthesis using 

cycxloheximide pre-treatment for 30 minutes in the axons also blocked local APP induction 

in response to proNGF (Fig. 7, C and D), suggesting that the increase in axonal APP is 

due to local protein synthesis. Inhibition of APP synthesis in BFCN axons protected BFCNs 

from proNGF-induced retrograde cell death, as well as axon degeneration (Fig. 7, G to J). 

These results indicate that APP is locally synthesized in BFCN axons in response to proNGF 

stimulation in the axons, and plays a critial role in retrograde BFCN cell death and axon 

degeneration.

ProNGF promotes axon degeneration in BFCNs through APP-regulated pre-catastrophic 
Ca2+increase

To investigate whether increased intracellular Ca2+ ion concentration is necessary for axon 

degeneration in BFCNs after proNGF stimulation, BFCNs grown in microfluidic cultures 

were loaded with Fluo4-AM, a cell permeant fluorescent calcium indicator prior to proNGF 

stimulation. Notably, a statistically significant increase in Ca2+ intensity was observed in 

proNGF-treated axons in comparison to control untreated BFCNs, specifically preceding 

axon fragmentation (Fig. 8, A to C, fig. S3, and movies S1 and S2). These results suggest 

that increased Ca2+ in the axons is a pre-catastrophic event in proNGF-induced axon 

degeneration in BFCNs. Moreover, blocking the intracellular Ca2+ increase by pre-treatment 

with BAPTA-AM, a cell-permeant Ca2+ chelator, blocked axon degeneration upon proNGF 

treatment (Fig. 8, A to C, fig. S3, and movies S4 and S5), suggesting that Ca2+ increase 

is required for proNGF to promote axon degeneration. Additionally, when proNGF-induced 

APP induction in the axon was blocked using the penetratin-linked siRNA for APP, proNGF 

stimulation failed to induce an axonal Ca2+ increase, and BFCN axon integrity was rescued 

(Fig. 8, A, D and E; fig. S3, and movie S3). Intracellular Ca2+ overload has been reported to 

activate calpains, a group of cysteine proteases which promote apoptosis [reviewed in (47)]. 

Blocking calpain activation by pre-treatment with ALLN, a cell-permeable calpain inhibitor, 

specifically in the axons protected BFCNs from proNGF-induced axon degeneration and cell 

death (Fig. 8, F to H). These results indicate that Ca2+ overload in response to proNGF in 

BFCN axons activated calpains that promoted BFCN degeneration. Overall, these results 

suggest that proNGF-mediated retrograde BFCN degeneration involves an APP-mediated, 

pre-catastrophic Ca2+ increase and calpain activation in the axon.

Discussion

Traumatic brain injury elicits increased levels of proNGF and proBDNF in the injured 

cortex, leading to local p75NTR-mediated loss of neurons in the penumbra of the injury 

(13, 15, 16). BFCNs, which project their axons throughout the cortex, express p75NTR 

throughout life, which may render these neurons vulnerable to injury-associated increases 

in proneurotrophins. ProNGF can promote cell death through p75NTR in CNS neurons (27) 
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including BFCNs (12). Our previous study showed that cortical TBI promotes retrograde 

axonal degeneration of basal forebrain afferents (16). In this study, we investigated 

mechanisms underlying retrograde degeneration of BFCNs in vitro using compartmental 

cultures of primary BFCNs subjected to axon-specific stimulation with proNGF. This 

treatment promoted significant axon degeneration and cell death, establishing a novel 

retrograde degenerative effect of proNGF in BFCNs, which required p75NTR given that 

no BFCN loss was seen in p75NTR-deficient neurons, as before (16).

Studies in neurons of the peripheral nervous system have shown that dynein-mediated 

retrograde transport propagates target-derived neurotrophin signals for neuronal survival 

(29) and is necessary for p75NTR-mediated cell death after axonal stimulation (28, 30, 46). 

In our experiments, blocking dynein function in the axons protected BFCNs from proNGF-

induced cell death as well as axon degeneration. Moreover, inhibiting dynein in the somas 

prior to proNGF stimulation in the axons also rescued BFCNs from axon degeneration and 

cell death, suggesting that proNGF requires axonal cargo to be retrogradely transported to 

the soma to execute the degeneration cascade. Degeneration of DRG neurons in response 

to NGF deprivation requires retrograde transport and subsequent anterograde transport of 

pro-apoptotic factors to the axon (49), indicating that both retrograde and anterograde 

transport are necessary to promote neurodegeneration in response to axonal stimuli.

Axon stimulation with proNGF resulted in activation of JNK, a well-established component 

of the proNGF degenerative signal (26). Blocking JNK activity in the BFCN axons 

protected BFCNs from cell death, but not from axon fragmentation after axonal proNGF 

stimulation, suggesting that mechanisms governing axon degeneration may be distinct from 

those governing cell death. JNK plays a role in p75NTR-mediated retrograde death of 

sympathetic neurons (30), associating with both anterograde and retrograde motors in axons, 

specifically interacting with p150Glued, a dynactin subunit that promotes p75NTR-mediated 

degeneration (31, 32).

Injury of peripheral axons evokes novel protein synthesis locally within the axon to regulate 

the neuronal response (33, 34). CNS neurons that degenerate in response to axonal exposure 

to Aβ also show intra-axonal protein synthesis (35). Therefore, we investigated the role of 

axonal protein synthesis as a potential mechanism governing proNGF induced retrograde 

degeneration. Axonal protein synthesis has been associated with several neurological 

disorders, including AD and amyotrophic lateral sclerosis [reviewed in (36)]. Blocking 

axonal protein synthesis within one to two hours of proNGF treatment protected BFCNs 

from axon degeneration and cell death. Proteomics analysis of nascent axonal proteins 

induced by proNGF predicted proteins, pathways, diseases, and functions that may be 

substantially regulated. IPA analysis predicted an increase in cell death and decreased 

cellular viability, confirming that local protein synthesis in axons stimulated with proNGF 

promotes a pro-degenerative response. APP was predicted to be a key upstream regulator 

of the axonal proNGF response; however, Aβ1-40 and Aβ1-42 were not detected in the 

proteomics analysis, indicating that the pro-degenerative effect was likely mediated by the 

full-length APP protein. APP levels were significantly increased in the axons after proNGF 

axonal stimulation, validating the predicted data. The role of APP in axon degeneration (23) 

has been investigated in the context of several neurodegenerative diseases, including AD 
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[reviewed in (37)]. Excess APP disrupts endocytic pathways, leading to impaired NGF 

trafficking, promoting neurodegeneration (38). In our study, preventing JNK activation 

did not block increased axonal APP levels, although APP knockdown led to a loss of 

axonal JNK activation, suggesting that APP induction is upstream of JNK activation 

following proNGF stimulation. The JNK scaffolding protein JIP interacts with vesicular 

cargo through membrane-associated proteins, such as APP, suggesting a link between JNK 

activation and APP induction in the BFCN axons (39). Further analysis of our proteomics 

results may lead to additional mechanistic insight and interesting links. For example, the 

increase in microtubule-associated protein tau (MAPT) levels may suggest a possible role of 

MAPT in proNGF-mediated axon degeneration. Several neurodegenerative diseases involve 

tauopathies with axon degeneration observed as an early event (45), suggesting a probable 

role of MAPT in proNGF-induced axon degeneration.

APP has been shown to regulate calcium (Ca2+) release from intracellular stores preceding 

axon fragmentation in DRG neurons (23, 19). We investigated whether increased Ca2+ 

plays a role in APP-mediated degeneration in response to axonal proNGF. Blocking 

intracellular Ca2+ increase with BAPTA-AM protected the axons from degeneration. 

Moreover, inhibition of APP induction in the axons prevented the increase in Ca2+ levels 

in the presence of proNGF, suggesting that APP induction leads to increased intracellular 

Ca2+ and subsequent axon degeneration. Studies have shown that axonal injury induces 

early calcium waves that prepare axons for local translation events leading to axon 

degeneration (50). Increased intracellular Ca2+ can also activate calpain, which may promote 

neurodegeneration (47). Traumatic axonal injury elicits a biphasic calpain activation where 

transient calpain activity accompanied early structural damage and transport impairment, 

while delayed activation occurred in the pre-catastrophic phase (48). We showed that 

calpain activity is necessary for proNGF-induced axonal degeneration; however, it is unclear 

whether cleavage products from transient calpain activation need to be transported to 

promote axon degeneration, given that retrograde transport was also necessary for proNGF-

induced retrograde degeneration.

This study reveals a mechanism by which p75NTR mediates retrograde degeneration of 

BFCNs in response to axonal proNGF exposure (Fig. 9). In vivo, mature neurotrophins are 

expressed in the brain to support many neuronal populations. However, after injury there 

are increased levels of uncleaved proneurotrophins due to alterations in their processing 

and maintenance (42). Proneurotrophins induced in the cortical target regions of BFCNs 

following TBI elicit their retrograde degeneration (16). In this study, we analyzed signaling 

mechanisms in BFCNs specific to axonal proNGF stimulation. Further knowledge of 

mechanisms underlying the BFCN response to proneurotrophin stimulation in injured target 

regions will shape our understanding of brain health in conditions of injury and other 

pathologies.

Materials and Methods

Wild-type and p75NTR knockout rats

All experiments were performed in compliance with the Institutional Animal Care and 

Use Committee (IACUC) policies and approved by Rutgers University, Newark. Wild-type 
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rats were purchased from Charles River. NGFR global knockout (p75NTR KO) rats were 

obtained from SAGE/Horizon Laboratories and bred in house. Both males and females were 

used in all experiments.

Reagents

Recombinant human proNGF protein (cleavage resistant; Cat# N-285) was purchased for 

Alomone Labs (Tel Aviv, Israel). Poly-D-lysine, glucose, transferrin, insulin, putrescine, 

selenium, progesterone, penicillin, and streptomycin were purchased from Sigma Aldrich. 

Minimum Essential Medium (MEM), Ham’s F-12 Media and B-27™ Supplement (50X; # 

17504-044) was purchased from Gibco. Microfluidic chambers were made in-house using 

Microfluidic chamber master molds which were a generous gift from Dr. Eran Perlson, Tel 

Aviv University, using the protocol described previously (51).

Cholera Toxin Subunit B (Recombinant), Alexa Fluor™ 488 Conjugate (CTB) (Cat# 

C34775) was purchased from Invitrogen. Propidium iodide (PI; Cat# P1304MP) was 

obtained from Molecular Probes. The cytoplasmic dynein inhibitor ciliobrevin D (Cat# 

250410) and JNK inhibitor II (Cat# 420119) were purchased from Calbiochem. 

Cycloheximide (Cat# C81040) was purchased from Research Products International. 

Puromycin dihydrochloride (Cat# P8833) was obtained from Sigma. Fluo4-Am cell 

permeant was obtained from Invitrogen (Cat# F14201). TUNEL kit was purchased from 

Invitrogen (# C10617). Penetratin-Arg peptide (Pen1; SKU:11PENA1000) was purchased 

from MP Biomedicals. siRNA to APP was custom made from Dharmacon. BAPTA-AM 

(Cat# B1205) was purchased from Invitrogen. ALLN (Cat#208719) was purchased from 

Sigma-Aldrich.

Antibody to TrkB, rabbit (Cat# 07-225) was purchased from Millipore. Antibody to p75NTR, 

goat (Cat# AF1157SP) was purchased from R&D Systems. Antibody to puromycin, mouse, 

clone 12D10 (Cat# 12D10) was obtained from Millipore-Sigma. Antibody to β-tubulin 

III, mouse (Tuj1; Cat# G712A) was purchased from Promega. Antibody to MAP2, rabbit 

(Cat# 8707) was obtained from Cell Signaling Technology. Antibody to NeuN, mouse (Cat# 

MAB377) was obtained from Millipore. Antibody to phosphorylated JNK, rabbit (Thr183/

Tyr185, Thr221/Tyr223) was purchased from Upstate Biotechnology. Recombinant antibody to 

amyloid precursor protein (APP), rabbit (Tyr188; Cat# AB32136) was obtained from Abcam. 

Antibody to β-actin, mouse (Cat# A2228) was obtained from Sigma. Ligand-blocking 

antibody to p75NTR (REX) was a generous gift from Dr. Louis Reichardt (University of 

California at San Francisco).

Alexa Fluor 488 and Alexa Fluor 555 anti-goat and anti-rabbit secondary antibodies and 

Alexa Fluor 647 anti-mouse secondary antibody were purchased from Invitrogen. LICOR 

Mouse 800, Rabbit 800, and Mouse 680 secondary antibodies were purchased from LICOR. 

DAPI Fluoromount-G (Cat# 0100-20) was obtained from Southern Biotech.

O-propargyl-puromycin (OPP; Cat# C10459) was purchased from ThermoFisher. 

Phenylmethylsulfonyl fluoride (PMSF; Cat# 13559061) was purchased from Boehringer 

Mannheim. Roche cOmplete, Mini Protease Inhibitor Cocktail EDTA free (Cat# 

11836170001) was obtained from Roche. Biotin azide (Cat# B10184) was purchased 
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from Invitrogen. TCEP [tris(2-carboxyethyl) phosphine hydrochloride; Cat# C4706], and 

TBTA (tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine; Cat# 678937) were purchased 

from Sigma-Aldrich. Streptavidin magnetic beads (Cat# 88816) and Zeba Spin columns 

(7K MW cutoff, Cat# 89882) were obtained from Thermo-Fisher.

Neuronal cultures

Wild-type and p75NTR KO pregnant rats were euthanized by exposure to CO2 and soaked in 

70% ethanol for 5 min for sterilization. Embryonic day 16 (E16) rat fetuses were removed 

under sterile conditions and kept in PBS on ice. Basal forebrains were dissected and 

dissociated in serum-free medium (SFM) (8) composed of a 1:1 mixture of Eagle’s MEM 

and Ham’s F-12 supplemented with glucose (6 mg/ml), putrescine (60 μm), progesterone 

(20 nm), transferrin (100 μg/ml), selenium (30 nm), penicillin (0.5 U/ml), and streptomycin 

(0.5 μg/ml). The cells were then plated in microfluidic chambers (43) attached to glass 

coverslips in tissue culture dishes that were precoated overnight with poly-D-lysine (0.2 mg/

ml). 200 μl of media was added to the soma compartment and 100 μl media was maintained 

in the axon compartments to maintain a media volume difference that facilitated the growth 

of the axons of the neurons through the microgrooves towards the axon compartment. The 

cells were maintained with the volume difference between the soma and axon compartments 

in SFM supplemented with 1% B-27 for 5 days at 37°C to obtain compartmentalized 

BFCN cultures which can be treated separately at the axons or somas. For biochemical 

experiments, BFCNs were plated on the top compartment of filter inserts with a pore size of 

1 μm, allowing neurites to grow through the filter to the bottom compartment providing an 

axon-enriched compartment for axon or soma specific stimulation (44).

Live imaging of BFCNs in microfluidic cultures

BFCN microfluidic cultures were prepared for live imaging at 5-DIV. The axon 

compartment was treated with recombinant cholera toxin subunit B, Alexa Fluor™ 488 

conjugated (CTB, 1 μg/ml; Cat# C34775), a retrograde tracer, for 20 min and washed 

twice with SFM + 1% B27 to retrogradely label the BFCNs which had extended axons to 

the distal compartment through the microgrooves. After 5 hours, the CTB from the axons 

was found to be transported into the cytoplasm of the BFCNs that projected axons to 

the distal compartment. The soma compartment was treated with propidium iodide (PI, 1 

μg/ml; Cat# P1304MP) to label dying neurons. BFCNs were then treated with recombinant 

human proNGF protein (cleavage resistant; Cat# N-285; 20 ng/ml) in the axon compartment 

and compared with control untreated compartmentalized BFCNs to assess the effect of 

axonal stimulation with proNTs on neuronal degeneration. Growth media volume difference 

was maintained as described in the neuronal culture method to restrict stimulation with 

proNTs exclusively to the axons. To assess surviving versus dying neurons, live imaging of 

neurons was performed using a Zeiss LSM 510 confocal microscope maintaining constant 

temperature and CO2 (37°, 5%) for the duration of the experiment to capture images at 10X, 

4 images per chamber. Incorporation of PI in the nucleus of CTB-positive neurons after the 

24-hour axonal treatment was assessed.
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Inhibition of axonal transport, protein synthesis, and JNK activity

Prior to treatment with proNGF, the axon compartment of microfluidic BFCN cultures was 

pretreated with the cytoplasmic dynein inhibitor ciliobrevin D (Calbiochem, Cat# 250410) 

at 50 μm for 20 mins to inhibit axonal transport; cycloheximide at 1 μg/ml for 20 mins to 

inhibit protein synthesis; or JNK inhibitor II (Caliochem, Cat#420119) at 40 nm for 20 min 

to inhibit JNK activity.

Immunocytochemistry (ICC)

Basal forebrain microfluidic cultures were fixed with 4% paraformaldehyde for 20 min, 

washed with PBS and permeabilized with 0.5% Triton X-100 in PBS for 10 min. The 

cells were then blocked for 1 hour with 5% normal goat serum and 1% bovine serum 

albumin (BSA) in PBS and incubated overnight at 4°C with primary antibody prepared 

in 1%BSA in PBS. Primary antisera were directed against the following: p75NTR (goat, 

1:500; RRID:AB_2298561), TrkB (rabbit, 1:500; RRID:AB_310445); β-tubulin III (Tuj1; 

mouse, 1:1000; RRID:AB_430874), APP (rabbit, 1:500; RRID:AB_2289606). Cells were 

then washed with PBS, exposed to the appropriate secondary antibodies coupled to different 

fluorophores, and highly cross-adsorbed against different species (Alexa Fluor 488, Alexa 

Fluor 594 and Alexa Fluor 647; Invitrogen). Coverslips were mounted on slides using 

DAPI Fluoromount-G to label the nuclei. Images were obtained using Zeiss LSM 510 

META confocal microscope at 20X, 8 images per chamber, and analyzed to measure axon 

fragmentation using Image J software.

Axon fragmentation analysis

Axon fragmentation was quantified as Degeneration index (DI). DI was calculated as the 

ratio of the area of fragmented axons over the total area of axons (intact axons + fragmented 

axons) by using Anti-β-Tubulin III (Tuj1; Cat# G712A)-stained fluorescence images. A total 

of 8 images were analyzed per chamber. All images were processed using ImageJ software. 

To analyze the size of axonal fragments, binary masks were created for each image. Particles 

with a size area equal or lower than 60 μm2 and with a circularity index higher than 0.03 

were classified as degenerated neurite fragments.

Western blot analysis

5-DIV filter cultures were treated with proNGF, and axon and soma lysates were obtained 

in 30- and 60-μl, respectively, of lysis buffer comprised of 10% glycerol (70%), 10% 

Triton (10%), 10% NP40 (10%) and 10X protease inhibitors (5%) and 10X phosphatase 

inhibitors (5%). After protein quantification, equal amounts of protein were run on a 12% 

polyacrylamide gel and transferred to nitrocellulose membrane. Equal protein loading was 

assessed by Ponceau staining, which was washed out with TBS with 0.05% Tween 20 

(TBST) and was confirmed by re-probing the membranes with anti-actin. The membranes 

were blocked with 5% nonfat milk prepared in TBST for 1 hour and incubated with 

primary antibody overnight. After washing 3 X 10 min with TBST, the blots were incubated 

with appropriate secondary antibodies for 1 hour at room temperature. The membrane was 

washed 3 X 10 min with TBST and then scanned with the Odyssey infrared imaging system 
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(LI-COR Bioscience). All blots shown are representative of at least three independent 

experiments.

TUNEL assay

BFCNs in microfluidic cultures were fixed with 4% PFA after 24h treatment with proNTs 

and used to perform TUNEL assay. The assay was performed using Click-iT Plus 

TUNEL kit from Invitrogen as per manufacturer’s protocol (reference no. C10617) to label 

fragmented DNA with Alexa Fluor™ 488. The cells were then immunostained for β-tubulin 

III (Tuj1) and DAPI. Tuj1 and TUNEL double-labeled BFCNs extending their axons to the 

axon compartment were counted to analyze the number of dying neurons as a result of the 

respective treatments.

Axonal immunolabeling of newly synthesized proteins

Monitoring of protein synthesis was performed using a modified protocol obtained from 

(52). To label nascent proteins synthesized in the BFCN axons after axonal proneurotrophin 

stimulation, 5-DIV BFCNs were labeled with the retrograde tracer CTB-Alexa 488 as 

described in the Live imaging section above. Microfluidic cultures were then treated with 

proNGF in the axons for 30 mins or 1 hour, followed by treatment with 10 μg/ml puromycin 

for 10 mins in the axons. Cells were then fixed with 4% PFA in PBS for 20 mins and stained 

with anti-puromycin antibody (RRID: AB_2566826, 1:10,000) and anti-mouse secondary 

antibody labeled with Alexa Fluor 594. Intensity of puromycin in CTB-labeled axons after 

30 mins or 1 hour of axonal proNGF treatment was assessed by intensity analysis using 

Image J software.

Metabolic labeling with OPP

BFCNs grown on filter cultures were treated with proNGF in the axon compartment for 30 

mins. 10 μM OPP was added to the axon compartment for 2 hours in proNGF-treated and 

control untreated filter cultures, washed with PBS and lysed with lysis buffer.

Biotinylation click reaction was performed using 5 mM biotin-PEG3-azide. Proteins were 

then precipitated with 5 vols of acetone until precipitate was observed and stored overnight 

at −20°C. Proteins were further prepared for mass-spectrometry analysis by methanol 

precipitation, followed by desalting using Zeba Spin columns (7K cutoff, Thermo 89882). 

In new 2-mL tubes eluted samples were pulled down using 80 μL of magnetic streptavidin 

coated beads (Pierce). Beads were washed with urea and samples were stored in cold PBS.

Fifty microliters of axonal protein lysate from each sample were separated on SDS-PAGE, 

followed by in-gel trypsin digestion. Alkylation and trypsin digestion steps were performed 

using 80 μl of 5 mM DTT followed by 10 mM iodoacetamide. Final desalting was 

performed by activated C-18 OMIX tips (Agilent, A57003100K) with 200 μl 99.9% 

acetonitrile + 0.1% formic acid (FA dissolved in HPLC grade water) placed in 2 ml tubes 

with adapters (GL Sciences Japan 5010-2514). Eluates were transferred to 0.6 ml tube, dried 

by SpeedVac.
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Subsequently, equal amounts of peptides from each sample were labeled with one of the 

16-plex TMT reagents. These labeled peptides were combined and further fractionated 

using high pH reversed-phase liquid chromatography (RPLC) on an Acquity UPLC system 

(Waters). Each fraction obtained was subsequently subjected to analysis via RPLC-MS/MS 

on an Orbitrap Fusion Lumos Tribrid Mass spectrometer, which was coupled with an 

Ultimate 3000 nano LC system (Thermo Scientific). The MS/MS spectra obtained were 

searched against UniProt Rat database (29,918 sequences as downloaded 3/12/2022) using 

the Sequest search engine within the Proteome Discovery (V2.4, Thermo Scientific) 

platform for both protein identification and quantitation. Proteins and peptides were 

identified at 1 % false discovery rate.

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

consortium via the PRIDE partner repository with the dataset identifier PXD043846 and 

10.6019/PXD043846. Functional analysis of protein expression data was performed using 

Ingenuity Pathway Analysis (IPA, QIAGEN).

Knockdown of axonal APP

APP siRNA was linked to Penetratin1 (MP Biomedicals) to allow for cell permeability 

(53). Two different APP siRNAs (APP1 372-391 gtgcctagttggtgagttt; and APP2 

1496-1515 tcaacatgctgaagaagta) and a luciferase siRNA as a nonspecific control 

(cguacgcggaauacuucgauu) were synthesized by Dharmacon with a 5’thiol on the sense 

strand and mixed with Penetratin1 (Pen1) at a ratio of 1:10 (Pen1 to siRNA APP) by 

incubating for 1 hour at 37°C. To confirm linkage, Pen1-siRNA APP was run on a 20% non-

reducing gel and compared with unlinked Pen1. Cells were treated with 80 nM Pen1-siRNA, 

while control cells were treated with Pen1 only or with the Pen1-luciferase siRNA. Prior to 

treatment, Pen1-siRNA was heated at 65°C for 10 min and added to the cultures as a 2X 

solution.

Calcium imaging

Calcium imaging was performed in BFCNs grown in microfluidic chambers using Fluo-4 

AM, a cell permeant labeled calcium indicator (Cat# F14201). Fluo4-AM stock solution 

was prepared according to the manufacturer’s protocol. Cells (5 DIV) were treated with 

5μM Fluo4 AM for 1hr in the incubator. Cells were then washed with indicator-free 

media to remove unlinked Fluo4-AM. The cells were further incubated for 30 min with 

the indicator-free media to allow complete de-esterification of intracellular AM esters. 

Cells treated with BAPTA-AM received 15 μM BAPTA-AM for 1 hour, which was then 

replaced with fresh media. This was followed by axonal treatment with proNGF. For siRNA 

knockdown of axonal APP, cells were transfected with Pen1-linked APP siRNA (80 nM) 

for 30 mins. This was followed by treatment with proNGF (20 ng/ml). Cells with or 

without proNGF treatment were compared by time-lapse imaging of Fluo4-AM (Excitation/

Emission: 494/506 nm) to observe changes in fluorescence as a response to the treatment 

with images captured every 20 min, over 20 hours. Time-lapse images were obtained using 

Zeiss LSM 510 META confocal microscope and analyzed to show changes Ca 2+ levels 

in BFCNs using Image J software by quantifying the ratio of change in Fluo4 intensity, 

normalized to the initial intensity per axon (ΔF/F0).
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Experimental Design and Statistical Analyses

In all experiments “n” refers to the number of independent experiments performed using 

cell cultures established from separate litters. Statistical analysis was performed in Prism 

5.0 software (GraphPad). Image analysis was performed using ImageJ software. All 

measurements are shown as mean ± SEM. For samples defined by one factor, data were 

analyzed by one-way ANOVA with Tukey’s post hoc multiple-comparisons test when three 

or more independent group of samples were compared. For samples defined by two factors, 

data were compared by two-way ANOVA with Sidak’s post hoc multiple-comparisons 

test. For in vivo experiments, sample size (n) was defined as the number of mice that 

were quantified. For in vitro experiments, sample size (n) was defined as the number 

of independent experiments obtained from separate pregnant rats. P values <0.05 are 

considered significant. Figure each figure, the statistical test, sample size (n), and the p 

values are reported in the figure legends specific to each experiment. Epifluorescent images 

were assembled using Adobe Photoshop.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. proNGF promotes retrograde degeneration of basal forebrain cholinergic neurons 
(BFCNs) in microfluidic cultures through p75NTR.
(A to C) Schematic of the experiment in (A), in which E16 rat basal forebrain neurons were 

cultured in microfluidic chambers for 5 DIV and traced with CTB Alexa-488 retrogradely, 

from the axon. Propidium iodide (PI) was added to the soma compartment to identify dying 

neurons following treatment. ProNGF was applied to either soma or axon, as indicated in 

each figure or legend. Imaging in (B and C) are representative images of p75NTR (green), 

TrkB (red), and β-tubulin III (Tuj1) in wild-type BFCN axons and somas cultured and 
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treated as described in (A), from at least 5 experiments. Scale bars = 20 μm (B), 50 μm 

(C). (D) Live-cell imaging for axon fragmentation (CTB) and PI uptake in the nucleus 16 

and 24 hours after axonal proNGF stimulation. BF, brightfield. Scale bar = 10μm. Images 

are representative of 5 experiments in wild-type BFCNs. (E) From imaging described in 

(D), quantification of dying BFCNs, as the proportion of CTB-positive soma that were PI 

positive, 24 hours after either soma or axonal treatment with proNGF. Data are mean ± SEM 

of n = 5 or 8 independent experiments from separate litters, each experiment with technical 

duplicates and analysis of at least 50 cells per treatment. ****p<0.0001 by one-way ANOVA 

with Tukey’s multiple comparison tests. (F and G) Wild-type BFCN somas in microfluidic 

chambers were co-labeled for TUNEL (green), DAPI (blue) and Tuj1 (grey) and treated 

with proNGF at the soma or the axon. Images were taken 24 hours later (scale bar = 

20μm) and analyzed for the proportion of TUNEL-positive Tuj1-positive cells. Data are 

mean ± SEM of n = 3 independent experiments, each with technical duplicates and analysis 

of at least 50 cells per treatment. **p < 0.01, ***p < 0.001 by one-way ANOVA with 

Tukey’s multiple comparison tests. (H and I) Binary images of Tuj1-immunostained BFCNs 

(scale bar = 20μm) and quantification of axon fragmentation represented as a degeneration 

index comparing BFCNs treated with proNGF in the soma or axons and control untreated 

neurons. Data are mean ± SEM of n = 5 or 8 independent experiments, each with technical 

duplicates and analysis of at least 50 cells per treatment. ***p < 0.001 by one-way ANOVA 

with Tukey’s multiple comparison tests. (J) Analysis of cell death in wild-type BFCNs, 

assessed by live-cell imaging as described in (D and E), 24 hours after axonal treatment 

with proNGF with or without axonal pretreatment with a p75NTR ligand-blocking antibody 

(1 μg/ml for 20 min). Data are mean ± SEM of n = 3 independent experiments, each 

with technical duplicates and analysis of at least 50 cells per treatment. ****p<0.0001 

by one-way ANOVA with Tukey’s multiple comparison tests. (K) Analysis of cell death 

in wild-type (WT) and p75NTR-deficient (KO) BFCNs, assessed by live-cell imaging as 

described in (D and E), 24 hours after axonal proNGF treatment. Data are mean ± SEM 

of n= 3 or 8 independent experiments, each with technical duplicates and analysis of at 

least 50 cells per treatment. ****p < 0.0001 by two-way ANOVA with Sidak’s multiple 

comparison tests. (L) Degeneration index, assessed by Tuj1 immunostaining as described 

in (H), in p75NTR wild-type (WT) and knockout (KO) BFCNs after axonal treatment with 

proNGF. Data are mean ± SEM of n= 3 and 4 independent experiments, each with technical 

duplicates and at least 50 cells analyzed per treatment. ****p < 0.0001 by Sidak’s multiple 

comparison tests.
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Figure 2. Retrograde transport is necessary for BFCN axon degeneration and cell death induced 
by axonal proNGF.
(A and B) Representative images (A) and analysis (B) of CTB and PI labeling in live 

BFCNs in microfluidic cultures stimulated with proNGF with or without ciliobrevin D 

in the axons before (0h) and 24 hours after axonal proNGF treatment. Scale = 10 

μm. Quantification of dying BFCNs (PI+CTB/CTB) after 24-hour axonal treatment with 

proNGF with or without ciliobrevin D in the axons are mean ± SEM from n= 4 independent 

experiments, each with technical duplicates and analysis of at least 50 cells per treatment. 
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**p = 0.01, *p < 0.05 by one-way ANOVA with Tukey’s multiple comparison tests. (C and 
D) Binary images of Tuj1-immunostained BFCNs and quantification of axon fragmentation 

represented as a degeneration index comparing BFCNs treated with proNGF in the axons, 

with or without ciliobrevin D pretreatment in the axons. Scale = 20μm. Data are mean 

± SEM, n = 3 independent experiments, each with technical duplicates and analysis of 

at least 50 cells per treatment. ***p < 0.001 by one-way ANOVA with Tukey’s multiple 

comparison tests. (E and F) BFCN somas in microfluidic chambers co-labeled for TUNEL 

(red), DAPI (blue) and CTB-488 (green) after 24 hours treatment with proNGF (to the 

axon), ciliobrevin D+ proNGF (both axon) or ciliobrevin D (to the soma) + proNGF (to the 

axon). Quantifications of TUNEL+ cells, normalized to CTB, are mean ± SEM of n = 3 

independent experiments, each with technical duplicates and analysis of at least 50 cells per 

treatment. *p < 0.05 by one-way ANOVA with Tukey’s multiple comparison tests. Scale = 

20μm. (G and H) Binary images of Tuj1-immunostained BFCNs, and quantification of axon 

fragmentation represented as a degeneration index comparing BFCNs treated with proNGF 

in the axons, with ciliobrevin D pretreatment in the axons or somas. Scale = 20μm. Data 

are mean ±SEM, n = 3 independent experiments, each with technical duplicates and analysis 

of at least 50 cells per treatment. *p < 0.05 by one-way ANOVA with Tukey’s multiple 

comparison tests.

Dasgupta et al. Page 22

Sci Signal. Author manuscript; available in PMC 2024 October 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. JNK activity is necessary for proNGF induced retrograde BFCN cell death but not 
axon degeneration.
(A and B) Western blot images of total and phosphorylated JNK levels in the BFCN axon 

and soma lysates after axon stimulation with proNGF for 15 and 30 mins. Quantification 

of p-JNK is relative to JNK in the axon and soma lysates. Data are mean ± SEM, n = 

4 independent experiments. *p < 0.05, **p < 0.01. (C and D) Western blot images and 

analysis of total and phosphorylated JNK with β-actin in the BFCN axon and soma lysates 

after axon stimulation with proNGF for 15 and 30 mins with or without JNK inhibitor II 

in the axons. Data are mean ± SEM, n = 6 independent experiments. **p < 0.01, *p < 

0.05. (E) BFCNs plated in microfluidic chambers were pre-treated with JNK inhibitor II 

in the axons before axonal proNGF treatment [“(A)” in axis labels = axonal application]. 
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Quantifications of the proportion of PI+ CTB BFCNs after 24 hours treatment are from n = 

4 or 5 independent experiments. ****p < 0.0001. (F and G) Binary images of Tuj1-labeled 

BFCNs 24 hours after axonal application of JNK inhibitor II, proNGF, or both, and control 

untreated BFCNs, with quantification of a degeneration Index. Data are mean ± SEM from n 

= 3 or 4 independent experiments per treatment. Scale bar = 20μm. p** < 0.01, p* <0.05. All 

statistical analyses (B to G) were performed using ordinary one-way ANOVA with Tukey’s 

multiple comparisons test.
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Figure 4. Nascent protein synthesis in the axons is necessary for proNGF induced retrograde 
BFCN cell death and axon degeneration.
(A and B) Imaging for CTB-488 (green) and puromycin (red) in axons of untreated (ctrl) 

BFCNs and those treated at the axon with proNGF and puromycin (puro) for 30 min 

and 1 hour in microfluidic chambers. Quantification of mean intensity of puromycin in 

CTB+ proNGF-treated vs. untreated axons. Data are mean ± SEM of n = 3 independent 

experiments, each with technical duplicates and analysis of at least 50 cells per treatment. 

In image and graph labels, “(A)” indicates axonal treatment. *p < 0.05. Scale bar = 10μm. 
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(C and D) BFCNs plated in microfluidic chambers were pre-treated with cycloheximide 

(cycx) in the axons before proNGF treatment at the axon. Binary images of β-tubulin (Tuj1) 

staining of microfluidic cultures (C), and quantification of a degeneration index in the axons 

24 hours after treatment (D). Scale bar = 20μm. Data are mean ± SEM of 4, 5, or 12 

independent experiments, each with technical duplicates and analysis of at least 50 cells 

per treatment. *p < 0.05, n.s. = not significant/p > 0.05. (E) Quantification of PI+ CTB+ 

relative to CTB+ BFCNs 24 hours after the indicated treatment, assessed by live imaging. 

Data are mean ± SEM, n = 3 to 9 independent experiments, each with technical duplicates 

and analysis of at least 50 cells per treatment. ****p<0.0001. All statistical analysis (B to E) 

was performed using ordinary one-way ANOVA with Tukey’s multiple comparison tests.
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Figure 5. proNGF induces new protein synthesis in the axons, associated with cell death and 
degeneration.
(A and B) Axons of BFCNs plated in filter cultures were treated with proNGF for 30 min, 

followed by capture of nascent axonal proteins using O-propargyl-puromycin (OPP), which 

were subjected to mass spectrometry (A) and IPA analysis (B). Samples from 3 independent 

experiments were combined for analysis. Predicted increases are represented with a scale 

of orange, predicted decreases represented with a scale of blue, and no significant change 

in prediction is represented with white. (C) Functional network of significantly regulated 
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proteins from (A) created using IPA analysis with APP as a central regulator. Predicted 

increase in measurement is represented in red; activation in orange; inhibition in blue. (D 
and E) Western blotting and analysis of APP levels in the BFCN axons and somas after 

axon stimulation with proNGF for 15 min to 2 hours. Density was quantified relative to 

that of β-actin. Data are means ± SEM of n = 3 to 5 independent experiments. *p<0.05, 

**p<0.001 by ordinary one-way ANOVA with Tukey’s multiple comparison tests. (F and 
G) Western blot analysis of APP and β-actin levels in the BFCN axons and somas after axon 

or soma stimulation with proNGF for 1 or 2 hours. Quantification and statistical analysis as 

in (E), from n = 3 independent experiments per treatment.
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Figure 6. APP regulates JNK activation in response to proNGF in the axons.
(A to F) Western blot analysis of total and phosphorylated (p-) JNK, APP and β-actin in 

BFCN axon lysates after axon stimulation with proNGF for 15 and 30 mins with or without 

(A to C) JNK inhibitor II or (D to F) APP siRNA application in the axons. Data are mean ± 

SEM, n = 6 (A to C) or 4 (D to F) independent experiments per treatment; *p < 0.05, p** < 

0.01, ANOVA with Tukey’s multiple comparison tests.
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Figure 7. APP mediates proNGF-induced retrograde axon degeneration and cell death in 
BFCNs.
(A to F) Western blotting and analysis of APP expression (100 kDa) in (A and B) whole 

BFCN cultures when treated with the first of two Pen1-linked siRNAs for APP (siRNA 

APP1) for 2 to 24 hours, or (C to F) in axon lysates from BFCNs treated at the axons 

with proNGF after a 30-min pretreatment at the axons with either of two siRNAs to 

APP [siAPP1 (as in A) or siAPP2] or cycxloheximide. Controls were untreated (ctrl) and 

application of siRNA against luciferase. Density of APP was calculated relative to that 

of β-actin. Data are mean ± SEM from n= 4 independent experiments; *p < 0.05, **p < 

0.01 by one-way ANOVA with Tukey’s multiple comparison tests. (G to J) Analysis of 

degeneration in BFCNs treated with proNGF with or without deficiency in APP. In (G), 

BFCN somas in microfluidic chambers were co-labeled for TUNEL (red), DAPI (blue) and 

CTB-488 (green) after 24 hours treatment as indicated, with quantification of the proportion 

of TUNEL-positive CTB+ soma in (I). Scale bar = 20 μm. In (H), BFCNs treated as 

indicated were Tuj1-immunostained; binary images are representative, with quantification 

Dasgupta et al. Page 30

Sci Signal. Author manuscript; available in PMC 2024 October 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of axon fragmentation in (J). In both graphs, data are mean ± SEM from n= 3 independent 

experiments, each with technical duplicates and at least 50 cells per treatment; *p < 0.05 by 

one-way ANOVA with Tukey’s multiple comparison tests.
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Figure 8. ProNGF-induced BFCN axon degeneration involves APP mediated Ca2+.
(A) Representative images of BFCN axons loaded with 5 μM Fluo4-AM (green) in control 

untreated axons, treated as indicated at the axon, from 10 to 14.6 hours (280 mins, 20-min 

lapses) after treatment, representative of 3 or 4 independent experiments. Corresponding 

axon images with Fluo4-AM and Brightfield at 0mins and 280mins. Scale bar = 50 μm, 

40X. (B to E) Time series of the change in Fluo4-AM intensity (ΔF/F0) 2 hours after 

the indicated pretreatment, at the axon, and comparison of ΔF/F0 between treatments at 

12.5 hours. Data are from n= 3 or 4 independent experiments, each with an analysis of 
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at least 5 axons per treatment. ProNGF data sets are the same, for comparison. *p < 0.05 

by one-way ANOVA with Tukey’s multiple comparison tests. (F) Quantification of dying 

BFCNs (PI+CTB/CTB) after 24 hours axonal treatment with proNGF with or without 

ALLN in the axons, analyzed by live imaging. Data are mean ± SEM, n= 3 independent 

experiments and analysis of at least 50 cells per treatment. ****p < 0.0001, ***p < 0.001 

by one-way ANOVA with Tukey’s multiple comparison tests. (G and H) Binary images of 

Tuj1-immunostained BFCNs treated as indicated, with quantification of axon fragmentation, 

represented as a degeneration index. Scale bar = 50 μm, 20X. Data are mean ± SEM from 

n = 3 independent experiments and analysis of at least 50 cells per treatment. *p < 0.05 by 

one-way ANOVA with Tukey’s multiple comparison tests.
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Figure 9. Model of proNGF-p75NTR retrograde degeneration and cell death.
Exposure of axon terminals to proNGF elicits local protein synthesis of APP within the 

axon, which promotes increased intracellular calcium levels, leading to calpain activation 

and axon degeneration and cell death. Activation of p-JNK signals retrograde cell death, but 

not axon fragmentation. Retrograde transport mediated by dynein is necessary for both axon 

degeneration and cell death, although identification of the transport cargo requires further 

investigation. Created in BioRender.com.
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