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1 EXECUTIVE SUMMARY 
Introduction. Nerve Growth Factor (NGF) was discovered by Rita Levi-Montalcini MD PhD in 1952 [1] 
(Hamburger 1949 [2]; Cohen 1954 [3]; Levi-Montalcini 1976 [4]; Aloe 2004, 2012 [5, 6]). Nerve Growth Factor 
has been considered as a therapeutic agent for multiple, mostly neurodegenerative conditions (Rocco 2018 
[7]). This review does not consider NGF as a potential, directly acting therapeutic agent. Rather, the scientific 
case is considered for NGF as a delivery facilitating moiety, to target the intraneuronal environment of 
peripheral nerves.   
Historical review: methodology. This review considered the published literature as to exogenous 
administration of NGF selective binding, internalization (endocytosis or phagocytosis), and axonal transport. 
This is not a systematic, but an historical narrative that identifies references from key papers as the main 
process. The review was conducted independently of the review paper, “Receptor binding, internalization, and 
retrograde transport of neurotrophic factors” (Neet and Campenot 2001 [8]).  
One outcome of this review was noting that most of the basic research into the selective binding, 
internalization, and axonal transport of NGF appears to have been completed by 2000. Since then, research 
has focused on various defects involving these processes in disease.  
Product in development: the Nerve Growth Factor-fluorescent dye conjugate. This review examines the 
published literature of selected pharmacokinetics (PK) of Nerve Growth Factor (NGF), namely the emphasis on 
the mechanism and timing of binding to its receptors, whether the endocytosis of conjugates was possible, and 
the velocity of absorption, or retrograde axonal transport. Separately, we compared the published literature to 
results to date of our fluorescent dye-NGF conjugate, 800-rhNGF.  
We are developing 800-rhNGF, a conjugate in which a known fluorescent dye in the 800 nanometer (nm) 
region is attached directly to amino acids located on the surface of recombinant human Nerve Growth Factor, 
NGF (800-rhNGF). Proprietary synthetic protocols leave both the dye free to fluoresce and NGF free to bind to 
its high and low affinity receptors, both of which are known. The first indication for 800-rhNGF is as a surgical 
guidance tool, a nerve imaging agent to be used in radical prostatectomies, in which localized, mostly early-
stage prostate cancer is resected surgically.  
After this review of the NGF literature, two separate comparisons evaluated whether the published NGF 
literature supported (i) the results of 800-rhNGF observed in non-GLP (GLP, Good Laboratory Practice) in rat 
studies to date (n=46) - yes; and (ii) the criteria for clinical workflow, as defined to us unanimously in detailed 
due diligence questions to urologic cancer surgeons – yes. Not reviewed are the characteristics of an 800 NIR 
dye which would also meet clinical criteria. Nonclinical results of 800-rhNGF will be published separately. This 
review focuses solely on what is known of the pharmacokinetics and science of NGF. 

• Binding mechanism of NGF partly explains selectivity. It is definitive that (i) NGF binds with high affinity 
for TrkA receptors; (ii) NGF also binds to the low affinity, “pan-neurotrophin” p75 receptor; (iii) binding to 
TrkA occurs within 3-6 min, to p75 within seconds (in PC12 cells, Godfrey and Shooter 1986; Senger and 
Campenot 1997 [9, 10]); (iv) TrkA and relatively more p75 receptors (percentage unknown) are expressed 
at the distal ends of nerves (Godfrey and Shooter 1986 [9]); and (v) TrkA is genetically encoded, and is 
highly homologous in all mammals, including humans ([11-13]).  



 
For example, in an oncological resection of the prostate, the peri-prostastic space (“bed” of the initial 
surgical incision) enables access to TrkA and p75 receptors newly exposed after surgical incision. The 
other part of selectivity is that 800-rhNGF will ‘pool’ in the surgical space created by the incision. The 
relative benefits of localized vis-à-vis systemic administration are not reviewed here.  

Table 1. Criteria for clinical utility for a nerve imaging agent to aid radical prostatectomies 
Application At beginning of procedure, intra-operatively, interstitially (topically) to the peri-prostatic space (bed of 

initial surgical incision). No need to target any particular anatomical feature; 

Wash Wash with saline three times (3X) after 15-30 min; 

Durable Can be imaged at end of procedure, ~ 2h; 

Safe Degrades safely, so patient can be sutured up at the end of ~ 2h surgery; 

Clinical goal Does not interfere with primary goal, which is cancer control (does not tell surgeons what to do); and 

Benefits 

Intra-operative, intrastitial (topical, peri-prostatic) application should reduce systemic dose. Localized 
application of 800-rhNGF is likely to reduce patient in-surgery time, and reduce hospital cost if less time 
is spent in surgery and/or in hospital, if a day in hospital is spent if a nerve imaging agent is injected 
intravenously (IV).  

 
Not all nonclinical experiments distinguished carefully between whether the pro or mature form of NGF was 
used. It is critically important to understand this selection, since only the mature form binds to TrkA 
receptors (Luberg 2015; Fahnestock 2001; Ioannou and Fahnestock 2017; Shekari and Fahnestock 2019 
[14-17]). For example, the 800-rhNGF nerve imaging agent under development uses only the mature form 
of NGF. As discussed further in Appendix D, “oncogene” describes the pro form of NGF, which is produced 
endogenously in adult mammals [18], but proNGF does not bind TrkA. 

Endocytosis. The term endocytosis correctly describes endocytosis (“internalization”) of all proteins. What is 
reviewed here is the endocytosis of NGF-TrkA-(p75). It is known that the NGF-TrkA complex is moved 
intraneuronally, specifically on a ‘surface-bound’ path, on the outside of microtubules (Peters 1968, 1991 [19, 
20]; Rodriquez Echandia 1968 [21]; Burton P.R. 1984 [22]; Ure and Campenot 1997 [23]; Garvalov 2006 [24]).  
Not reviewed are the specific mechanisms or the destination sites of transport of anterograde transport. What 
is not definitive is what primary and secondary signals are sent after NGF-receptor binding, and by what, to 
initiate endocytosis and then fast and slow retrograde axonal transport. Key findings from this review are: 
(i) NGF is endocytosed with receptors TrkA and/or p75;  
(ii) The NGF-receptor complex is probably transported in clathrin-coated vesicles (Howe 2001 [25]; Brown 

2013 [26]);  
(iii) NGF has been previously modified to involve even larger complexes than by comparison, the 800-rhNGF 

conjugate under development (mature form NGF kDA 26.3 is bound to fluorescent dye, MW 1015); and  
(iv) Once endocytosed, NGF-TrkA is loaded onto the retrograde axonal transport system with relatively high - 

85% - efficiency (Ure and Campenot 1997 [23]).  
Axonal transport. It is definitive that: 
(i) Axonal transport includes NGF and other proteins;  
(ii) There are fast (Brady 1984, 1993 [27, 28]; Brady 1985b [29]; Treanor 1995 [30]; Senger and Campenot 

1997 [10]; Butowt and von Bartheld 2009 [31]) and slow components of axonal transport (Ure and 
Campenot 1997 [23]; Senger and Campenot 1997 [10]). The half-life of slow, retrogradely transported 
NGF in vitro is estimated at 6h (Ure and Campenot 1997 [23]);   

(iii) Slow and fast axonal transport begins retrogradely (from the periphery to the neuronal cell body) (Hendry 
1974a [32]; Brimijoin and Helland 1976 [33]; Allen 1982 [34]; Brady 1982 [35]; Stenoien and Brady 1999 
[36]; Butowt and von Bartheld 2009 [31]);  

(iv) In the neuronal cell body, the NGF-receptor complex is degraded into non-toxic components primarily by 
proteolysis - by nucleases, proteases, esterases, glycosidases, lipases, phosphatases and sulfatases 



(Avers 1982 [37]; Sheeler 1983 [38]; Parton and Dotti 1993 [39]; Hosang and Shooter 1986 [40]; 
Vissavajjhala 1992 [41]; Neet and Campenot 2001 [8]; Boutilier 2008 [42]; Frampton 2012 [43]); and 

(v) Degraded, non-toxic NGF-receptor fragments are moved anterogradely (“orthograde” or anterograde 
axonal transport), back to the periphery, channeling various products into various neuronal channels (Sec 
3.3  Stenoien and Brady 1999 [36]; Butowt and von Bartheld 2009 [31]). 

Future publications of nonclinical results of 800-rhNGF. Nonclinical results of 800-rhNGF will be published 
in the future. Significantly, since the expression of Trk receptors is highly homologous in all mammals, the non-
GLP results to date in rat are clinically predictive. After NGF binds to TrkA and/or p75 receptors, absorption of 
the NGF-receptor complex continues after wash, when the NGF-TrkA complex is loaded onto the retrograde 
axonal transport system. ‘What the surgeon sees’ in the display of an imaging system is the 800 dye - not 
indocyanine green (ICG) (Vahrmeijer 2013 [44]).  
Ninety-nine per cent of the installed base of imaging systems are designed to detect a dye that fluoresces in 
the 800 nm region: indocyanine green (ICG). The ability to visualize the 800 dye in 800-rhNGF has been 
confirmed to date not only in all rat studies (total n=103), but also in two canine studies (n=2) that evaluated 
two different marketed imaging systems. Both those imaging systems were designed to detect ICG, and 
approved for marketing. This review does not discuss imaging systems. Future publication of nonclinical 
results of 800-rhNGF will include:   
(i) Dose range-finding studies (completed in rat, 1.0 mg/ml for Dye-Adduct-Ratio DAR2);  
(ii) Signal-to-Background Ratio (SBR) calculations, from nerve-to-muscle (not nerve-in-adipose tissue) 

measurements. As expected, SBR results reflect ‘steady state’ and the larger cargo size of the DAR2 
variant: the SBR DAR2 was only ~ 25% higher than DAR1, even though number of molecules doubled 
in the DAR2 variant from the DAR1 variant. In addition to the bioconjugation parameters, key 
determinants were also the “brightness” of 800-rhNGF and sensitivity of the imaging systems;  

(iii) Histology, using co-localization, TrkA was confirmed as a binding mechanism for 800-rhNGF. Neither 
the binding of NGF to p75 nor the TrkA-p75 complex were assessed histologically; and 

(iv) Canine studies, within the terms of the Non-Disclosure Agreements (NDAs) signed with three firms to 
date. A fourth has expressed interest.  

 
Contents of this Review     
• In Sections 1 – 3 below, we review the selective binding, endocytosis, and axonal transport of NGF. 

• Section 4 summarizes key findings from this review. 
Appendix A: abbreviations 
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Appendix C: reports of fast and slow rates of retrograde axonal transport 
Appendix D: TrkA is described in early studies as a proto-oncogene 
Appendix E: next steps, including preliminary benchmarks of component safety 
Appendix F: suggested further reading 
Appendix G: narrow and broad definition of families of neurotrophins 
Appendix H: axotomization, when nerves are severed and regrow  
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1 STEP ONE:  SELECTIVE BINDING OF NERVE GROWTH FACTOR TO TROPOMYOSIN KINASE A 
RECEPTOR IS GENETICALLY ENCODED 

Table 1. Criteria for clinical utility for a nerve imaging agent to aid radical prostatectomies 
Application At beginning of procedure, intra-operatively, interstitially (topically) to the peri-prostatic space (bed of 

initial surgical incision). No need to target any particular anatomical feature; 

Wash Wash with saline three times (3X) after 15-30 min; 

Durable Can be imaged at end of procedure, ~ 2h; 

Safe Degrades safely, so patient can be sutured up at the end of ~ 2h surgery; 

Clinical goal Does not interfere with primary goal, which is cancer control (does not tell surgeons what to do); and 

Benefits 

Intra-operative, intrastitial (topical, peri-prostatic) application should reduce systemic dose. Localized 
application of 800-rhNGF is likely to reduce patient in-surgery time, and reduce hospital cost if less time 
is spent in surgery and/or in hospital, if a day in hospital is spent if a nerve imaging agent is injected 
intravenously (IV).  

 
1.1 Key points 
The processes of selective binding, endocytosis, and axonal transport have been reported for many proteins. 
This review considers these processes only as they relate to Nerve Growth Factor (NGF). Although binding, 
endocytosis, and axonal transport in reality are a continuous process, defining them separately as distinct 
processes is arbitrary, but convenient for discussion.  
There is a body of evidence that NGF binds to both the high affinity tropomyosin kinase A (TrkA) and the low 
affinity ‘pan-neurotrophin’ p75 receptors. The “NGF binds to TrkA and p75” idea is deliberately simplistic 
because TrkA can be tested histologically. Not discussed are the isoforms of TrkA (Luberg 2015 [14]) or 
possibly non-genetic factors such as TrkA receptor co-factors and/or co-receptors (Trouvilliez 2023 [45]).  
Complicating the interpretation and/or reliability of published reports is whether the NGF uses the pro or the 
mature form of NGF: only the mature form binds to TrkA (Kliemannel 2007 [18]). The neurotrophin BDNF and 
its high affinity receptor TrkB have functions like the NGF-TrkA receptor. Like NGF, BDNF occurs in both the 
pro and mature form of protein, and the TrkB receptor may promote apoptosis or growth (Mandel 2009 [46]).  
This review discusses first TrkA, then p75, before considering the evidence of their co-occurrence. It is 
definitive that -  
(i) NGF binds with high affinity for tropomyosin kinase A receptors, or TrkA (not tyrosine kinase);  
(ii) TrkA is genetically encoded in all mammals, including in humans; 
(iii) NGF also binds to the low affinity, pan-neurotrophin p75 receptor;  
(iv) Binding to TrkA takes place within 3-6 min; binding to p75 may occur within seconds;   
(v) TrkA and p75 receptors are expressed only at the distal ends of sensory nerves; and 
(vi)  When TrkA and/or p75 are bound, it is known that phosphorylation occurs almost immediately, but then 

signaling does also. However, the complex process of signaling has not been elucidated.  
What is not definitive is the sequence of when and under what circumstances TrkA and p75 are complexed, 
nor is it known what signals are sent after their binding and complexation. In the ‘steady state’ that 
characterizes slow retrograde axonal transport (Ure and Campenot 1997 [23]), the NGF-TrkA complex – where 
TrkA receptors are saturated - is transported to and degraded in the neuronal cell body, then recycled 
proteolytic materials are transported anterogradely (Stenoien and Brady 1999 [36]; Butowt and von Bartheld 
2009 [31]). The concept of ‘steady state’ may be further modified by cargo size (Roy 2014 [47]).  
In nonclinical results, the NGF-fluorescent dye conjugate 800-rhNGF was designed to leave the TrkA binding 
sites of NGF unimpeded after bioconjugation. Selective binding occurred in 100% of experiments, regardless 
of dose and/or regardless of Dye-Adduct-Ratio (DAR, number of dye molecules per NGF) (total studies 
n=103). We attributed this effect due to the robustness and ubiquity of the TrkA binding mechanism. ‘What the 
surgeon sees’ in ICG-enabled equipment is the dye, not NGF. Although the p75 receptor is not specific to 
sensory neurons, when 800-rhNGF is applied to a compartment, e.g., peri-prostatic space in radical 



prostatectomies, it should localize mainly to sensory nerves via TrkA and/or p75 receptor binding, then 
endocytosis, and retrograde axonal transport for the duration of the surgical procedure.   
It is its high affinity for TrkA receptors that enables the selectivity of 800-rhNGF for sensory neurons only. 
Although some consider the sensory-nerve-only parameter a restriction, our view is that any restriction is 
outweighed by the benefits of NGF selectivity.   
1.2 Seventy years since the discovery of Nerve Growth Factor 
Nerve Growth Factor (NGF) was discovered by Rita Levi-Montalcini MD PhD in 1952 [1] (Hamburger 1951 [2]; 
Cohen 1954 [3]; Levi-Montalcini 1976 [4]; Aloe 2004, 2012 [5, 6]). Observing initially that NGF acted on both 
the “survival and differentiation of selected populations of peripheral neurons,” NGF was considered as a 
therapeutic agent for multiple, mainly neurodegenerative conditions (Rocco 2018 [7]).  
Broadly, neurotrophins including NGF are mainly produced endogenously by glial cells (Heumann 1987a,b [48, 
49]; Acheson 1991 [50]; Yoshida and Gage 1992 [51]), peripheral neurons in the peripheral nervous system 
(PNS) (Ernfors 1992 [52]; Schecterson and Bothwell 1992 [53]; Acheson 1995 [54]), and in the brain and spinal 
cord, in the central nervous system (CNS) (Richardson 1986 [55]). Nerve Growth Factor is produced during 
development and maturity, and with TrkA, endogenous NGF may designate survival or apoptosis (Yan 2002 
[56]), or growth or maintenance.  
Although the amount of endogenous NGF produced varies depending on the tissue of origin (Alastra 2021 
[57]), it is practically ubiquitous: “ …. Endogenous NGF is found in “every peripheral tissue/organ that is 
innervated by sensory afferents and/or sympathetic efferents” (Micera 2003 [58]; Lambiase 2004 [59]; Aloe 
2012 [6]; Aloe 2015 [60]; Minnone 2017b [61]). In the PNS, NGF can be found in sensory, sympathetic and 
parasympathetic cells, cardiovascular cells, and autonomic neurons. Both the pro and the mature form occur 
endogenously (Kliemannel 2007 [18]; Fahnestock 2001 [15]; Hempstead 2014 [62]; Ioannou and Fahnestock 
2017 [16]; Shekari and Fahnestock 2019 [63]).  
The neurotrophin brain-derived neurotrophic factor (BDNF) and its high affinity receptor TrkB have similar 
functions as the NGF-TrkA receptor. This paper does not include an historical review of the selective binding of 
BDNF, endocytosis of the BDNF-receptor complex, and its axonal transport. Like NGF, BDNF occurs as both 
the pro and mature form, and where the TrkB receptor may promote apoptosis or growth (Mandel 2009 [46]).  
1.3 Selective binding: significance 
Like many biologic phenomena, selectivity does not mean exclusivity (i.e., NGF does not bind exclusively to its 
high affinity receptor TrkA). The concept of selective binding of NGF to TrkA is significant because it can 
explain:  
(i) How a nerve imaging agent such as 800-rhNGF constructed with NGF can localize to, and be absorbed 

mainly by at-risk nerves in the “new surface” exposed in the “bed” of a surgical incision; and 
(ii) Why the two effects of binding and localization to the surgical space can be observed in multiple 

locations modeling other surgical incisions where sensory and/or motor neurons are involved.  
Although this review focuses on NGF, it is known that BDNF binds to its high affinity receptor TrkB on, for 
example, the TrkB receptors expressed on Retinal Ganglion Cells (RGCs), a layer of cells in the posterior of 
the eye. Similar to NGF and its selective binding to TrkA, BDNF binds to TrkB and p75. It is believed that 
BDNF plays a role both in the neuroprotection of RGCs (Fudalej 2021 [64]).  
The events required to transport BDNF after binding to its high affinity receptor TrkB are less well studied than 
for NGF and TrkA, but appear to be similar to those of NGF/TrkA (Kahl 2019 [65]). In cancer resections, for 
example, only sensory nerves are at risk in prostate cancer (cavernous nerves) and breast cancer 
reconstruction (axillary nerves). Not considered here is the conjugation of the same dye to rhBDNF (800-
rhBDNF). Because they do not compete for the same receptors, NGF and BDNF may be combined for 
surgeries in which sensory-motor nerve groups are at risk. In principle the combination can address the 
remainder of all other cancer surgeries – sensory and motor nerve groups - without sacrificing selectivity.  
1.4 Selective binding: endogenous and exogenous Nerve Growth Factor 
It is well established that TrkA receptors are expressed mainly on the distal ends (nerve endings) of sensory 
(sympathetic) nerves (Toma 1997 [66]). Selective binding describes NGF’s high affinity for, but not exclusive 



binding to TrkA (Rodriguez-Tebar 1990, 1992 [67, 68]; Yancopolous 1990 [69]; Soppet 1991 [70]; Benedetti 
1993 [71]; Windisch 1995 [72]; Belliveau 1997 [73]; Arévalo 2004 [74]).  
All tropomyosin kinase (Trk) high affinity receptors – TrkA, TrkB, and TrkC - are encoded by Trk genes NTRK1, 
NTRK2, and NTRK3, respectively (Jiang 2021 [75]): for TrkA (Johnson 1978a, 1987; Martin-Zanca 1989 [76-
78]; for TrkB (Klein 1989 [79], 1990a,b, 1991a,b [79-83]; Middlemas 1991 [84]; Squinto 1991 [85]); and for 
TrkC (Martin-Zanca 1986, 1989 [78, 86]; Lamballe 1991a [87]).  
The cellular events required to bind, endocytose, and transport NGF retrogradely are known (Johnson 1978a; 
Hendry 1974a; Stoekel and Thoenen 1975; Goedert 1986; Palmatier 1984; Korsching and Thoenen 1988; 
Barde 1982; Cordon-Cardo 1991 [32, 76, 88-93]), and involve high affinity TrkA receptors (Johnson 1978a; 
Martin-Zanca 1989; Lamballe 1991a; Hempstead 1991; Barbacid 1991 [76, 78, 83, 87, 94, 95]) and low affinity, 
pan-neurotrophin p75 receptors (Roux and Barker 2002 [96]). In addition, guiding the synthesis of the 800-
rhNGF conjugate so that NGF’s receptor binding activity remains intact after synthetic manipulation, the amino 
acids - key external residues - that bind to NGF are also known (Wiesmann 1999 [97]; Ultsch 1999 [98]).  
As noted by Palmatier 1984: 

“Many NGF effects are mediated by the binding of NGF to the receptor [TrkA] …. ” (Loeb 1991 [99]; Loeb and 
Greene 1993 [100]; Ibáñez 1992 [101]; Senger and Campenot 1997 [10]). Whether physiological and/or enabled 
by signaling, selective binding of the NGF-TrkA complex also initiates the processes of internalization and 
retrograde axonal transport (Palmatier 1984 [90]).  

Early studies i.e. Loeb 1991 and Loeb and Greene 1993 used a cell line, PC12 cells to confirm TrkA binding. 
Although this cell line reliably reports TrkA binding, cells do not recapitulate the neuroanatomy of axons and 
cannot be used to study retrograde transport. Table C.3 in Appendix C includes studies in PC12 cells that 
confirm receptor binding. We consider reports using PC12 as distinct from those that report axonal transport, 
i.e., involve the neuroanatomy of microtubules.  
Historically, two receptors for NGF – a high affinity (“slow”) and low affinity (“faster”) – were identified. The high 
affinity receptor was termed “gp140prototrk,” and was initially identified as a unique 143 kDA protein (Hosang and 
Shooter 1985 [40]). Then in 1991, it was the Shooter lab at Stanford University who elucidated the structure of 
the TrkA receptor as the larger of two receptors to which NGF binds (Meakin and Shooter a,b 1991 [102, 103]; 
Meakin 1992 [104]; Barker 1993, 1994 [105, 106]; Drinkwater 1993 [107]. Like TrkA, p75 is a transmembrane 
glycoprotein of 80-85 kDA (Chao 1986 [108]; Johnson 1986 [109]; Radeke 1987 [110]; Rodriguez-Tebar 1992 
[68]).  
Although not directly involved in that work in the Shooter group, Gene Burton, a co-author of this review, was in 
the Shooter lab at the time, but left Stanford in early 1982 for a post-doctoral position. Later, at Genentech, 
Burton wrote a book chapter on the manufacturing of neurotrophins (L.E. Burton [111]). Nerve Growth Factor 
was not patented. All manufacturing patents have since expired. The mature form of recombinant human NGF 
(rhNGF) may be easier to produce as a biosimilar because it is not glycosylated (L.E. Burton, personal 
communication).  
Finally, the terminology for the tropomyosin kinase receptors that determine selective binding can be confused 
with terminology for their gene products – tyrosine kinase receptors (Jiang 2021 [75]). By 2017, the number of 
tyrosine kinase receptors that had been identified was at least 90. The tyrosine kinases are druggable 
(“tyrosine kinase inhibitors,” TKIs). The first TKI developed as a therapeutic agent was approved in 2001: 
imatinib, or Gleevec™ (Espada 2017 [112]; Cohen 2021 [113]; Ip 1993a [114]).  
1.5 Selective binding: bioassays recapitulate neuroanatomy, to model key processes 
Remarkably, even in 1977, when the receptor now known as TrkA was not yet known, in a bioassay system 
that recapitulated neuroanatomy (“compartmented cultures”), Campenot observed that exogenous NGF was 
absorbed specifically at “peripheral nerve terminals” (Campenot 1977 [115]). Functionally, local application of 
NGF to distal ends (nerve terminals) of sympathetic neurons is sufficient to elicit a local growth response, 
including sprouting (Appendix H) in vitro (Campenot 1977 [116], Campenot 1982a [117], 1994 [118]) and in 
vivo (Miller 1994 [119]. 
The compartmented cultures bioassay separated the nerve terminals (distal ends) of Superior Cervical Ganglia 
(SCG) neonatal rat neurons physically and physiologically from nerve bodies (proximal ends). In its 
development, Campenot relied on his background in physics and evoked potentials, but also on previous 
results (Levi-Montalcini 1976 [4], 1980 [120]; Hendry 1974a [32]; Stöckel 1974 [121], Hendry 1975 [122]; 



Hendry 1974a, 1972, 1977, Hendry and Campbell 1976 [32, 123-125]; Hendry and Iversen 1973 [126]; Iversen 
1975 [127]). Later, that bioassay system was adapted to add a middle chamber (Campenot 1982a [128]). 
Developing neurons have an absolute requirement for NGF, so neuronal survival indicates that the NGF 
component remains bioactive after synthetic manipulation (i.e., retains its binding function) (Zareen 2009 [129]; 
Jackson and Tourtelotte 2014 [130]). Bioassays of SCGs are now in their next generation as microfluidic 
devices [131-134].  
To biologically characterize 800-rhBDNF, an analogous bioassay exists for neuronal survival of BDNF and its 
high affinity receptor TrkB. That bioassay shows that BDNF retains its binding ability after synthetic 
manipulation (Kahl 2019 [65]). In a bioassay of BDNF function, binding to TrkB can be confirmed by neuronal 
survival in neonatal Retinal Ganglion Cells (RGCs) (Barres 1988, Winkler 2014 [135, 136]).  
1.6 Selective binding: differential distribution of exogenously delivered neurotrophins 
Experimentally, the selectivity of TrkA was tested in several studies in which various neurotrophins NGF, 
BDNF, and NT-3 for example, were introduced exogenously, via different routes. ‘Differential distribution’ 
describes the phenomenon whereby exogenous neurotrophins localize to neurons and neuronal locations 
expressing the Trk receptors that have high affinity for those neurotrophins.  
In other words, selective binding has been observed for NGF and other neurotrophins, illustrating that Trk 
receptors – not just route of administration - guide selectivity. Differential distribution occurs regardless of route 
of administration due to the affinity of Trk receptors, i.e., intracerebrally and intranasally (DiStefano 1992, 
Lindsay 1994, Anderson 1995 Mufson 1999, DiStefano 1994 [137-141]; Belliveau 1997 [73]; Curtis 1995 
[142]).  
1.7 Location of selective binding: TrkA and p75 at the distal ends 
Key to the principle of ‘local control’ is the location of receptors at the distal ends only of sensory nerves. For 
example, in oncologic resections, previously buried nerve endings are exposed at a “new periphery” or “new 
surface.” In 1997, Toma reviewed the NGF literature finding definitively that TrkA receptors are expressed on 
nerve terminals (distal ends) of NGF responsive neurons (Kim 1979 [143]; Carbonetto and Stach 1982 [144]; 
Rohrer and Barde 1982 [145]; Richardson 1986 [55]; Toma 1997 [66]).  
A few reports provide evidence of the location of p75 receptors as adjacent to TrkA receptors, but the quantity 
of p75 receptors relative to TrkA (Godfrey and Shooter 1986 [9]; Miller 1994 [119]) remains unclear. Also 
unclear is where p75 receptors are located (Ross 1984 [146]; Sonnenfeld 1986 [147]; Zimmerman and Sutter 
1983 [148]; Richardson 1986 [55]).  
1.8 Binding of the pan-neurotrophin receptor p75 
In addition to binding to the high affinity TrkA, all neurotrophins also bind to the low affinity, pan-neurotrophin 
p75 receptor, also referred to as NTRp75 (Chao 1994, 2003a [149, 150]; Barker 1994 [105]; Friedman 1999 
[151]; Neet and Campenot 2001 [8]; Roux and Barker 2002, Roux 2001 [96, 152]). The p75 receptor 
‘enhances,’ but does not compete with, the high affinity TrkA receptor (Hempstead 1991 [94]). The two 
receptors are trafficked differently (Curtis 1995 [142]; Pryor 2012 [153]). It is known that the pan-neurotrophin 
receptor p75 also undergoes fast retrograde transport (Hempstead 1991 [94]; Lalli and Schiavo 2002 [154]; 
Chao 2003a [150]; Bronfman 2003 [155]; review, Meeker and Williams 2015 [156]; Huang and Reichardt 2001 
[157]).  
1.9 Selective binding: clinical utility means being able to access TrkA and p75 receptors, and 

having sufficient time to bind 
The clinical utility of an NGF-derived intra-operative product depends on having access to high- and probably 
low-affinity receptors exposed in the “new surface,” and a sufficient distribution and density of those receptors 
on sensory nerve endings. In the handful of studies that we found that published TrkA “maps,” we found it 
difficult to align the age of neurons in development with neurons at maturity (Korsching and Thoenen 1983b 
[158]; Richardson 1986 [55]); the type of nerves, i.e., spinal nerves, Dorsal Root Ganglia (DRG) (Mu 1993 
[159]; McMahon 1994 [160]; Muragaki 1995 [161]); or the species in which studies were done.   
Further, the clinical utility of 800-rhNGF depends critically on the time required for NGF to bind to TrkA and 
p75. For TrkA, it has been reported that 3-6 min are needed for NGF to bind to receptors (Senger and 
Campenot 1997 [10]). The phosphorylation of TrkA begins within a minute of NGF binding to TrkA (Senger and 



Campenot 1997 [10]; Campenot 2009b [162]). For the low affinity p75 receptor, binding can occur within 
seconds in PC12 cells (Godfrey and Shooter 1986 [9]).  
1.10 The case for Nerve Growth Factor binding to both TrkA and p75 
There is evidence that NGF binds to both TrkA and p75:   

• Most 125I-NGF binds within 3-6 min (Godfrey and Shooter 1986 within 5 min, in PC12 cells [9]; Senger and 
Campenot 1997 [10]; evidence for two receptors, Sutter 1979 [163]; Ure and Campenot 1997 [23]); 

• In the earliest studies, there was evidence of the co-occurrence of two receptors, now known as TrkA and 
p75 (Hendry 1974b [164]; Stöckel 1975a [165]). However, the circumstances of co-occurrence have not 
been faithfully replicated due to their different roles in development and maturity, temperature, age of 
neurons, nerve group). Co-occurrence of receptors also seems to affect the duration of their effect: “ …in 
the sensory neuron the selectivity of uptake and transport seems to persist over the whole life span 
whereas the biological response is limited to a very short period” (Stöckel and Thoenen 1975a [165]).  

• In 1986, Godfrey and Shooter quantified that “[p75, lower-affinity receptors] are about 13-fold more 
numerous than the higher-affinity (TrkA) receptors” and that NGF was “initially bound to low-affinity (p75) 
receptors (Godfrey and Shooter 1986 [9]); 

• Measuring the Kd (dissociation constants) for both receptors, Godfrey and Shooter also noted that 10%-
20% of binding appeared to be non-specific, that “[t]he fraction of rapidly dissociating 125I-βNGF increased 
with increasing concentration of 125I-βNGF used for binding, and thus with increasing occupancy of “[p75, 
low-affinity] receptors” (Godfrey and Shooter 1986 [9]). Their report suggested the possibility that NGF 
binds first to low-affinity p75 receptors, then both, then mainly to high-affinity TrkA receptors. By 1997, the 
precise binding sequence to low and high receptors still had not been shown, but co-occurrence had been 
shown to be feasible (Dumas 1979 [166]; Olender and Stach 1980 [167]; Ure and Campenot 1997 [23]); 

• Citing Battleman et al., 1993 [168], Loy et al. speculated that p75 formed part of the NGF-TrkA complex 
(Loy 1994 a,b [169, 170]). The Battleman study was conducted with an HSV-1 vector: 
“Previous equilibrium binding studies have indicated that p75NGFR participates in high-affinity NGF binding” 
(Green and Greene 1986 [171]; Hempstead 1989 [172], Hempstead 1991 [94]; Pleasure 1990 [173]; 
Matsushima and Bogenmann 1991 [174]) and “[w]hether this binding requires the concomitant expression of 
p75NTR has been the subject of debate (Bothwell 1991 [175]; Chao 1992 [176]). See also Lee 1992 [177], 
Chao 1994 [149].” 

• In 1996, von Bartheld et al. conducted an experiment of p75 and TrkB in vitro, in chick optic nerve (von 
Bartheld 1996 [178]). They “implicated” p75 (p75NTR), and made the case that low and high affinity 
receptors are important for retrograde axonal transport: 
“Both p75NTR and trkA are transported retrogradely (Johnson 1987 [77]; Loy 1994 a, b [169, 170]; Ehlers 1995 
[179]). Previous studies on adult and postnatal animals have implicated p75NTR as well as trk receptors as 
mediators of neurotrophin transport (DiStefano 1992 [137]; Yan 1993 [180]; Curtis 1994, 1995 [142, 181]).  

 
2 STEP TWO: INTERNALIZATION (ENDOCYTOSIS) OF THE NERVE GROWTH FACTOR-

TROPOMYOSIN KINASE A COMPLEX  
The term endocytosis (“internalization”) in the context of NGF means absorption at distal nerve endings. For 
NGF, internalization occurs at the distal ends (nerve endings). More broadly, endocytosed (“internalized”) 
describes the process by which other non-neuronal proteins are endocytosed.  
The process of internalization is known to be both physiological and signal enabled. This review focuses on the 
physiological internalization of NGF. It is known that NGF is “internalized,” or loaded onto the retrograde axonal 
transport system via a surface-bound process, and that loading is a relatively efficient process, ~ 85%. The 
term “internalized” is used carefully since it can describe both the general processes of endocytosis and 
phagocytosis, and specifically the intraneuronal ‘surface-bound’ transport of the NGF/TrkA complex in 
microtubules. For a review of internalization, see Table 2 below, Xu 2017 [182]). 
Microtubules are the rigid, non-lipid cyto-skeletal components of axons, each a hollow rod of about 25 nm 
(Cooper 2000 [183]). Intraneuronal transport in microtubules differs from, say, extraneuronal binding to myelin, 
the external sheath that surrounds peripheral axons with lipid-rich material (Morell and Quarles 1999 [184]).  



2.1 Key points  
It is definitive that - 
(i) NGF is endocytosed in complex with either the TrkA and/or the p75 receptor(s); 
(ii) NGF is probably transported in vesicles;  
(iii) NGF has been previously modified (Table 3), resulting in larger complexes than even the small molecule 

fluorescent dye used in 800-rhNGF (rhNGF = 26.3 kDA + dye MW 1015), which complexes remained 
active after delivery, i.e., endocytosis did not alter the larger construct; and 

(iv) The efficiency of transport, once binding has occurred and the complex is loaded onto the retrograde 
axonal transport system, has been shown. As reported by Ure and Campenot in 1997, “[d]issociation 
assays indicated that 85% of 125I-NGF associated with distal axons was surface-bound.” This suggests 
that 85% was transported (Ure and Campenot 1997 [23]), and that after binding and endocytosis, 
transport is a  relatively efficient process.  

What is not definitive – with the possible exception of phosphorylation – are what signals are sent, by what 
molecular processes, and what factors like age affect internalization and retrograde transport of NGF. Nor is it 
clear what signals load the NGF-TrkA(-p75?) complex onto the retrograde axonal transport system. In 2009, 
three possible mechanisms of retrograde signaling were considered (Campenot 2009b [185]).  
2.2 Internalization: definition of vesicles, endosomes, and lysosomes 
Very broadly, endocytosis is a process by which a cell absorbs (imports) substances or molecules. This can 
occur in nerve and non-nerve cells (Straubinger 1983 [186]; Murthy 1998 [187]; McMahon 2011 [188]; Pryor 
2012 [153]; Du Toit 2015 [189]; Xu 2017 [182]). Endocytosis is a general process that includes NGF. 
Generally, endosomes move retrogradely; lysosomes, including axonal autophagosomes, move anterogradely 
(Frampton 2012 [43]; Roney 2022 [190]). Endosomes are membrane-bound vesicles (Brown 2003 [191]), and 
may be early, mature (late), or transport recycled materials (Condon and Ehlers 2007 [192]; Gindhart and 
Weber 2009 [193]). 
There are studies reporting that the NGF-TrkA complex is internalized or transported in vesicles (Ye 2003 
[194]; Marlin and Li 2015; [195]; Lehigh 2017 [196]; Barford 2017 [197]), or are described as internalized in the 
endosomal-lysosomal system (Hu 2015 [198]). That endocytosis of the NGF-receptor complex occurs is not in 
dispute. What remains unclear is by what mechanism (Ye 2018 [199]).  
2.3 Internalization: size (comparison of endosomes to lysosomes)  
The literature confirms that various molecules may be conjugated to rhNGF: 

• Table 2 compares endosomes vis-à-vis lysosomes, using size as a comparator.  

• Table 3 then looks at the size of payloads that NGF might transport. Table 3 estimates the Molecular 
Weight (MW) and the apparent size - kilodalton (kDA is or 1/1000th of a nanometer, nm) - of various dye 
and drug payloads that have been conjugated to NGF.  
Table 3 converts MW and kDA to nm, enabling comparisons (nanoComposix FORTIS online calculator 
https://nanocomposix.com/pages/molecular-weight-to-size-calculator ) (nanoComposix FORTIS [200]; 
Muster 1980 [201]; Erickson 2009 [202]). The designation nanometer is nm, or 1/1000th of micrometer, 
which is designated µm.  

For example, NGF is estimated  to be a dimer of MW 26.3 kDA. Using the nanoComposix online calculator, 
the nm equivalent is 3.94 nm. This places rhNGF into the clathrin-dependent endocytosis (CDE) category. 
This review does not attempt to reconcile either the names or the forms of NGF (murine or recombinant 
human NGF; High Molecular Weight (HMW), 2S or 7S, or beta-rhNGF) (L.E. Burton, personal 
communication)..     

Endocytosis may be divided as to size and function: when endocytosis is clathrin-dependent, it involves 
pinocytosis. By comparison, “[p]hagocytosis implies the ingestion of large and solid particle (diameter 0.5–
10μm) such as pathogens” (Xu 2017 [182]; Paul 2013 [203]; Baranov 2020 [204]). How and that clathrin-
coated vesicles are endocytosed has been known for decades; they are known to be highly conserved 
evolutionarily. In addition to NGF (Howe 2001 [25]), clathrin-dependent endocytosis applies to at least 50 

https://nanocomposix.com/pages/molecular-weight-to-size-calculator


molecules (Kaksonen and Roux 2018 [205]; Xu 2017 [182]; Bronfman 2003 [155]; Ye 2018 [199]; McMahon 
2011 [188]; Du Toit 2015 [189]; Xu 2017 [182]).  

Table 2. Comparison of endosome vs lysosome 
Non-phagocytotic (pinocytotic) categories of endocytosis (source: Xu 2017 [182]) 

Endosome Lysosome 
Retrograde (periphery to neuronal cell body-CNS) Anterograde (neuronal cell body-CNS to periphery) 

Pinocytosis Phagocytosis 
(smaller) (larger) 

Macro-pinocytosis 0.1-5µm (100 nm - 5000 nm);  
Clathrin-dependent < 120 nm;  
Caveolin-dependent <80 nm;  

Clathrin-caveolin independent <50 nm 

Particle diameter 0.5-10µm 
 

Vesicle (membrane-bound) Non-membrane-bound  
Formed during internalization Formed from Golgi apparatus 

Degraded by proteolysis Degraded by hydrolytic enzymes 
 May fuse with endocytosis (myosin V “recycle”) 

 
Table 3. Size of payloads: rhNGF: receptors, radiolabel, commercial small molecule, other 

(calculation sources: Erickson 2009 [202]; nanoComposix Fortis [200]) 
Ligand/-
receptor or 
conjugate 

Estimated 
Size (nm) 

Reported size MW/kDA: NGF, 
radiolabel, small molecule dye, or 
drug payload 

Reference 

rhNGF 3.94 Monomer 13.6 kDA (dimer 26.3 kDA) Frey 1997 [206] 
125I   0.663 Iodination label MW 125.9126  Frey 1997 [206] 
TrkA 6.92 Monomer 85 kDA (dimer 143 kDA) Hosang and Shooter 1985 [40] 

rhBDNF 3.98 Monomer 13.5 kDA (dimer 27.3 kDA) BDNF and TrkB have multiple isoforms 
(Mandel 2009 [46]; Rosenfeld 1995 [207]) 

TrkB 6.87 Glycosylated 140 kDA  Silhol 2005 [208]; Otani 2017 [209] 

p75 5.76 80-85 kDA Chao 1986 [108]; Johnson 1986 [109]; Radeke 
1987 [110]; Rodriguez-Tebar 1992 [68] 

800-rhNGF 3.94+1.33 Fluorescent dye MW 1,050 Manzanita Pharmaceuticals: attached directly 
to NGF (no linker) 

NGF-OX-26 3.94+3.45 OX-26 95-150 kDA (OX-26 is the 
antibody to the transferrin receptor, 
known to cross the blood-brain barrier, 
here to enable NGF to reach the CNS) 

Kordower 1994 [210]; Charles 1996 [211]; for 
OX-26 only, see Yue 2012 [212]  

NGF-AAV2 3.94*+3.45 
 

*pro forma 

AAV2 MW 150 kDA (Pillay 2017 [213]) Tuszynski 1996 [214]; Granholm 1998 [215]; 
Tuszynski 2006 [216]; Tuszynski 2007 [217]; 
Nagahara and Tuszynski 2011 [218]; Bartus 
2012 [219]; Bartus 2013 [220]; Rafii 2014 
[221]; Rafii 2018 [222]; for AAV2, see Muster 
1980 [201]; for all AAV, see Govindasamy 
2013 [223] 

   See also amphotericin for Candidal meningitis 
Tang 2015 [224]; see also stroke Amani 2019 
[225] 

 
Results in Table 3 make reasonable biological sense, and confirm the approach of applying the nanoComposix 
online calculator to all estimates. Assuming the estimates from the nanoComposix calculator and other 
methods are plausible, the examples below would all “fit” into microtubules (25 nm):  

• NGF-TrkA. Using a Stokes Radius approach, where S = sedimentation co-efficient, or Stokes Radius; 
assuming the High(est) Molecular Weight (HMW) complex is 7S NGF (5 x 26K molecules, one of which is 
dimeric 26K total 7S ~ 130K; Stokes Radius would calculate 2.8X. Since actual weight ratio is closer to 5Xm 
solving for R (radius), taking weight (4/3 x pi x R3), the ratios of the two “R’s (radii)” are almost the same as 
the Stokes Radius ratios (approximately 1.78 vis-à-vis 1.7). 



Recall that the NGF receptor complex dimerizes, where the NGF dimer is “sandwiched” between the two 
TrkA receptors. This is where the different methods used to calculate MW and Stokes Radius matter. For 
example, the monomer weight for NGF used SDS page gels (not globular). The AAV size calculation uses 
kb to estimate the size of genes (Govindasamy 2013 [223]). 

• NGF-AAV2 construct. Importantly, the NGF-AAV2 construct is not a conjugate of NGF-AAV2. Rather, the 
NGF-AAV2 construct inserts the NGF gene – not the NGF-receptor complex - into AAV2. AAVs are 4.8 kb; 
the MW of AAV2 is 150 kDA (Pillay 2017 [213]).  

• NGF-OX-26 conjugate. Since transferrin crosses the blood-brain barrier, but NGF does not, the strategy 
arose to conjugate the two. Another group derivatized rhNGF by conjugating it to the anti-transferrin 
receptor antibody, OX-26. “This conjugation facilitates the transfer of NGF from the systemic circulation to 
the CNS via the transferrin transport system” (Charles 1996 [211]). Depending on the species from which it 
is derived, the MW of OX-26 is roughly 95-150 kDA. Bartus et al. modified NGF to create an NGF-OX-26 
conjugate (Kordower 1994 [210]; Charles 1996 [211]; for OX-26 only, see Yue 2012 [212]).   

• Labelling NGF with iodine. We considered iodinated rhNGF used in primate studies. Radiolabeled iodine 
adds MW 125.9126 to NGF. The selectivity of iodinated sub-cutaneous (SQ) rhNGF for TrkA-expressing 
sensory neurons was quantified in non-human primates (Nguyen 2000a [226]). In a study of repeat dose 
administered sub-cutaneously rhNGF, about 80% of iodinated NGF was absorbed by sensory neurons near 
the injection site (Nguyen 2000 a, b [226, 227]). That report does not include analysis of the rate of label 
instability.  

2.4 Internalization: phosphorylation and signal transduction pathways 
It is known that phosphorylation occurs within minutes of TrkA binding, and promotes endocytosis. 
Phosphorylation adds a phosphoryl group (PO3) to the serine, threonine, or tyrosine residues of a protein. By 
1991, studies of NGF phosphorylation in PC12 cells identified phospholipase C gamma-1 (PLC-γ1) as the key 
phosphoryl group (Kaplan 1991b [228]; Kim 1991 [229]; Vetter 1991 [230]. In compartmented cultures, tyrosine 
NGF phosphorylation begins almost immediately, very soon after NGF binds to TrkA (Treanor 1995 [30]; 
Senger and Campenot 1997 [10]; Butowt and von Bartheld 2009 [31]; Lehigh 2017 [196]).  
In 1997, Senger and Campenot reported that the initial phosphorylation of NGF-TrkA subsequently induced 
phosphorylation of several, secondary messenger proteins (Loeb 1991 [99]; Loeb and Greene 1993 [100]; 
Ibáñez 1992 [101]; Kaplan 1991a, b [228, 231]; Klein 1991a [81]; Jing 1992 [232]; Senger and Campenot 1997 
[10]). This observation further strengthened the importance of the location of TrkA receptors at distal ends 
(Campenot 1977 [115], 1982a [117], 1987 [116]; Campenot 1994 [118]).  
There is no consensus as to whether vesicle-mediated and/or non-vesicle-mediated signal transport are 
involved with phosphorylation (Campenot 1994 [118], Curtis and DiStefano 1994 [181], DiStefano and Curtis 
1994 [141]; Watson 1999 [233]; Miller and Kaplan 2001 [234]; Neet and Campenot 2001 [8]; Sofroniew 2001 
[235]). Neither is there consensus as to the possible mechanisms of retrograde signaling (Campenot 2009b 
[185]). Of three models proposed (Howe 2001 [25]; Hendry and Crouch 1993 [236]; Campenot 1994 [118]), 
Campenot noted that two “regulate neuronal survival” (Campenot 2009 [185]). 
Through most of the 1980s, it was believed that “(retrograde) transport of ….. [signaling molecules was] 
essential for the survival of developing neurons” (Purves 1988 [237]; Barde 1989 [238]; Zweifel 2005 [239]; 
Oppenheim and von Bartheld 2008 [240]; Butowt and von Bartheld 2009 [31]). The notion that signaling and 
physiological transport could be distinct was suggested in 1996 (von Bartheld 1996 [178]). Then in 2002, 
MacInnis and Campenot conducted a series of elegant experiments and reported that “….[an NGF-TrkA] 
neuronal survival signal can reach the cell bodies unaccompanied by the NGF that initiated it” (MacInnis and 
Campenot 2002 [241]). This distinction was subsequently noted by others (Chao 2003a [150]; Chao 2003b 
[242]; Mok 2007 [243]). In other words, the retrograde axonal transport of NGF-receptor complex is probably 
physiological, but some of that axonal transport may also be due to signaling. 
Finally, NGF-TrkA signaling activates several signal transduction pathways that have been identified as critical 
in multiple functions including neoplasticity and analgesia, including the Ras/MAPK pathway; the PLC-γ1 
pathways (this section, first paragraph); the pathway that activates the capsaicin receptor Transient Receptor 
Potential Vanilloid 1 (TRPV1) (Caterina 1997 [244]) via the phosphoinositide-3-kinase (PI3K) and mitogen 
activated protein kinase (MAPK), but not the phospholipase C (PLC) pathway (Zhu and Oxford 2007 [245]) or 



the PI3K/Akt-mTOR pathway; and the p75NTR-mediated signaling pathway. This review does not discuss 
signal transduction pathways other than phosphorylation. 
2.5 Endocytosis: conclusions 
The evidence is conclusive, that (i) all neurotrophins, including NGF, undergo endocytosis after binding; and (ii) 
NGF can be endocytosed, in conjunction with either small molecule or larger payloads (Table 3). What remains 
to be investigated are whether physiological and/or various signals are required for endocytosis to occur; and 
whether primary and/or secondary phosphorylation messengers are involved.  
As recently as 2022, the issues of signaling and/or physiological retrograde axonal transport had not been fully 
clarified (Conroy and Coulson 2022 [246]). The authors note that  

“ … there is substantial evidence that [p75 and TrkA] work together to enhance trophic signaling during 
development and in the healthy brain by mediating at least 10-fold higher affinity of the Trk receptor for its 
cognate neurotrophin” (Conroy and Coulson 2022 [246]).  

The lack of conclusiveness is not surprising, since it seems partly due to lack of clear and/or consistent 
terminology; partly because “signaling endosomes” have such a wide breadth of neuronal functions, including 
neuronal survival and changes in gene expression (Hamburger 1949 [2]; Cohen 1954 [3]; Levi-Montalcini, 
1976 [4], Levi-Montalcini 1987 [247], Levi-Montalcini 1996 [248]; Mathew and Miller 1990 [249]; Miller 1991 
[250]; Ma 1992 [251]; Wyatt and Davies, 1995 [252]; Toma 1997 [66]; Bibel and Barde 2000 [253]; Poo 2001 
[254]; Chao 2003b [242]; Huang and Reichardt 2003 [255]); partly because studies of late endosomes and 
endosomal-lysosomal fusion relied on different models, of differing species, whose axons are shorter or longer 
(Burton P.R. and Paige 1981 [256]; Heidemann 1981 [257], 1984 [258]; Yano and Chao 2000 [259]; Delacroix 
2003 [260]; Miaczynska 2004 [261]; Heerssen 2002 [262]; partly due to the multiple pathways that have been 
elucidated (Wu 2007 [263]; Mitchell 2012 [264]; Courchet 2013 [265]; Greif 2013 [266]; Zala 2013 [267]; Marlin 
and Li 2015 [195]; Hinckelmann 2013 [268]; 2016 [269]; Barford 2017 [197]; Ye 2018 [199]; Sainath 2021 
[270]); and partly due to the variable maturation of NGF-containing vesicles prior to retrograde axonal 
transport, as has been described for epidermal growth factor and other molecules (Dunn and Hubbard 1984 
[271]; Schmid 1988 [272]; Stoorvogel 1991 [273]; Ure and Campenot 1997 [23]).  
Finally, to our knowledge, there is no model of binding, endocytosis, or axonal transport in which the variables 
of length, age, species, nerve groups, and/or radii of axons are tested. A review in 1980 highlighted the 
complexity of this issue: in immature animals the velocity of slow transport appears to be two-to-three times 
faster than in adults, whereas the velocity of fast transport increases two-to-three times during the course of 
maturation, with the time of arrival of the most rapidly transported material at the axon terminals remaining 
approximately constant despite axonal elongation (Grafstein and Forman 1980 [274]).  
 
3 STEP THREE: AXONAL TRANSPORT – RETROGRADE AND ANTEROGRADE 
In reviewing the original experiments involving NGF and other proteins that measure the velocities of 
retrograde and anterograde axonal transport (Appendix C), it is important to note that velocities may be 
“reasonable biologically,” but are not precise. It also appears that most of the basic research into velocities of 
fast axonal transport were done in the 1980s (see multiple papers and book chapters by Brady et al.), and slow 
retrograde axonal transport – by Campenot et al. in the late 1990s.  
However, variability is also reasonable. Intra- and inter-group variability may be due to differences in 
approaches – different in vitro bioassays, different in vivo species, and different nerve groups – that were used 
in the 1970s, 1980s, and 1990s when original studies were done. This review does not ‘harmonize’ or 
otherwise try to reconcile the differences in reports. 
3.1 Key points 
It is definitive that –  
(i) Axonal transport includes NGF and other proteins, where axonal transport enables metabolism, 

specifically in the case of NGF, neuronal metabolism;  
(ii) There are fast and slow components of both directions of axonal transport; 
(iii) The fast axonal transport component includes the anterograde (“orthograde”) direction; 



(iv) Both components – fast and slow – of axonal transport are bi-directional, beginning in the retrograde 
direction, retrograde axonal transport (from the periphery to the neuronal cell body), then returning in the 
anterograde direction, anterograde axonal transport (from the neuronal cell body at the center, back to the 
periphery) after degradation; and 

(v) For NGF specifically, after retrograde axonal transport, NGF is degraded mainly by proteases, nucleases, 
esterases, glycosidases, lipases, phosphatases, and sulfatases (Avers 1982 [37]; Sheeler and Bianchi 
1983 [38]; Parton and Dotti 1993 [39]; Hosang and Shooter 1986 [40]; Vissavajjhala 1992 [41]; Neet and 
Campenot 2001 [8]; Boutilier 2008 [42]; Frampton 2012 [43]). In vitro studies found that slow retrograde 
axonal transported NGF has a half-life of 6h (Ure and Campenot 1997 [23]; review, Grafstein and Forman 
1980 [274]).    

3.2 Retrograde axonal transport: definition 
Retrograde axonal transport occurs in all neuronal types, not only in sensory neurons, but also in motor 
neurons. Retrograde means the movement of cargo by neurotrophins from the distal ends or nerve endings 
(axon terminals) at the periphery, to the neuronal cell bodies, or soma.  
Retrograde transport was observed early, in 1948 by Weiss and Hiscoe (Weiss and Hiscoe 1948 [275]). After 
its discovery, retrograde axonal transport was widely studied in the 1970s and 1980s, first with a known 
neurotracer, horseradish peroxidase (HRP) (LaVail and LaVail 1972 [276]; Honig and Hume 1989 [277]), and 
with NGF (Kristensson 1971 [278]; Hendry 1974a, b [32, 164]; Stöckel 1974 [121]; Iversen 1975 [127]; Stöckel 
and Thoenen 1975 [88]; Schwab and Thoenen 1977 [279]; Johnson 1978a [76]; Dumas 1979 [166]; Schwab 
1979 [280], 1980 [281]; Thoenen and Barde 1980 [282]; Claude 1982b [283]; Schwab 1982 [284]; Bisby 1982 
[285]; Schwab 1983 [286]; Korsching and Thoenen 1983a [287]; Palmatier 1984 [90]; Ross 1994 [288]).  
3.3 Retrograde and anterograde axonal transport: reported velocities 
Fast and slow retrograde axonal transport. Table 4 lists in vitro studies and in vivo studies, so that a rough 
comparison may be made. As discussed in Appendix C, both slow retrograde axonal transport (10-20 mm/hr) 
and the slow component of fast anterograde axonal transport exist. The velocity of fast retrograde axonal 
transport is reported as ten times (10X) faster, or 100-200 mm/hr or 200-400 mm/hr (Vallee and Bloom 1991 
[289]; Ure and Campenot 1997 [23]). However, retrograde axonal transport has also been reported using 
neurotracers, for example, HRP (LaVail and LaVail 1972 [276]) or fluorescent tracers (Honig and Hume 1989 
[277].  

• Using 125I-NGF to quantify uptake in compartmented cultures, in 1997 Ure and Campenot quantified slow 
retrograde axonal transport in vitro, reporting the velocity of slow retrograde axonal transport as 10-20 
mm/h (Ure and Campenot 1997 [23]). In that study, higher, faster transport rates were recorded in younger 
cultures. Reports are inconsistent as to the influence of the age of receptors on study outcomes.   
“This [rate of 10-20 mm/hr] is higher than the estimate of 2–3 mm/hr made for NGF retrograde transport in adult 
rat sympathetic neurons in vivo (Hendry et al., 1974 a,b; Johnson et al., 1978), but it is similar to estimates of 7–
13 mm/hr for NGF transport by sensory neurons (Stöckel et al., 1975; Yip and Johnson, 1986) and 12 mm/hr for 
dopamine b-hydroxylase transport in sympathetic axons of the sciatic nerve (Brimijoin and Helland, 1976).” 

• Slow retrograde axonal transport begins 30-60 min after application to distal ends (Ure and Campenot 
1997 [23]; Senger and Campenot 1997 [10]). Compared to other proteins, this is a relatively slow rate. 
However, slow retrograde axonal transport alone cannot explain the rapid absorption of 800-rhNGF, when 
800-rhNGF was consistently taken up within the 15-30 min specified for clinical utility. The slow rate of 
retrograde axonal transport supports the plausibility of durable signal (‘what the surgeon sees’);  

• Fast retrograde axonal transport is estimated to be 100-200 mm/h, about 10X – 20X faster than slow 
retrograde axonal transport. The faster rate provides an explanation for the rapid absorption of 800-rhNGF 
in nonclinical studies (Campenot and Eng 2000 [290]; Campenot 2003 [291]; Gibbs 2015 [292]; Sleigh 
2016 [293]); and 

• As summarized below in Table 4, in vivo studies of the slow rate of retrograde axonal transport of between 
2.5 mm/h – 13 mm/h (Stoeckel and Thoenen 1975a, Stoeckel and Thoenen 1975b [88, 294]; Johnson 
1978a [76]; Yip and Johnson 1986 [295]) correspond roughly (within “reasonable biological range”) to 
previously reported in vitro findings of 10-20 mm/h (Hendry 1974a, b [32, 164]; Brimijoin and Helland 1976 
[33]; Ure and Campenot 1997 [23]). 



Table 4. Comparison of in vitro to in vivo rates of slow retrograde axonal transport (1974-1997) 
In vitro 

 10-20 mm/h  In vitro, compartmented cultures superior 
cervical ganglia, neonatal rat 

Ure and Campenot 1997 [23] 

NGF a, 
NGF b 

(a) 2.5 mm/h 
(b) 2.2-2.5 

mm/h 

 In vitro, a – anterior intra-ocular injections, 
mouse; b – anterior intra-ocular injections, 
rat, mouse 

Hendry 1974a, b [32, 164] 

dopamine-β-
hydroxylase 

12mm/h  In vitro, sciatic nerve, rabbit Brimijoin and Helland 1976 [33] 

NGF 3 mm/h  In vitro, compartmented cultures, superior 
cervical ganglia, neonatal rat 

Claude 1982b [283] 

In vivo  

NGF a, 
NGF b 

 (a) 2.5 mm/h 
(b) 13 mm/h 

In vivo, a – anterior intra-ocular injections in 
superior cervical ganglia and submaxillary 
gland, mouse; b – injected forepaw, rat 

Stoeckel a, b 1975 [88, 294] 

NGF  3 mm/h In vivo, a – anterior intra-ocular injections, 
rat, hamster 

Johnson 1978a [76] 

NGF, HRP  7 mm/h In vivo, crushed sciatic nerve into DRG, rat Yip and Johnson 1986 [295] 

 
Fast retrograde axonal transport: 200-400 mm/da. Fast retrograde axonal transport occurs at about 200-
400 mm/da, and can be retrograde (from the periphery, toward the cell bodies) or anterograde (orthograde, 
from the cell body after degradation, toward the periphery) (review, Grafstein and Forman, 1980 [274]; Allen 
1982 [34]; Brady Lasek and Allen 1982 [296]; Brady 1985a [297]; Brady 1985b [29]; Brady 1984 [27]; Brady 
1991 [298]; Brady 1993 [28]; Bloom 1984 [299]; Paschal and Vallee 1987a [300]; Paschal 1987b [301]; 
Leopold 1990 [302]; Stenoien and Brady 1999 [303]; Aboud 2015 [304]). Fast axonal transport is mediated in 
part by the low affinity, pan-neurotrophin receptor p75 (Yankner and Shooter 1979 [305]; Landreth and Shooter 
1980 [306]; Schechter and Bothwell 1981 [307]; Hosang and Shooter 1985 [40]).  
It is generally accepted that differences in rates of fast or slow retrograde axonal transport can be explained 
partly or mainly by differences in cargo size and cargo binding affinities (Roy 2014 [47]). Fast axonal transport 
is probably membranous (“faster moving materials were associated with membranous structures”) (Brady 
1985b [29]), occurring in vesicles, where vesicles are enclosed in a membrane (Grafstein and Forman 1980 
[274]; Lasek and Brady 1982 [308]; Tytell 1981 [309]; Baitinger 1982, 1983 [310, 311]).  

Table 5. Fast & Slow Axonal Transport 
 (sources: Brady 1985b [29] and Brady 1991 [298]) 

Rate component Rate 
mm/day Examples of protein composition Axonal cytological structure 

Fast axonal transport 
Fast axonal transport 50-400  Membrane-associated materials Membranous organelles 

Orthograde 200-400 Na/K-ATPase, transmitter-associated 
enzymes, and GAPs 

Sodium-potassium ATP energy pump; 5-nm tubulo-
vesicular structures, dense-core vesicles 

Mitochondria 50-100 F1-ATPase, small amount of spectrin Mitochondria 

Retrograde 200 Lysosomal hydrolases, NGF, other 
materials obtained by endocytosis 

Prelysosomal structures (multi-vesicular, multi-mellar 
bodies) 

Slow axonal transport (slow component of fast axonal transport) 
Slow 0.1-6 Cytoskeletal, associated proteins Cytomatrix 

SCb * 2-6 Actin, clathrin, spectrin, NSE, CK, 
calmodulin, aldolase, pyruvate kinase  Microfilaments, cytoplastic matrix 

SCa ** 0.1-1.0 Tubulin, neurofilament triplet, tau 
proteins, spectrin Microtubule-neurofilament network 

SCb * = slow component b, anterograde (Elluru 1995 [312]) 
SCa ** = slow component a, anterograde (Elluru 1995 [312]) 
Key:   Na/K-ATPase = Na+/K+ ATPase (Pirahanchi StatPearls 2023 [313]); GAP = GTPase associated proteins;  
          F1-ATPase = Xu 2015 [314]; NSE = nerve specific endolase; CK = creatine kinase, also creatine phosphokinase  

 
The distinction between membrane-associated vesicles is made by Brady (Brady 1985b [29]): “it has been 
shown that membrane-associated activities in the axon are dependent on fast transport, whereas changes in 
the cytoskeleton and many metabolic activities can be related to slow transport (Grafstein and Forman, 1980; 



Lasek and Brady, 1982a).” One report attempted to reconcile the “vesicles vis-à-vis non-vesicles” debate, and 
found that there are forms of retrograde transport, i.e. TrkA-mediated slow retrograde transport, that are non-
membranous (Brown 2003 [191]).  
Anterograde axonal transport. Finally, moving in the other direction from cell body to periphery, is 
anterograde (“orthograde”) axonal transport, which has a velocity of about 1 mm/sec (Twelvetrees 2016 [315]; 
Guillaud 2020 [316]). Like retrograde axonal transport, anterograde axonal transport has a fast and slow 
component (Dillman a, b 1996 [317, 318]). In 1996, Dillman et al. found that 80% of anterograde axonal 
transport is slow, but only ~15% is fast (Elluru 1995 [312]; Dillman 1996b [318]; Tytell 1981 [309]; Brady 1985b  
[29]; Lasek 1986 [319]; Vale 1992 [320]). In 1987, Johnson found that anterograde transport was not merely 
the mirror image of retrograde transport: “… staining on the distal side … was concentrated in granular or short 
fusiform (punctate?) configurations, whereas on the proximal side … the staining was distributed in longer 
attenuated figures, as in a stream” (Johnson 1987 [77]). 
The complexity of anterogradely transported NGF after degradation is known (Stenoien and Brady 1999 [36]): 

“Anterograde transport provides newly synthesized components essential for neuronal membrane function and 
maintenance. Ultrastructural studies have demonstrated that the material moving in fast anterograde transport 
includes many small vesicles and tubulovesicular structures as well as mitochondria and dense core vesicles 
(Smith 1981 [321]; Tsukita and Ishikawa 1980 [322]) …. Material in fast anterograde transport is needed for 
supply and turnover of intracellular membrane compartments (mitochondria and endoplasmic reticulum), 
secretory products and proteins required for the maintenance of axonal metabolism. The net rate appears to be 
largely determined by size, with the smallest MBOs (Membrane Bound Organelles) in almost constant motion, 
while mitochondria and larger structures frequently pause, giving a lower average rate (Brady 1985b, Brady 
1985c [29, 323]). 

“A variety of materials move in fast anterograde transport, including membrane-associated enzymes, 
neurotransmitters, neuropeptides and membrane lipids. Most are synthesized in the cell body and transported 
intact, but some processing events occur in transit. For example, neuropeptides may be generated by 
proteolytic degradation of pro-peptides ….. This biochemical heterogeneity extends to the MBOs themselves. 
The small organelles are particularly varied in function and composition: some correspond to synaptic vesicle 
precursors and contain neurotransmitters and associated proteins, while others may contain channel proteins or 
other materials destined for the axolemma. Biochemical and morphological studies have provided a description 
of the materials transported in fast transport but are not as well suited for identifying the underlying molecular 
mechanisms involved in translocation” (Stenoien and Brady 1999 [36]). 

3.4 Axonal transport: molecular motors 
The chemico-mechanical mechanisms (“molecular motors”) of retrograde and anterograde axonal transport for 
NGF are dynein, kinesin, and myosin V. Historically, axonal transport was studied not only for its bi-
directionality (retrograde and anterograde) and velocity, but also for the ability to quantify and/or reveal the 
receptors involved (TrkA and/or p75) and/or the molecular motors involved (dynein, kinesin, myosin V).  
The molecular motors powering axonal transport are not considered other than as background to retrograde 
axonal transport. One report found that “the main difference between fast and slow transport seems to be 
related to ‘duty-ratio’; the proportion of time that cargo-structures spend moving” (Roy 2014 [47]). 

• Dynein mainly enables retrograde axonal transport, traveling from nerve endings to the neuronal cell body, 
where the minus-end is located (Paschal 1987 [324]; Schnapp and Reese 1989 [325]; Bhabka 2016 [326]; 
Can 2019 [327]; Canty 2021 [328]; Dillman 1996a [317]). However, as noted by Dillman et al. (Dillman 
1996b [318]), dynein is also one of the two (fast and slow) components of anterograde transport: “… 
transport of membranous organelles from the synapse to the cell body” (Vallee and Bloom 1991 [329]; 
Brady 1991 [298]; Vale 1992 [320]; Iqbal 1991, Bunke 1991 [330, 331]).  

• Kinesin mainly enables anterograde transport. However, recent studies suggest that the two molecules 
dynein and kinesin can work together, possibly linking slow and fast axonal transport (Paschal 1987 [324]; 
Tang 2013 [332]; Roy 2014, 2020 [47, 333]; Reck-Peterson 2018 [334]); and 

• Myosin V transports cargo on actin tracks, not on or in microtubules (Mehta 1999 [335]; DePina 1999 
[336]). It also plays a role in axonal transport of motor neurons (Coureux 2003 [337], 2004 [338]; Trybus 
2008 [339]). In sensory neurons, during the transport of kinesin-bearing cargoes, myosin V reduces and 
even stops movement when myosin V and kinesin occur equally (Mehta 1999 [335]; DePina 1999 [336]; 
Pathak 2010 [340]; Goldman 2012 [341]; Janssen 2017 [342]).  



3.5 Retrograde axonal transport: safety (‘steady state;’ location of site of degradation; half-life; 
efficiency of uptake) 

Finally, we are interested in four pharmacokinetic parameters of NGF, all of which directly and indirectly affect 
safety: (i) ‘steady state,’ when TrkA receptors become saturated; (ii) efficiency of uptake; (iii) location of the site 
of degradation; and (iii) half-life, or rate of degradation after transport of NGF retrogradely to the neuronal cell 
body, after which it is returned to the periphery in anterograde axonal transport.  
We consider several factors in evaluating the rate of retrograde axonal transport, which rate influences the 
local ADME (Absorption, Distribution, Metabolism, Excretion). The ADME parameter is critical to surgeon and 
patient safety, since we expect NGF to remain in tissue for roughly 6h (Ure and Campenot 1997 [23]), i.e., after 
a surgical procedure is concluded, and after the patient is sutured up.  
3.5.1 ‘Steady state’ reflects saturation of TrkA receptors. Among the factors representing rate of 
transport, an important concept is saturation of receptors. When TrkA receptors are saturated, they reach a 
‘steady state,’ transporting 2%-25% of distal axon-associated NGF each hour (Ure and Campenot 1997) [23]. 
Note that this 1997 report did not consider saturation of p75 receptors. 
3.5.2 Efficiency of uptake: approximately 80%. In that same study by Ure and Campenot, the post-binding 
efficiency of NGF-TrkA was quantified, the amount that reaches the cell body after binding and after retrograde 
axonal transport (Ure and Campenot 1997 [23]). Once bound, an estimated 85% of iodinated NGF reaches the 
neuronal cell body “[i]n cultures allowed to reach steady state 125I-NGF transport, cell bodies contained only 5–
30% of the total neuron-associated 125I-NGF, whereas 70–95% remained associated with the distal axons” 
(Ure and Campenot 1997 [23]).  
3.5.3 Mechanism and locations of sites of degradation of NGF and the NGF-TrkA complex. After 
transport, NGF is degraded in the neuronal cell body (Butowt and von Bartheld 2009 [31]; Rind 2005 [343]). 
Upon arrival at the neuronal cell body, the NGF-receptor complex is degraded by proteolysis, when the 
endosomes containing NGF bound TrkA fuse with lysosomes containing nucleases, proteases, esterases, 
glycosidases, lipases, phosphatases and sulfatases (Avers 1982 [37]; Sheeler 1983 [38]; Parton and Dotti 
1993 [39]; Hosang and Shooter 1986 [40]; Vissavajjhala 1992 [41]; Neet and Campenot 2001 [8]; Boutilier 
2008 [42]; Frampton 2012 [43]). 
3.5.4 Half-life of NGF in vitro is approximately six (6) hours. After binding, in vitro, the half-life of NGF 
after retrograde axonal transport is approximately 6h:  

“[a]fter transport, 125I-NGF was degraded with a half-life of 6 hr. In summary, although some cellular events 
promoted NGF accumulation in cell bodies, distal axons represented by far the principal site of NGF receptor 
interaction at steady-state as a result of a low retrograde transport rate” Ure and Campenot 1997 [23].  

The half-life of 6h reflects the rate of retrograde axonal transport – representing a relatively slow rate of 
degradation when compared to other proteins in non-neuronal cells (Chen 1982 [344]; Huang 1982 [345]; 
Wakai 1984 [346]; Davies 1985 [347]; Fujii 1986 [348]; Zoon 1986 [349]; Roupas and Herington 1987 [350]; 
Sorkin 1991 [351]; Yanai 1991 [352]; Auletta 1992 [353]; Nielsen 1992 [354]; Pandey 1992 [355]; Zapf 1994 
[356]). Ure and Campenot speculate that, since Fibroblast Growth Factor (FGF) and Tumor Necrosis Factor-
alpha (TNF-a) and their receptors are “internalized and degraded at different rates (Pennica 1992 [357]; 
Gleizes 1995 [358]), perhaps the degradation rate for NGF is different, depending on whether NGF is bound to 
[TrkA] or p75” (Ure and Campenot 1997 [23]). This suggests not only that the degradative half-life of the NGF-
TrkA-p75 complex is affected, but also that NGF binds to one or the other or both.  
4 SUMMARY 
4.1 Future publications. In a future publication, we expect to report nonclinical results in rat (n=103, 
including prostate, facial nerve, axillary, and sciatic nerve), to include: 
(i) Dose range-finding studies (conclusion: 1.0 mg/mL for Dye-Adduct-Ratio DAR2);  
(ii) Signal-to-Background Ratio (SBR) calculations from nerve-to-muscle measurements which as 

expected reflect ‘steady state,’ as the larger DAR2 variant was ~ 25% higher than DAR1; and 
(iii) Histological studies using an established co-localization approach, we confirmed TrkA as the binding 

mechanism for 800-rhNGF. 



We will also report results from the GLP toxicology study in the second, canine mammalian species. 
Importantly, results in rat and dog may be considered clinically predictive. The TrkA binding phenomenon is 
highly conserved in mammals, including in humans (NCBI; KEGG, Genomes ([12, 13, 359]).   
4.2 Productizing the science: ‘what the surgeon sees.’ It is known that NGF-TrkA is transported 
intraneuronally, but the NGF-receptor complex is ‘surface-bound,’ or travels in the lumina, on the outside of the 
cytoskeletal structures that are microtubules (Peters 1968 [20]; Rodriquez Echandia 1968 [21]; Burton 
P.R.1984 [22]; Ure and Campenot 1997 [23]; Garvalov 2006 [24]). This means that the dye signal needs to be 
sufficiently strong, that it can be visualized through the microtubules: the surgeon’s eye and video display will 
‘see’ only dye.  
Further, the intraneuronal transport of NGF may be relevant insofar as microtubules represent a much lower 
lipid amount than extra-neuronal structures such as myelin. For example, it is the NGF component in the 800-
rhNGF conjugate that binds to distal nerve endings, thus quantifying the PK of its intraneuronal absorption. 
4.3 Appendix B: not explained, not tested. Appendix B lists those aspects of NGF science that we do not 
intend to investigate. For example, we have not, and do not intend to test systemic, intravenous (IV) injection of 
the 800-rhNGF conjugate. What can be surmised from the science is the following:  

• When dye is attached to NGF, the dye is bound such that after wash, roughly 80% of 800-rhNGF continues 
to be absorbed. In other words, once bound to key localizing receptors, the saline wash does not destroy 
the continued binding, nor internalization, nor axonal transport of the agent; 

• What nerves are illuminated are a direct function of what TrkA and/or p75 receptors are exposed and 
bound, or the spatial distribution pattern of these receptors. For example, in the surgical procedure of 
radical prostatectomies, only those receptors that are exposed in the peri-prostatic space can be bound. 
This means that 800-rhNGF may miss neurons that remain buried, because the nerve endings of those 
nerves are not exposed. We have not tested the re-application of 800-rhNGF to newly exposed nerves at 
the end of the procedure, but, subject to safety, in principle, re-application is possible.  

• To our knowledge, there are no ‘maps’ of either TrkA or p75 in the peri-prostatic region of men. The 
absorption of NGF may be quantified using radiolabeled techniques; selective absorption is relatively 
efficient both in vitro (Ure and Campenot 1997 [23]) and in vivo (Nguyen 2000 [226]. Since NGF produces 
a ‘death signal’ soon – within 1-4h - after NGF withdrawal or deprivation (Campenot 1981 [360]; Seeley 
and Greene 1983 [361]; Campenot 1987 [116]; Martin 1988 [362]; Deckwerth and Johnson 1993 [363]), 
cadaveric studies of 800-rhNGF are infeasible; 

• Every batch of 800-rhNGF was biologically characterized - tested for neuronal survival - prior to use in vivo 
in nonclinical studies. Neuronal bioassays use neonatal rats; rat studies use adult, healthy animals, and 
canine studies are done only in very aged, adult male animals. What is unknown is whether the age of 
receptors correlates with the age of the animal. This idea is important for example in the radical 
prostatectomies on US men - about 50% of whom are over 65: because the receptors for the at-risk 
cavernous nerves have been hidden, is the age of receptors reflected in the age of patients?;  

• Preliminary stability studies confirmed the identity of the conjugate. These stability studies were conducted 
at various times, but only after rat experiments in vivo showed successful selectivity; and 

• Finally, although in principle such a use is feasible, this review does not consider the utility of 800-rhNGF 
as an in-life neuro tracer (Lanciego and Wouterlood 2011 [364]). 

4.4 Defective axonal transport is a hallmark of neurodegenerative disease. Finally, defective axonal 
transport has been implicated in many neurodegenerative diseases. Although reviewing pathology is not the 
goal of this review, very generally, after 2004 (Campenot and MacInnes 2004 [365]), most investigations of 
NGF focused on disease - on the pathology of defective NGF, phosphorylation, TrkA and/or defective p75, or  
defective molecular motors e.g. dynein, kinesin and/or myosin V.  
There is a literature describing deficits in NGF-related axonal transport in several neurodegenerative, genetic, 
and even viral diseases, for example, including but not limited to: 

• Multiple sclerosis (Sorbara 2014 [366]; van den Berg 2017 [367]; Guo 2020 [368]);  



• Alzheimer’s disease (Bunke 1991, Iqbal 1991 [330, 331]; Papasozomenos and Su 1991 [369]; Crutcher 
1993 [370]; Goedert 1989 [371]; Goedert 1986 [89]; Higgins and Mufson 1989b [372]; Loy 1980 [373]; 
Phillips 1991 [374]);  

• Amyotrophic lateral sclerosis (ALS) (Figlewicz 1994 a, b [375, 376]; Collard 1995 a, b [377, 378]; Bajaj 
1998 [379]; Tomkins 1998 [380]; Al-Chalabi 1999 [381]; Gros-Louis 2004 [382]; Ackerley 2004 [383]; 
Millecamps 2006 [384]; De Vos 2008 [385]; Oberstadt 2018 [386]; Hergesheimer 2019, 2020 [387, 388]; 
Volkening 2009 [389]; Prasad 2019 [390]; Alami 2014 [391]; Smith 2014 [392]; Guillaud 2020 [316]; Loeffler 
2020 [393]);  

• Nephrogenesis, in which defective p75 is implicated (Fédou 2020 [394]); 
• Genetic neurogenerative disease, e.g. Charcot-Marie-Tooth (CMT) disease (Brownlees 2002 [395]; 

Jordanova a, b 2003 [396, 397]; Züchner and Vance 2006 a, b [398, 399]; Lancaster 2018 [400]);  
• Hereditary spastic paraplegia (Roll-Mecak and Vale 2008 [401]; Dion 2009 [402]; Shribman 2019 [403]; 

Guillaud 2020 [316]); and  
• HIV, human immunodeficiency virus. The role of defective axonal transport was investigated by Berth et al.. 

They do not elucidate the mechanism(s) of fast retrograde axonal transport, e.g., “membrane vis-à-vis 
cytoskeletal,” just that fast retrograde axonal transport was inhibited (Berth 2016 [404]).  

4.5 Summary. In summary, this review is an historical narrative of the published literature relating to the 
selective binding (Section 1), endocytosis (Section 2), and axonal transport (Section 3) of NGF. In reality, these 
processes are continuous, but are considered here as distinct only for organizational purposes. The key finding 
of this review is that the historical science not only explains nonclinical results for 800-rhNGF, but importantly, 
also supports the time criteria for clinical workflow as expressed by practicing oncologic urologic surgeons.  
Nerve Growth Factor was discovered 70 years ago, and is in the family of neurotrophins (Appendix H). All 
neurotrophins and NGF are naturally occurring. Multiple sites endogenously produce NGF in development and 
in maturity. Cells of the immune system that express TrkA have been identified (Minnone 2017b, Bracci-
Laudiero 2003, Prencipe 2014 [61, 405, 406]). When given exogenously, it is definitive that NGF binds 
selectively to the high affinity TrkA receptor and/or the low affinity, pan-neurotrophin p75 receptor (Section 1). 
There is also evidence that NGF can be modified to bind, endocytose, and transport other receptors or other 
molecules.   
Finally, it is definitive that retrograde and anterograde axonal transport co-occur. Table C.3 considers all the 
original studies referred to in Ure and Campenot, 1997 (Ure and Campenot 1997 [23]), and concludes that: 
(i) Published rates of axonal transport are best regarded as benchmarks, but should not be considered as 

precise. This conclusion is due to differences in bioassays, nerve groups in which studies were conducted, 
and the associated rates of slow and fast retrograde and anterograde transport; and  

(ii) In vitro experiments roughly confirm what is reported for in vivo studies. This provides some measure of 
credibility to clinical researchers who reference or extrapolate in vitro findings to clinical results.  
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Appendix A: abbreviations 
Although we attempted to maintain consistent nomenclature in this review, those reading the literature may find 
alternate terms for similar concepts. That terms would evolve over a 70-year history is not surprising.  
800      commercial dye that fluoresces in the Near InfraRed (NIR) region  
Anterograde axonal transport from the neuronal cell body (proximal end) to the 

peripheral end (distal end). Also, orthograde. 
BDNF brain-derived neurotrophic factor 
Bioconjugated conjugation in which the high-affinity TrkA binding sites of a 

neurotrophin, e.g., Nerve Growth Factor are left intact. This may 
be via direct attachment of a fluorescent dye to NGF (no linker) or 
using a heterobifunctional crosslinker for drug-NGF conjugates.  

Endocytosis Process by which NGF-receptor complex is absorbed into a cell, 
including a neuron. Also, internalization. 

HMW High Molecular Weight, e.g., 7S NGF 
HRP horseradish peroxidase, a neurotracer 
IND Investigational New Drug application to the FDA 
ICG Indocyanine green, a fluorescent dye, first approved by the FDA in 

the 1950s, still in clinical use. 
Internalization Process by which NGF-receptor complex is absorbed into a cell, 

including a neuron. Also, endocytosis. 
125I-NGF     Iodinated form of NGF  
Kd       Concentration for half-maximal saturation, M 
kDA      kilodalton, e.g. NGF is a 26.3 kDA protein 
neuronal cell body    Metabolic center of neuron. Also, soma. 
NGF      Nerve Growth Factor 
NHP      non-human primate 
NIR      Near InfraRed, light outside the spectrum visible to the eye 
nm      nanometer, e.g., the 800 NIR range of a fluorescent dye 
open open radical prostatectomy, where the surgical procedure to 

remove the prostate is performed without laparoscopy 
OR      Operating Room 
p75      low affinity, pan-neurotrophin co-receptor with Trk receptors 
peri-prostatic  surrounding the prostate organ intraoperatively within the surgical 

incision 
PIND      preliminary Investigational New Drug application to the FDA 
PK      pharmacokinetics 
rhBDNF     recombinant human brain-derived neurotrophic factor 
rhNGF      recombinant human Nerve Growth Factor 
RP radical prostatectomy surgical procedure to remove the prostate, 

here due to cancer 
RARP robot-assisted radical prostatectomy, where the surgical 

procedure to remove a cancerous prostate is performed with the 
assistance of a robot in a laparoscopic procedure 

Retrograde axonal transport from the periphery (distal ends) to the neuronal cell body (proximal 
end); may be TrkA, p75 and/or TrkA+p75 combination mediated 

Surface-bound One possible path of internalization (endocytosis), wherein the 
dye is observed as a thin line, retrograde axonal transport on the 
lumen, on the outside of microtubules 

Trk tropomyosin kinase, a class of receptors expressed at the distal 
(nerve endings) ends of peripheral nerves  

TrkA      tropomyosin kinase A receptor 
  



Appendix B: topics not covered 
This review does not include, nor do we plan to further review the literature for:  

• Clinical studies of NGF or any other neurotrophin;  
• Effects when p75 is combined with TrkA;   
• The mechanisms for selective binding, their overlap and/or timing of retrograde axonal transport, whether 

TrkA, p75, and/or their combination; 
• The spatial distribution (“map”) or quantification of TrkA or p75 receptors, either at or just beneath the 

surface of the bed of the surgical incision, which incision may be defined at the periphery, nor the effect of 
applying an NGF-binding conjugate to an anatomical compartment, which compartment would contribute to 
localization, i.e. quantify the effects of receptor-binding and compartmentalization to localizing effects; 

• The rate of transport that is p75 mediated, and/or the transition between p75 and TrkA mediated transport 
(Ure and Campenot 1997a [23]) (i) the efficiency with which NGF is phosphorylated, which may differ at the 
time of the initial application or later, when ‘steady state’ has been reached; and/or (ii) the rate at which 
NGF accumulates in the neuronal cell body prior to degradation (average half-life of 6h) and turns around 
as anterograde transport; 

• Determinants of mechanisms by which retrograde axonal transport cargo is moved in vesicles (membrane-
bound), and/or which cargo moves without membranes, not in vesicles (Brown 2003 [191]); 

• Consideration of the maturity of TrkA and/or p75 receptors in vivo; 
• NGF mechanisms and/or functions related to endocytosis, i.e., “signaling” (phosphorylation);  
• Pre-operative imaging for cancer, i.e., for perineural invasion. All of our intended surgical cancer procedures 

involve healthy nerves, a feature confirmed pre-operatively via imaging of the surgical patient;   
• A punctate pattern, a characteristic that is typical of staining, can be observed in retrograde axonal transport 

(Vallee and Bloom 1991; Dillman 1996b; Lalli and Schiavo 2002; Motil 2006; Liu 2007; Perlson 2009; Liu 
2012; Smith 2012; Brown 2013 book chapter; Yang 2017 [26, 154, 318, 329, 407-412]); 

• Consideration of the relative compartmentalization of 800-rhNGF in the interstitial application to the peri-
prostatic space, whether due to surgical incision and or selective TrkA and/or p75 receptor binding;   

• Consideration of factors that may be involved in retrograde axonal transport, for example, comparison of 
bioassays to species and age used in toxicology studies to clinical application, e.g., length of axon, 
differences in animal models, differences before and after ‘steady state’ is reached, and/or differences in 
time to turnaround (retrograde to anterograde);  

• “Density” (spatial distribution) of TrkA or p75 receptors exposed either at or near at-risk nerves; and  
• Feasibility of using 800-rhNGF or its motor neuron analog 800-rhBDNF as a possible retrograde and/or 

anterograde tracer.   



APPENDIX C: fast and slow rates of retrograde axonal transport of Nerve Growth Factor 
C.1 Original investigations (basic research, not disease-related) of rates of axonal transport seem to 
end in 1997. Axonal transport occurs with multiple proteins, not just NGF, for example, with horseradish 
peroxidase (HRP), an established neuro tracer. In 1997, Senger and Campenot summarized the evidence of 
original findings of slow retrograde axonal transport (Senger and Campenot 1997 [10]): 

“Our previous observations estimate the velocity of retrograde transport in compartmented cultures at 10–20 
mm/h (Ure and Campenot, 1997 [23]). This is significantly higher than the 2–3 mm/h velocity of NGF retrograde 
transport reported for adult rat sympathetic axons in vivo (Hendry 1974 a,b [32, 164]; Johnson 1978a [76]), but it 
is within the reasonable biological range since sensory neurons in vivo have been reported to transport NGF at 
7–13 mm/h (Stöckel 1975b [294]; Yip and Johnson 1986 [295]), and sympathetic axons of the sciatic nerve have 
been reported to transport dopamine b-hydroxylase at 12 mm/h” (Brimijoin and Helland 1976 [33]).  

Brady et al. studied fast retrograde axonal transport. He published several basic research papers of original 
findings and several book chapters (Brady 1982; Brady 1984; Brady 1985 a, b; Brady 1991, Brady 1993 [27-
29, 296-298]; Grafstein and Forman, 1980 [274]). In each book chapter (review), Brady restated the various 
rates and components of axonal transport. This means that most of the work on fast retrograde axonal 
transport was done by the 1980s.   
C.2 Axonal transport: detailed analysis. After 1997, the studies of retrograde axonal transport shifted to 
disease and mechanism: understanding cargo payload(s), elucidating molecular motors, and signaling, with an 
increasing emphasis on disease pathology. This analysis focuses on NGF, but does not exclude non-NGF 
studies; 

• The Tables below consider previous reports (finding few), but does not analyze those reports, i.e., no 
attempt is made to ‘harmonize’ or normalize findings, or to develop a model;  

• Table C.3 lists only original investigations. There were few, almost no new findings in fast retrograde 
axonal transport since the Brady 1984 summary was published. The main subsequent investigation is by 
Dillman in his 1996b publication. These investigators describe molecular motors in the slow component of 
fast anterograde axonal transport (“Slow Component a” or SCa, or “Slow Component b” or SCb) (Dillman 
1996b [318]); and 

• Note that mechanism is linked to velocity: “ … retrograde axonal transport is mechanistically similar to fast 
anterograde transport except that the immediate source of retrograde transport vesicles is the endocytic 
pathway rather than the Golgi” (Campenot 2003 [291]). 

C.3 Axonal transport: early studies. The review of axonal transport began in 1971 with non-NGF studies 
of axoplasmic transport, i.e., norepinephrine (Geffen and Livett 1971 [413]; Ochs 1971 [414]). Then in 1972, 
LaVail and LaVail used HRP to report retrograde axonal transport of 3 mm/h (LaVail and LaVail 1972 [276]) 
after injecting HRP into the “optic tectum” (the “optic tectum” is now termed “superior colliculus”).  
The rate reported in the LaVail study was reproduced in a subsequent publication by Hendry et al., 1974a: “…. 
[the] calculated rate of 2.5 mm/h is similar to the 3 mm/h reported for the transport of [HRP in LaVail and LaVail 
1972] from the chick optic tectum to the retinal ganglion cells.” In that 1974a report, Hendry et al. found the rate 
of retrograde axonal transport depends on a colchicine-sensitive mechanism, as does the orthograde 
(anterograde) rapid axonal transport” (Hendry 1974a [32]). Also in 1972, Banks and Mayor reported on rates of 
axonal transport “ … along the axon at a slow rate (about 1 mm/day) whereas others travel at much higher 
rates (50-240 mm/day)” (Banks and Mayor 1972 [415]).  
C.4 Axonal transport: early studies in optic nerve, now understood to be a motor nerve group. The 
optic nerve and Retinal Ganglion Cells (RGCs) are now considered to be a motor neuron nerve group in the 
Central Nervous System (CNS). In 1982, BDNF was discovered (Barde 1982 [92]). By 1988, it was known that 
RGCs express TrkB receptors (Barres 1988 [135]). Studies that calculated the velocities of retrograde axonal 
transport were conducted in optic nerve in chick, but later studies show that TrkA expression can vary 
depending on which part of a nerve structure is investigated (Lindqvist 2010 [416]). For example, it is now 
understood that the cornea and anterior retina are innervated by TrkA receptors (Carmignoto 1989 [417]; 
Frade 1996 [418], Frade 1999 [419]; Lambiase 1998 [420]; Lambiase 2000 [421]), but that RGCs do not 
express TrkA (Lindqvist 2010 [416]).  
 



C.5 Axonal transport: Brady 1991 summary. By 1985 (Table C.1; Brady 1985b [29]), enough studies had 
been conducted of NGF and other moieties, that rates of fast and slow axonal transport (anterograde) could be 
summarized.  

Table C.1 Major Rate Components of Axonal Transport (Brady 1991 [298]) 

 
These rates reported by Brady in 1991 (Brady 1991 [298]) are repeated in later reviews, in book chapters 
(Brady 1993 [28]; Stenoien and Brady 1999 [36]). Velocities are expressed in mm/day. Note that the velocity of 
slow retrograde axonal transport reported by Brady refers to anterograde. This differs significantly from the 
velocity of slow retrograde axonal transport reported by Ure and Campenot in 1997 (10 – 20 mm/h) (Ure and 
Campenot 1997 [23]).  
The possibly erroneous 1985b Brady reference (Brady 1985b [323]) comes from Elluru et al., 1995 (Elluru was 
in the Brady group) (Elluru 1995 [312]). Elluru published original results of work done in rat optic nerve. Note 
that what Brady and Elluru designate as “slow axonal transport” refers to the anterograde direction, not the 
retrograde direction. No speculation is made for this study done in optic nerve, a motor neuron group, vis-à-vis 
Ure and Campenot’s later results in neonatal Superior Cervical Ganglia rat neurons.  

“In mammalian nerves, fast component (FC) represents the movement of membrane bounded organelles 
(including synaptic vesicle precursors, mitochondria, lysosomes, and their associated proteins) from the cell 
body toward the nerve terminal (anterograde direction) and from the nerve terminal toward the cell body 
(retrograde direction) at a rate of 50-400 mm/d. Slow component a (SCa) and slow component b (SCb) move 
only in the anterograde direction going from cell body toward the nerve terminal at a rate of 0.2-1 mm/d and 2-8 
mm/d, respectively. SCa consists of microtubules and neurofilaments, whereas SCb consists of microfilaments, 
clathrin, and enzymes of intermediary metabolites …”  

In 1986, in a study of multiple, non-NGF proteins, McQuarrie et al. found differences in slow components (SCa, 
SCb) and different nerve groups in different species …. “ [the] rate of SCa … is 0.7 mm/d in rabbit optic axons 
and 0.5 mm/d in guinea pig optic axons (Willard and Hulebak 1977 [422]; Levine and Willard 1980 [423]; 
McQuarrie 1986 [424]). Table C.2 from McQuarrie et al. (Table 2, McQuarrie et al., 1986) is reproduced below. 

Table C.2 Characteristics of the slow component (McQuarrie 1986 [424]) 

 



C.6 The case for fast retrograde axonal transport 
In 1993, Brady published a book chapter which noted how retrograde and anterograde transport could be fast, 
at “several microns per second” (Brady 1993 [28] Chap 9), but that “ … slow transport conveys cytoskeletal 
and cytoplasmic proteins and advances at a rate of no more than a few microns per minute.”  
In 1997, Ure and Campenot (Ure and Campenot 1997 [23]) in a rigorous study, reported on slow retrograde 
axonal transport, then speculated about rates in immature neurons. They found that: 

“[a] second aspect is the rapid transport velocity for NGF of 10–20 mm/hr. This velocity matches reported 
retrograde organelle velocities from a variety of axons (Forman 1977 a, b [425, 426]; Smith and Cooper 1981 
[321]; Koles 1982 [427]; Breuer 1987 [428]; Abbate 1991 [429]), which suggests that once NGF is loaded onto 
the transport mechanism it is optimally delivered to cell bodies. The several-fold, higher velocity that we 
observed, as compared with that in sympathetic neurons in vivo (Hendry 1974 a,b [32, 164]; Johnson 1978a 
[76]), might suggest that the velocity of retrograde transport is faster in immature neurons used for culturing than 
in adult neurons used in the in vivo studies.” ….. “It is possible, however, that the slightly lower transport rates 
that were observed when using the highest NGF concentration (40 ng/ml) might have resulted from increased 
binding to p75, because several studies indicate that p75 internalizes and/or transports NGF at a low rate, if at 
all (Le Bivic 1991 [430]; Kahle and Hertel 1992 [431]; Kahle 1994 [432]; Mahadeo 1994 [433]; Curtis 1995 
[142]).  

Earlier investigators studied the effects of temperature, gender or age (Forman 1977 a,b [425, 426]; Smith and 
Cooper 1981 [321]). For example, roughly 50% of men undergoing radical prostatectomies are 65, but whether 
or not the receptors exposed in surgery are the age of the mammal, or newer because they are not peripheral, 
or have been exposed to a constant body temperature, is unknown.  
C.7 The p75 receptors: pan-neurotrophin, but multi-faceted. The low-affinity p75 receptor was 
discovered in 1973 (Johnson 1986 [109]; Radeke 1987 [110]). Discovery of p75 was prior to the elucidation in 
1985 of the TrkA receptor (Hosang and Shooter 1985 [40]). Discovery of p75 was also made prior to the 
understanding that p75 can bind to other neurotrophins as well as NGF (Frade 1999 [419]; Bibel 1999 [434]; 
Bibel and Barde 2000 [253]; Barker and Shooter 1994 [105]), and prior to the finding that TrkA may be 
complexed with p75 (He and Garcia 2004 [435]). 
It is of critical importance that binding of p75 is differentiated from NGF binding to TrkA: 

• It is known that p75’s binding to TrkA differs from its binding to other Trks (Ibanez 1992 [101]). For 
example, Barker et al., 2004 described p75 as “a component of three distinct [components that] allows the 
Trks to respond to limiting neurotrophin receptor platforms that bind different ligands …. [to] facilitate cell 
survival … cell death, or growth inhibition” (Barker 2004 [436]).  

• When binding to the pro form of NGF, p75 may take apoptotic role (Dechant and Barde 2002 [437]; Barker 
2004 [436]; Ibanez and Simi 2012 [438]; Hempstead 2014 [62]; Trouvilliez 2023 [45]). Only the pro-form, 
not the mature form of NGF, when NGF binds to p75, can be apoptotic (Barker 2004 [436]). The 
Hempstead group established that proNGF binds with high affinity to p75:  
“Using a furin-resistant form of proNGF, Hempstead and colleagues (Lee 2001 [439]; Nykjaer 2004 [440]) found 
that proNGF binds p75NTR with high affinity and is a potent inducer of p75NTR-dependent apoptosis in 
sympathetic neurons, oligodendrocytes, and in a vascular smooth muscle cell line. These investigators also 
showed that proNGF does not bind TrkA and suggested that proNGF is an apoptotic ligand that is specific for 
p75NTR.” 

As noted above, the proNGF form does not, or poorly binds to TrkA, but mature NGF competes with TrkA and 
p75 receptors (Lee 2001 [439]; Nykjaer 2004 [440]; Kliemannel 2007 [18]; Hempstead 2014 [62]). As a result, 
the pro-apoptotic property of the proNGF may have led to the characterization of TrkA as a “proto-oncogene.” 
Importantly, the 800-rhNGF conjugate uses only the mature form – which does bind to TrkA.  
Unlike the literature documenting the location of the high affinity TrkA receptors at the distal ends, to our 
knowledge, there are only a handful of studies that implicate the location of p75 receptors as also being at the 
distal ends. Due to the number of studies that appear to mix TrkA with p75 receptor binding – including in 
PC12 cells - when co-receptor binding occurs, we only assume that p75 is located with Trk receptors. This 
places p75 receptors at the distal ends of neurons (Toma 1997 [66]). However, with the exception of disease 
studies that include distribution studies, there are fewer publications of the tissues that endogenously express 
the pan-neurotrophic receptor (Barrett 2005 [441]; Underwood and Coulson 2008 [442]; Pham 2019 [443]).  



C.8 Axonal transport: reports of slow retrograde axonal transport. In Table C.3 below, we consider 
original investigations and compare the findings of early to later reports, in fast and slow retrograde axonal 
transport. There appear to be no significant updates after 1997, with the sole exception of Dillman et al., 1996. 
The last rigorous study of axonal transport we identified was for slow retrograde axonal transport, reported as 
10-20 mm/h by Ure and Campenot (Ure and Campenot 1997 [23]) in an in vitro system of sympathetic 
neonatal rat neurons. These authors found that rate to be within a “reasonable biologic range” (Senger and 
Campenot 1997 [10]). Subsequent findings report results of investigations with non-NGF (Melemedjian 2014 
[444]; Mar 2014 [445]).  

Table C.3. Rates of retrograde and anterograde (orthograde) axonal transport 
  Model References & notes 
Fast retrograde axonal transport (200-400 mm/d). Includes NGF, non-NGF studies 

50-240 mm/d (unknown; sources and references not given) Banks and Mayor 1972 [415]   

Unknown In vivo, extruded axoplasm, squid Brady 1982 [296]  

± 432 mm/d small particles 
Average fast and slow: 216 mm/d  

In vivo, extruded axoplasm, squid Allen 1982 [34] 

10-20 mm/h (retrograde 0.91 µm/sec; 0.93 
anterograde µm/sec) 

In vivo, Xenopus laevis, African clawed frog Koles 1982 [427] 

(unknown) In vivo, extruded axoplasm, squid Leopold 1990 [302] 

 
REVIEW, includes early studies of molecular 
motors, new techniques. See multiple 
references 

Brady 1991 [298]  

 REVIEW, book chapter 9 Brady 1993 [28] 

(kinesin organelles) In vivo, retina, optic nerve, rat Elluru 1995 [312] 

 
REVIEW, considers protein synthesis in long 
axons Campenot and Eng 2000 [290] 

CREB, IL-6 plasticity In vivo, DRG, mouse Melemedjian 2014 [444] 

Dynein dynactin-50, β amyloid precursor 
protein (βAPP) 

In vivo, brain human (Alzheimer’s) Aboud 2015 [304] 

p75-AF647 conjugate 
In vivo, sciatic nerve, in life, in anesthetized 
mouse Gibbs 2015 [292]  

p75-AF647 conjugate 
METHODS REVIEW. In vivo, sciatic nerve, in 
life anesthetized mouse Sleigh 2016 [293] 

CREB, IL-6 plasticity In vivo, DRG, mouse Moy 2018 [446] 

Slow retrograde axonal transport (10-20 mm/h) 

 in vitro in vivo   

NGF a, 
NGF b 

(a) - 2.5 mm/h 
(b) about 2.2-2.5 

mm/h 

 In vitro, a – anterior intra-ocular 
injections, mouse; b – anterior 
intra-ocular injections, rat, mouse 

Hendry 1974a, b [32, 164] 

NGF a, 
NGF b 

 (a) 2.5 
mm/h 
(b) 13 
mm/h 

In vivo, a – anterior intra-ocular 
injections in superior cervical 
ganglia and submaxillary gland, 
mouse; b – injected forepaw, rat 

Stoeckel a, b 1975 [88, 294] 

dopamine-β-
hydroxylase 

12mm/h  In vitro, sciatic nerve, rabbit Brimijoin and Helland 1976 [33] 

  3 mm/h In vivo, a – anterior intra-ocular 
injections, rat, hamster 

Johnson 1978a [76] 

NGF 3 mm/h  In vitro, compartmented cultures, 
superior cervical ganglia, 
neonatal rat 

Claude 1982b [283] 

non-NGF 
transported 
proteins 

  In vivo, optic nerve, rat; spinal 
nerves, rat 

McQuarrie 1986 [424] 

NGF, HRP 7 mm/h  In vivo, crushed sciatic nerve into 
DRG, rat 

Yip and Johnson 1986 [295] 



 (b) 2-8 mm/d SCb 
retrograde; SCa 0.2-1 
mm/d 

 Optic nerve, RGCs, rat Dillman 1996 b [318] 

NGF   In vivo, in sciatic nerve and 
hippocampus (fimbria-fornix), rat 

Johnson 1987 [77] 

NGF 10-20 mm/h  In vitro, in compartmented 
cultures, rat 

Ure and Campenot 1997 [23] 

NGF, other NTs 10-20 mm/h  In vitro, in compartmented 
cultures, rat  

Senger and Campenot 1997 [10] 

Brefeldin A   In vitro, in compartmented 
cultures, rat 

Campenot 2003 [291] 

Non-NGF: anterograde fast & slow axonal transport 
(unknown) 1 mm/h (“centrifugal” 

anterograde) 
 (source not given) Banks and Mayor 1972 [415]   

HRP 3 mm/h  In vitro, optic nerve (optic tectum 
~ superior colliculus May 2014 
[447]), chick 

LaVail and LaVail 1972 [276] 

MAP 1 
(microtubule-
associated protein 
1) 

  In vitro, in multiple mammalian 
cells 

Bloom 1984 [299] 

Novel ATPase   In vitro, brain, chick Brady 1985a [297] 
monocrystalline 
iron oxide nano-
compound (MION) 
imaging agents 

5 mm/d  In vivo, sciatic nerve, rat Enochs 1993 [448] 

p75 and TrkB 
(NGF as control) 

 (not 
given) 

In vivo, optic nerve, chick von Bartheld 1996 [178] 

MAP 1C   (a) in vitro; (b) in vivo, in brain, 
calf 

Paschal 1987a [300]; Paschal 1987b 
[301]  

PC12 cell-based studies 
NGF   In vitro, PC12 cells Yankner and Shooter 1980 [305] 
NGF   In vitro, PC12 cells Schechter and Bothwell 1981 [307] 
NGF   In vitro, PC12 cells Hosang and Shooter 1985 [40] 
NGF, HSV-1 p75   In vitro, PC12 cells Battleman 1993 [168] 
NGF, other NTs   In vitro, in PC12 cells Treanor 1995 [30] 
p75   In vitro, PC12 cells; in vivo, retina, 

optic nerve, chicken eggs 
Butowt and von Bartheld 2009 [31] 

 
C.9 Axonal transport in PC12 cell lines: why studies in PC12 cells are included in Table C.3.  Studies 
in vitro in PC12 cells (rat pheo-chromocytoma = PC12 cells; Greene and Tischler 1976 [449]; Greene and Rein 
1977 [450]) were included in this review because these cells do bind to TrkA, and possibly also to p75. 
However, because the PC12 cell line does not recapitulate neuroanatomy, PC12 cells cannot assess transport, 
only NGF receptor binding and neurite outgrowth.   
C.10 Topics not studied here, but will be discussed in future nonclinical studies. We do not plan to 
undertake future analyses of either functional (delivery) or pathological axonal transport: 

• Comparison rates of retrograde and anterograde axonal transport to differences in TrkA and/or p75 and/or 
their combination in receptor binding (Ultsch 1999 [98]; He and Garcia 2004 [435]; Wehrman 2007 [451]);  

• “ … [s]ince the domains that were implicated in mediating TrkA/p75 interactions were not included in the 
original NGF/TrkA-D5 crystal structure it has not been possible to evaluate a structural model of the 
complete receptor” (Gong 2008 [452]; review in Guo 2020 [368]); differences in length or type of axon 
(McQuarrie 1986 [424]); differences in animal models for in vitro assays or in vivo measurements; and/or 
differences in time to turnaround (retrograde to anterograde); 

• Confirmation mechanistically that NGF binds first to p75, then is transported either via fast axonal 
retrograde transport in a membrane, or as a p75-TrkA-NGF complex in a cytoskeletal complex. A scenario 
with both mechanisms is consistent with the literature. “ … After a short lag period, high-affinity binding also 
appears and increases slowly.”  

• Conversion of p75 to TrkA, or under what circumstances (Landreth and Shooter 1980 [306]); and  



“ …. NGF binds first to receptors of low affinity and that the binding induces a conversion of a proportion 
of the receptors to a higher affinity state. It is also consistent with a model in which the change in affinity 
is due either to conformational changes in the receptor or to interaction of the occupied receptor with 
other receptors or with effector proteins in cell plasma membrane” (Landreth and Shooter 1980 [306]). 

• Confirmation of the diametric size of illuminated neurons, and differences in species. In 1986, Yip 
speculated that diameter size could be important in considering transport: “ …. small diameter neurons 
retrogradely transport and turnover NGF faster than larger diameter neurons …” (Yip 1986 [295]). Others 
may investigate species, nerve site and length and diameter size. The mechanism of size of neuron 
(diameter, but possibly also axonal length) may not be important. In reports that the NGF-TrkA and/or 
NGF-receptor complex is retrogradely transported on axons when it is ‘surface-bound,’ or in the lumina, on 
the outside of microtubules, which are cytoskeletal structures (Peters 1968 [20]; Rodriquez Echandia 1968 
[21]; Burton P.R. 1984 [22]; Ure and Campenot 1997 [23]; Garvalov 2006 [24]), findings do not report on 
the efficiency or analyze the varying shapes and sizes of what is transported.    

 
Appendix D: TrkA is described in early studies as a proto-oncogene  
800-rhNGF uses the mature form, not the pro-form of NGF (Lee 2001 [439]; Nykjaer 2004 [440]; Kliemannel 
2007 [18]; Hempstead 2014 [62]; Masoudi 2009; Iouannou and Fahnestock 2017  [16, 453]). The binding of the 
mature form to TrkA is significant because it is the pro-apoptotic property of proNGF binding to p75 that may 
have led to the characterization of TrkA as a “proto-oncogene.” Briefly, the genetic background to cancer 
appears rarely ~ 1% of the time, and appears to involve “gene fusions” – such “internal rearrangements” do not 
argue against an NGF-receptor binding mechanism.  
Hempstead et al. conducted a series of experiments in 1991, concluding that both receptors – “two different 
low-affinity receptors” were necessary for binding, but they did not study retrograde axonal transport 
(Hempstead 1991 [94]). Of interest, the TrkA receptor was then referred to as an “proto-oncogene” or 
“oncogene” (Kaplan 1991 b, a [228, 231]; Klein 1991a [81]; Lamballe 1991b [454]). From Lamballe 1991: 

“To date more than [25] different oncogenes have been identified in human neoplasias. One of these oncogenes 
is trk, a transforming gene originally isolated from a colon carcinoma biopsy by using gene transfer assays. This 
oncogene encodes a chimeric molecule that contains the 221 amino terminal residues of a non-muscle 
tropomyosin followed by the transmembrane and cytoplasmic domains of the trk proto-oncogene product, a 
tyrosine protein kinase receptor. trk oncogenes have also been identified in a significant fraction of thyroid 
papillary carcinomas. Some of these trk oncogenes contain sequences derived from genes other than 
tropomyosin. One such gene is tpr, a gene first identified as a component of the human met oncogene. The trk 
proto-oncogene, non-muscle tropomyosin and tpr map in the long arm of chromosome 1. Therefore, trk 
oncogenes are likely to result from internal rearrangements or from unequal cross-overs between two 
chromosome 1s. Recent studies have demonstrated that the product of the trk proto-oncogene, gp140trk, is the 
functional receptor for nerve growth factor (NGF) ….” (Lamballe 1991b [454]) 

Luberg et al.’s report in 2015 (Luberg 2015 [14]) elucidated the “presence of multiple (TrkA) isoforms.” This 
suggested to us that healthy TrkA isoforms may not be oncogenic at all. We are aware of no evidence that 
single, microdose rhNGF binding to TrkA activates or accelerates cancer (Lubert 2015; Kummar 2018; Amatu 
2019; Milione 2017; Jang 2009; Jang 2007; Zheng 2016 [14, 455-460].  
Rarely, cancer involves roughly 80 Trk gene fusions (Amatu 2019 [456]). These rare cancers involve up to 12 
tumor types (Milione 2017 [457]; Kummar 2018 [455]). Kummar et al. reported that “[o]ncogenic somatic 
chromosomal rearrangements involving the NTRK1 (TrkA), NTRK2 (TrkB), or NTRK3 (TrkC) genes (NTRK 
gene fusions) occur in up to 1% of all solid tumors, and have been reported across a wide range of tumor 
types” (Kummar 2018 [455]; Jiang 2021 [75]). These cancers may be treated with larotrectinib (Viktravi® and 
TRK inhibitor, LOXO-195), a tyrosine kinase inhibitor of TrkA, TrkB and TrkC. However, approved treatment – 
and possibly also the Trk gene fusion hypothesis – has been questioned in the EU, where larotrectinib has not 
proved to be efficacious (Trouvilliez 2023 [45]). 
Larotrectinib was discovered by Array BioPharma [461, 462], then subsequently licensed in 2015 to Loxo 
Oncology and Bayer Pharmaceuticals, Inc. Loxo was acquired by Lilly in 2019. Larotrectinib is sold jointly by 
Loxo/Lilly and Bayer. Larotrectinib is sold at $400,000 per year, “[b]ut along with [the $400,000 price] came a 
money-back guarantee: a full refund to payers when patients don’t respond within 90 days” (Weintraub Fierce 
Pharma 2019 [463]. 



Larotrectinib was approved by the FDA in 2018 (FDA 2018 [464]). It is a systemic medication, given at 100 mg 
orally twice daily for adults, “until disease progression or until unacceptable toxicity”) (Bayer HealthCare 2018 
[465]. In a 30-day course, this would equal 6,000 mg (in rat, dose for 800-rhNGF was established at 1 mg/ml, 
or roughly 50 µg).  
 
Appendix E: next steps, including preliminary benchmarks of component safety 
E.1 Why we are cautiously optimistic about the safety and tolerability of 800-rhNGF: because its 

individual components are known to be safe at higher doses 
The FDA requires us to rigorously test the 800-rhNGF conjugate – not the components - in GLP toxicology and 
safety pharmacology studies. However, both unmodified components have an established clinical profile.  

• Repeat dose unmodified rhNGF (20 μg/ml 6X QD for 8 weeks, total 6,720 µg/ml) as eye drops were 
approved by the EMA in 2017 and by the FDA in 2018 (FDA 2018 [466]) to treat neurotrophic keratitis  
(Lambiase 2000; Roberti 2014; Bonini 2018a; Bonini 2018b [421, 467-471]).  

• We selected this Near InfraRed (NIR) 800 dye because (i) it is available to us without a license as a non-
GMP research material; (ii) its chemistry is amendable to conjugation, but the structure of ICG is not; (iii) it 
is similar to other fluoresceins used clinically that have very low toxicity and are clinically safe (Munch 
2020; Koch 2017; Lamberts 2017; Gao 2018; Nishio 2020 [472-476]) (iv) it is similar to the LI-COR IRDye 
800CW®; (v) as reported in a US patent 10,405,753 B2, when tested in exhaustive nonclinical studies, it 
obtained no mortality and no toxicity at 80X systemic dose in dog, and 160X systemic dose in rat (USPTO 
Sorger 2019 [477]). “Formula three” is the dye reported in that issued patent as used in 800-rhNGF; and 
(vi) due to its optical properties, the dye component can be low (in 5 μL, 8% of total volume; by MW 1050, 
rhNGF monomer 13.5 kDA); and 

• After careful comparison of chemical structures, we are confident that this “formula three” NIR dye is the 
same dye as that used by Intuitive Surgical in 2021 in a completed clinical Phase 2 study NCT03937505 
(n=94) (clinicaltrials.gov 2023 [478]). In a prior first-in-human (women) 2017 study NCT03006237 (n=24), 
also to test safety and tolerability as well as pharmacokinetics, the same interventional agent IS-001 was 
administered during surgery, single dose, intravenously (IV) for women undergoing a hysterectomy at 
10mg, 20mg or 40 mg. “At 10 min postinjection, the 40-mg dose-cohort showed the highest fluorescence 
intensity ….” (Farnam 2019 [479]).  

E.2 Other safety considerations 
Nonclinical results will be published separately.  
The regulatory path for developing 800-rhNGF as a ‘surgical guidance tool’ is established. This FDA path is the 
same as that followed for approval of ICG. Note that surgical guidance is governed by “structural delineation,” 
i.e., we do not seek to reduce complications (“clinical outcomes,” a separate regulatory path) of any surgical 
therapy for an oncologic cancer.   
 
  



Appendix F: suggested further reading 
The following references are suggested for further reading (by year):  

• “Physiology of Nerve Growth Factor” (Thoenen and Barde 1980 [282]);  
• “trkB encodes a functional receptor for brain-derived neurotrophic factor and neurotrophin-3 but not nerve 

growth factor” (Squinto 1991 [85]);  
• “The Trk family of tyrosine kinases: receptors for NGF-related neurotrophins” (Parada 1992 [480]);  
• “Cell biology of neuronal endocytosis” (Parton and Dotti 1993 [39]); 
• “Rapid retrograde tyrosine phosphorylation of trkA and other proteins in rat sympathetic neurons in 

compartmented cultures” (Senger and Campenot 1997 [10]);  
• “Retrograde transport and steady-state distribution of 125I-nerve growth factor in rat sympathetic neurons in 

compartmented cultures” (Ure and Campenot 1997 [23]);   
• “Receptor binding, internalization, and retrograde transport of neurotrophic factors” (Neet and Campenot 

2001 [8]); 
• “Neurotrophins: roles in neuronal development and function” (Huang and Reichardt 2001 [157]); “Trk 

receptors: roles in neuronal signal transduction” (Huang and Reichardt 2003 [255]); 
• “Retrograde support of neuronal survival without retrograde transport of nerve growth factor” (MacInnis and 

Campenot 2002 [241]); 
• “Neurotrophin-regulated signalling pathways” (Reichardt 2006 [481]); 
• “Retrograde transport of neurotrophins: fact and function” (Campenot and MacInnis 2004 [365]; 
• “Structural and mechanistic insights into nerve growth factor interactions with the TrkA and p75 receptors” 

(Wehrman 2007 [451]); 
• “Endocytosis and signalling: intertwining molecular networks” (Sorkin 2009 [482]);  
• “Lysosome and Endosome Organization and Transport in Neurons,” book chapter by Gindhart and Weber 

(Gindhart and Weber 2009 [193]);  
• “NGF uptake and retrograde signaling mechanisms in sympathetic neurons in compartmented cultures” 

(Campenot 2009b [185]);  
• “Biogenesis and function of the NGF/TrkA signaling endosome” (Marlin and Li 2015 [195]);  
• “Retrograde signaling via axonal transport through signaling endosomes” (Yamashita 2019 [483]); and  
• “High-affinity TrkA and p75 neurotrophin receptor complexes: A twisted affair” (Conroy and Coulson 2022 

[246]. 
 
Appendix G: definition of families of neurotrophins 
G.1 “Family” of neurotrophins: narrow and expanded definitions 
Nerve Growth Factor was the first of several neurotrophins to be discovered. All neurotrophins, both NGF and 
other subsequently elucidated neurotrophins such as brain-derived neurotrophic factor (Barde 1982 [92]): 

• Are proteins that occur naturally in mammals, including rat, dog, swine, and human;  
• Occur first as proneurotrophins, then e.g., NGF in mature form (Fahnestock 2001 [15]; Hempstead 2014 

[62]; Ioannou and Fahnestock 2017 [16]; Shekari and Fahnestock 2019 [63]);  
• Bind to a specific high-affinity receptor, where high – but not exclusive - affinity is determined by genetic 

encoding to a tropomyosin kinase (Trk) receptor. For NGF, the high affinity receptor is TrkA;  
• After the neurotrophin binds to the Trk receptor, the neurotrophin-Trk complex is internalized;  
• The internalized complex is transported retrogradely (“axonal retrograde transport”) in either fast and/or 

slow retrograde, then anterograde (orthograde) axonal transport; and 
• In addition to the high-affinity Trk receptor, also bind to the low-affinity, pan-neurotrophin receptor, p75.  
The family of neurotrophins includes NGF, BDNF, NT-3, and NT-4 (Barde 1982 [92]; Liebrock 1989 [484]; 
Jones 1990 [485]). “Family” may be defined more broadly to include other neurotrophin-like proteins that also 
require two receptors to act.  
Since the founding discovery of the first neurotrophic factor, Nerve Growth Factor (NGF) in 1952 by Rita Levi-
Montalcini MD PhD (Levi-Montalcini 1952 [1]; Aloe 2004 [5]; Aloe 2012 [6]), the pleiotropic mechanisms of 
NGF and other proteins in the family of neurotrophins including brain-derived neurotrophic factor, BDNF; 
neurotrophic factor 3, NT-3 and others like ciliary neurotrophic factor (CTNF) have been elucidated.  



Early reports explored how NGF affected metabolism (Levi-Montalcini 1964 [486]; Angeletti 1964 [487]; Levi-
Montalcini and Angeletti 1968a [488]; Levi-Montalcini 1968c [489]; Angeletti 1968 [490]; Zanini 1968 [491]). 
These early reports contributed to later clinical investigations of exogenously administered NGF, via several 
routes, for numerous neurodegenerative diseases.  
The family of neurotrophins includes NGF, BDNF, neurotrophin 3 (NT-3) and NT-4/5. A broader definition of 
family includes proteins in the transforming growth factor beta (TGF-β) family that includes glial derived 
neurotrophic factor, GDNF and ciliary neurotrophic factor, CNTF.  
G.2 BDNF and TrkB interact similarly to NGF and TrkA 
Following the discovery of BDNF in 1982 (Liebrock 1989 [484]; Barde 1982 [92]), and then the TrkB receptor in 
1989 (Klein 1989 [79]; Li 2023 [492] ), structural considerations (Ultsch 1999 [98]) and mutagenesis data 
(Ibanez 1993 [493]) suggest that BDNF interacts with TrkB like NGF interacts with TrkA. BDNF is about 55% 
homologous to NGF, sharing five of 11 conserved lysine residues. BDNF is a dimer of two identical 119 amino 
acid subunits of MW 28 kDA held together by strong hydrophobic interactions. When BDNF binds to TrkB at 
distal ends (Klein 1991b; Ultsch 1999; McMahon 1994; Kashiba 1995; Yamamoto 1991; Gibbs 2015; Sleigh 
2016 [83, 98, 160, 292, 293, 494-496]), BDNF-TrkB complexes are internalized into signaling endosomes that 
are moved retrogradely along axons (Neet and Campenot 2001; Watson 1999; Heerssen and Segal 2002; Ahn 
2000; Ginty and Segal 2002; Banfield 2001 [8, 233, 262, 497-499]). Like NGF-TrkA, BDNF-TrkB is transported 
retrogradely to neuronal cell bodies (Watson 1999; Banfield 2001; Robinson 1995 [233, 499, 500]).  
G.3 The co-receptor concept expands the “family” concept of neurotrophins 
Both GDNF and CNTF have been studied clinically. Both are known to be activated by co-receptors, where 
one receptor confers selectivity. In principle, we could use GDNF or CNTF instead of NGF or BDNF.  

Figure G.1 Source: Figure 1, Kalinowska-Lyszczarz and Losy 2012  [501]  

 
• For GDNF, the co-receptors tyrosine kinase RET and the GFR-alpha (GFRα) were discovered in the late 

1990s (Barbacid 1995a [502]; Yano 2000 [259]; review, Ibañez 2020 [503]; review, Fudalej 2021, see Table 
1 [64]). RET is an abbreviation of ‘rearranged during transfection,’ as the “DNA sequence of this gene was 
originally found to be rearranged within a 3T3 fibroblast cell line following its transfection with DNA taken 
from human lymphoma cells” (Takahashi 1985 [504]). In the GDNF family are GDNF, artemin, neurturin, 
and persephin; and 



• CNTF is often grouped with the interleukin-6 (IL-6) family of cytokines, or neurotrophic cytokines in the 
CNTF family. For CNTF, there are three co-receptors: CNTF alpha-receptor (CNTFR), the beta-receptor 
gp130, and leukemia inhibitor factor receptor (LIFR) (Rose-John 2018 [505]).  

G.4 Rationale for selecting neurotrophins as neuronal targeting vectors 
We selected neurotrophins – rhNGF and rhBDNF - as neuronal targeting vectors because (i) their clinical 
safety has been shown; (ii) their selectivity for nerve groups – sensory and motor, respectively - is established; 
(iii) they are off-patent, so all neurotrophins may be considered for biosimilar development; (iv) they act 
intracellularly, i.e., do not bind to myelin; and (v) our studies, as well as mutagenesis studies, suggest that 
binding events for intracellular delivery may be physically distinguished from biochemical sites, i.e., their 
selectivity properties may be harnessed to deliver a range of small molecule drugs. Clinical studies of repeat 
dose unmodified recombinant human NGF (rhNGF) have shown that rhNGF, at least in an anatomical 
compartment, is non-immunogenic (Ferrari 2014; Bonini 2018a; 2018b [468, 469, 506]). 
The family of neurotrophins includes the soluble peptides NGF, BDNF, neurotrophic factor 3 (NT-3), 
neurotrophic factor 4/5 (NT-4/5), neurotrophic factor 6 (NT-6) (Barde 1982; Liebrock 1989; Jones 1990 [92, 
484, 485]), and neurotrophic factor 7 (Campenot 2004 [365]).    
As shown in Figure 1 from Kalinowska-Lyszczarz and Losy (Kalinowska-Lyszczarz and Losy 2012 [501]), both 
glial-derived neurotrophic factor (GDNF) (Chang 2019 [507]; Skaper 2018 [508]) and ciliary neurotrophic factor 
(CNTF) (review, Richardson 1994 [509]) may be considered in the neurotrophic family, even though technically 
they may be considered to be in different subfamilies (Kalinowska-Lyszczarz and Losy 2012 [501]). The crystal 
structure of both CNTF and GDNF have been elucidated: 

• Ciliary neurotrophic factor (CNTF) is a dimer (McDonald 1995 [510]) which binds selectively with three 
distinct receptor subunits (specific cell surface receptor, CNTF-Rα, permitting the subsequent recruitment of 
the receptors gp130 and leukemia inhibitory factor beta (LIF-Rβ); and 

• Similarly, GDNF is also a dimer (Eigenbrot 1997 [511]). For GDNF, “physiological responses to GDNF 
require the presence of a novel glycosyl-phosphatidylinositol (GPI)-linked protein (designated GDNFR-α) 
that is expressed on GDNF-responsive cells and binds GDNF with a high affinity…. GDNF promotes the 
formation of a physical complex between GDNFR-α and the orphan tyrosine kinase receptor Ret, thereby 
inducing its tyrosine phosphorylation … GDNF uses a multi-subunit receptor system in which GDNFR-α and 
Ret function as the ligand-binding and signaling components, respectively” (Treanor 1996 [512]).  

 
Appendix H: axotomization, when nerves are severed and regrow 
H.1 Axotomy: definitions 
Briefly, we consider the science of axotomization, or what happens when TrkA receptors are lost, for example, 
when nerves are cut deliberately. For example, this occurs when making an initial surgical incision into skin. 
We review studies in which ‘nerve endings’ – where TrkA receptors are expressed, to which the NGF 
component of the dye-NGF conjugate binds – sprout or regrow due the effects of endogenous and/or 
exogenous NGF binding on TrkA. It is also well known that withdrawal of NGF arrests sprouting.  
All surgical incisions – in oncology and non-oncology - deliberately axotomize nerves, concurrently leaving 
TrkA and possibly p75 receptors in three locations: at the surface of the incisional bed; just below the surface; 
and fully axotomized (no receptors, both TrkA and p75 receptors are removed) at the surface of the incisions. 
We expect that surgical incisions, nerve anatomy, and access (“density” or spatial distribution) of TrkA-p75 
receptors in that incision will differ from disease to disease, surgery to surgery, and case to case (patients are 
individualized). 
In none of the nonclinical studies to date of 800-rhNGF was any regrowth or sprouting observed.  
Axotomization is well defined, but it is important to distinguish between: 

• Acute and secondary axotomy (surgical incision is acute; a trauma to a nerve, for example in a nerve crush, 
occurs relatively slowly over time, this type of axotomy is secondary);  

• If a study is ex vivo, to consider time when the study is conducted from the time of euthanization. Since the 
“NGF death signal” for neurodegeneration begins soon after termination (1h), studies in human cadavers 



are not feasible (Campenot 1981 [360]; Seeley and Greene 1983 [361]; Campenot 1987 [116]; Martin 1988 
[362]; Deckwerth and Johnson 1993 [363]);  

• Whether the NGF source is endogenous and/or exogenous NGF, and which form of NGF is used for these 
studies (proNGF or mature NGF);  

• If NGF is given exogenously, whether the dose is systemic or local (for example, two routes – intrastitial and 
intranasal – do not engage cutaneous TrkA receptors), the dose level, and whether the dose is single or 
repeat;  

• Stage of development, i.e. axonal termination in a developing mammal is normal and healthy; and 
• Clinical settings where sprouting (axonal regrowth and synaptic reconnection) is encouraged, for example, 

after spinal cord injury.  
H.2 Axotomy: clinical considerations   
A single, low dose of a neurotrophin-dye or neurotrophin-drug conjugate given locally should be safe: 

• If sprouting does occur, it will be minimal: (i) it may be induced by the dose component of NGF in 
bioconjugates that use NGF, but probably not the conjugate payload; or (ii) sprouting will be localized to the 
surgical location where TrkA receptors are axotomized; and 

• It would only occur until degeneration due to NGF withdrawal occurs, roughly in 1 da after axotomy or 
incision (Takaso 2020 [513]). 

The risk of acute axotomy accelerating cancer pathology due to the effects of the NGF component in a single, 
low dose conjugate, in a disease that the surgeon is trying to treat by cutting nerves at the skin, is virtually nil – 
even after millions of surgical procedures. There are a handful of reports of NGF in prostate cancer, but none 
appear to study the same nerve groups identified at-risk, the cavernous nerves. For example, in prostate 
cancer, this group was focused on the contribution of TrkA receptors in skeletal tissue to bone cancer pain. 
They did not use acute axotomization in their experimental study, but focused on the activity of blocking – not 
upregulating – NGF activity (Jimenez-Andrade 2010 [514]; Castaneda-Corral 2011 [515]).  
It is established that at maturity, endogenous NGF regulates axonal sprouting (Bennett 1998 [516]; Spillane 
2012 [517]; Minnone 2017b [61]). Following non-localized, systemic application, “sensory neurons do not 
sprout significantly after systemic NGF administration” (Levi-Montalcini and Booker, 1960a [518]). That 
systemic NGF does not induce sprouting in sensory neurons is consistent with later findings that systemic NGF 
binds to TrkA on circulating immune cells. It is known that TrkA is expressed on several types of immune cells. 
As noted above, this suggests that any NGF-receptor complex will be degraded rapidly by esterases and 
proteases in plasma - not transported retrogradely in axons (Torcia 1996 [519]; Bracci-Laudiero 2010, 2002, 
1993, 2003 [405, 520-522]; Prencipe 2014 [406]; Minnone 2017b [61]).  
First, in sympathetic ganglia (neurons) in vitro and in vivo, at ‘nerve endings’ - where the TrkA receptors were 
located, and subsequently identified as being expressed – it was noted that exogenous NGF would exert local 
control over neurite sprouting (Hendry 1975 [122]; Campenot 1977, 1987 [115, 116]; Miller 1991 [250]; Mason 
and Muller 1982 [523]; McMahon 1994 [160]; Nascimento 2015 [524]; review, Keefe 2017 [525]). In a set of in 
vitro studies, Campenot reported that all neurite growth was controlled at the “nerve endings”:  

“[w]hen NGF was removed from the local environment of the distal portions of the neurites, the growth of these 
portions stopped (within three days) and [neurons] appeared to degenerate even though their somas and 
proximal portions were exposed to NGF” (Campenot 1977 [116]) 

Campenot found this result to be consistent with an earlier study published in 1975, also in sympathetic ganglia 
in juvenile rats, in which axotomization of sympathetic axons near the ganglion induced degeneration of those 
neurons, but “degeneration could be prevented by a period of intravenous (IV, i.e. systemic) NGF 
administration, which resulted in functional recovery of the innervation” (Hendry 1975 [122]).  
Another nerve group, facial nerves, involves both sensory (sympathetic) and motor nerves in surgical incisions 
(Myckatyn and Mackinnon 2004 [526]). In 2017, investigators confirmed earlier findings, finding that axonal 
degeneration begins within 1 day (Huang 2017 [527]; Takaso 2020 [513]). In their report, Takaso et al. (Takaso 
2020 [513]) noted that facial nerve axotomy may result in both retrograde (Akasawa 2004 [528]) and 
anterograde transport, or Wallerian degeneration, defined as “the process by which the distal nerve 
degenerates after axotomy and is cleared by phagocytosis” (Niemi 2013 [529]). Also in facial nerves, 
neurotrophins other than NGF, i.e., ciliary neurotrophic factor (CNTF) may protect developing motor neurons 
from degeneration due to axotomy (Sendtner 1990 [530]).  



Axotomization and regrowth have been reported in other studies in both mature and developing skin, in (i) 
mature skin, where the expression of TrkA receptors has been studied in adult rodents (Goodness 1997 [531]; 
Petruska and Mendell 2004 [532]); and (ii) developing skin, in trigeminal neurons (Huang 1999 [533]). 
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