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Dysmetabolism of the nerve growth factor pathway
in the aging brain plays a pivotal role in cognitive decline
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Abstract

Nerve growth factor (NGF) is one of several neurotrophic proteins necessary for normal development and function
of the mammalian nervous system. Nerve growth factor is necessary for normal brain cholinergic function, and
reduced brain cholinergic activity is a hallmark pathological feature of human Alzheimer’s disease (AD). In both ag-
ing humans and transgenic rodent models, disruption of the normal NGF metabolic pathway (NGF dysmetabolism)
leads to brain neuronal damage, loss of synaptic plasticity, and cognitive decline. Nerve growth factor dysmetabo-
lism in AD patients is a gradual process, beginning years prior to the development of mild cognitive impairment. In
addition to changes in the levels of specific molecular regulators of the NGF pathway, there are changes in the pro-
portions of the 2 major receptors for NGF and its precursor (proNGF) in the brain: the tropomyosin kinase A (TrkA)
receptor and the p75 neurotrophin (p75NR) receptor. Nerve growth factor has high affinity for TrkA receptors, the
stimulation of which has neuroprotective effects. The precursor of NGF has higher affinity than NGF for p75NTR re-
ceptors; stimulation of p75NTR receptors by proNGF has deleterious effects on neurons. With NGF dysmetabolism,
the respective ratios of available NGF/proNGF and TrkA/p75NR receptors are decreased, favoring neuronal dam-
age. In rodent models genetically engineered to produce monoclonal antibodies against NGF, neuronal damage and
cognitive decline occur, even when the antibodies are targeted specifically against peripheral (ie, not CNS) NGF.
Because canine cognitive dysfunction is a naturally occurring model of human AD, NGF dysmetabolism may be
relevant to aging dogs. This article will review details of NGF dysmetabolism and how this aberrant pathway con-
tributes to cognitive decline.
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The Importance of Nerve Growth Factor
in Cognition and the Normal Nerve
Growth Factor Metabolic Pathway
rogressive decline of brain cholinergic activity is a
major pathological feature of Alzheimer’s disease
(AD). The primary source of cholinergic supply to vi-
tal brain regions (eg, cerebral cortex, hippocampus)
are basal forebrain cholinergic neurons (BFCNs).1-3
These neurons depend on a steady supply (primar-
ily via retrograde axonal transport from BFCN target
regions, chiefly the hippocampus and cerebral cor-
tex) of nerve growth factor (NGF) for normal func-
tion and survival (Figure 1); NGF is one of several
neurotrophic proteins involved in both development
and maintenance of the nervous system.1-> Nerve
growth factor is normally produced and degraded
via a pathway consisting of several key regula-
tory proteins (Figure 2). Nerve growth factor (also
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referred to as mature NGF or mNGF) is released into
the extracellular space as a precursor protein, called
proNGF. This precursor protein is converted into NGF
by plasmin, the latter of which is derived from plas-
minogen via the action of tissue plasminogen activa-
tor (tPA), which is inhibited by a protein called neu-
roserpin. Nerve growth factor is degraded by metal-
loproteinases (MMPs; primarily MMP3 and MMP9).
Most MMPs are inhibited by tissue inhibitor of metal-
loproteinases 1. Normally, the checks and balances
provided by this pathway ensure a predominance of
NGF over its precursor protein, proNGF.236

There are 2 main cellular receptors for NGF: the
tropomyosin kinase A (TrkA) receptor and the p75
neurotrophin (p75NTR) receptor.1-46 Nerve growth fac-
tor has a high level of affinity for the TrkA receptor;
interaction of NGF with the TrkA receptor produces
trophic and neuroprotective effects, supporting sur-
vival and normal functioning of BFCNs.2-46 The p75NTR
receptor has low affinity for binding of several neu-
rotrophins, with highest affinity for proNGF; overall,
stimulation of the p75NTR receptor produces delete-
rious effects (eg, neuronal apoptosis, stimulation of
beta-amyloid [AB] production), particularly when
bound to proNGF.2-46-9 However, binding of NGF to
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Figure 1—Schematic illustration demonstrating the in-
teractions between basal forebrain cholinergic neurons
(BFCNs) and the hippocampus and cerebral cortex. ACh
= Acetylcholine. NGF = Nerve growth factor.
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Figure 2—The normal NGF metabolic pathway. MMP9 =
Matrix metalloprotease 9. mMNGF = Mature NGF. proNGF
= Precursor to NGF. TIMP1 = Tissue inhibitor of me-
talloproteases 1. tPA = Tissue plasminogen activator.
(From Pentz R, lulita MF, Ducatenzeiler A, Bennett DA,
Cuello AC. The human brain NGF metabolic pathway is
impaired in the pre-clinical and clinical continuum of
Alzheimer’s disease. Mol Psychiatry. 2021;26[10]:6023-
6037. Redrawn with permission.)

the p75NTR receptor will lead to neurotrophic effects
when there is interaction between the TrkA recep-
tor and p75NTR receptor. In the healthy brain, there is
a preponderance of NGF (vs proNGF) and adequate
TrkA receptors to allow interaction between these re-
ceptors and the p75NTR receptors.2-4.6-9

The Roles of TrkA/p75NTR Receptor Im-
balance and NGF Dysmetabolism
in Cognitive Decline

It has been demonstrated that TrkA receptors are
diminished in human AD brains, whereas p75NTR re-
ceptors remain normal or are increased. This imbal-
ance allows for less trophic effects (mediated pri-
marily through TrkA receptors) and more deleteri-
ous effects on neurons (mediated primarily through
p75NTR receptors).4610 In addition to the low TrkA/
p75NTR ratio in the AD brain, several aberrations of
the NGF metabolic pathway have been identified
(Figure 3).2:3.6 The precise mechanisms by which these
changes occur are not completely understood, but pro-
gressive accumulation of AB and neuroinflammation are
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Figure 3—The abnormal (dysmetabolic) NGF metabolic
pathway. (From Pentz R, lulita MF, Ducatenzeiler A,
Bennett DA, Cuello AC. The human brain NGF meta-
bolic pathway is impaired in the pre-clinical and clini-
cal continuum of Alzheimer’s disease. Mol Psychiatry.
2021;26[10]:6023-6037. Redrawn with permission.)

thought to be involved.3¢ The 2 main features of NGF
dysmetabolism are impaired conversion of proNGF to
NGF and increased degradation of NGF.236 The pre-
ponderance of proNGF interacting with p75NTR recep-
tors in this altered pathway has deleterious effects,
including stimulating further production of toxic AR
accumulation in the brain.236-12 |n addition to high
proNGF and low NGF levels, specific abnormalities
identified in NGF dysmetabolism include increased
levels of MMPs, neuroserpin, and plasminogen and
decreased levels of plasmin, tPA, and tissue inhibi-
tor of metalloproteinases 1.236 A study® that ana-
lyzed donated postmortem brain tissue samples
from people with varying levels of brain AB depo-
sition and no cognitive impairment, mild cognitive
impairment, and AD derived a timeline detailing
the progression of NGF dysmetabolism (Figure 4).
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Figure 4—Timeline of NGF dysmetabolism in people with
progressive brain beta-amyloid deposition. AD = Alzheimer’s
disease. HA-NCI = High amyloid—no cognitive impairment.
LA-NCI = Low amyloid—NCI. MCI = Mild cognitive impair-
ment. (From Pentz R, lulita MF, Ducatenzeiler A, Bennett
DA, Cuello AC. The human brain NGF metabolic pathway
is impaired in the pre-clinical and clinical continuum of
Alzheimer’s disease. Mol Psychiatry. 2021;26[10]:6023-
6037. Redrawn with permission.)

This study demonstrated that NGF dysmetabolism oc-
curs in advance of any obvious cognitive decline; it also
showed that impaired conversion of proNGF to NGF oc-
curs early in the disease process, with accelerated NGF
degradation occurring in later stages of the disease.®
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Transgenic Mouse Models Support
the Role of NGF in Cognitive Decline

The creation of a genetically modified mouse
strain (AD11) that produces monoclonal antibodies
against NGF provided the means to prove a causal
relationship between disruption of NGF activity and
development of degenerative brain disease analo-
gous to human AD. Once AD11 mice reach adult-
hood, they produce enough anti-NGF antibody to in-
hibit NGF’s action; subsequently, neurodegenerative
brain changes characteristic of human AD develop
(eg, deposition of AB and tau proteins, neuronal
loss, loss of BFCN cholinergic activity). In addition
to these structural changes, affected mice display
evidence of cognitive decline.1* Because the mono-
clonal antibody produced by AD11 mice has a high
affinity for NGF (not proNGF), it was hypothesized
that blocking NGF in this mouse model would lead
to preferential proNGF/p75NTR signaling, with resul-
tant deleterious effects, such as AR deposition.1314
Support for this hypothesis comes from another
transgenic mouse model (AD12), in which anti-NGF
antibody mice were crossed with mice whose genes
for coding the p75NTR receptor were excised; in this
model, no deposition of AB was observed, suggest-
ing a direct role of proNGF/p75NTR interaction in the

accumulation of toxic AB in the brain.1> To investi-
gate the effect of diminished TrkA signaling, a trans-
genic mouse model that produced anti-TrkA recep-
tor antibodies was created; AB deposition and loss
of BFCN cholinergic activity developed in the brains
of these mice. They also exhibited cognitive decline
in spatial learning (maze test) and object recognition
(nonspatial short- and long-term visual memory, dis-
cerning objects that are new vs familiar).1®

In the AD11 transgenic mouse model, both cells in
the CNS and nearly all nonlymphoid peripheral tissues
produce monoclonal antibodies against NGF. To ascer-
tain what, if any, effects may occur if only peripheral
NGF blockade were to occur, another transgenic mouse
model (AD10) was created in which anti-NGF mono-
clonal antibodies were produced in the periphery only
(via splenic lymphocytes, no CNS production). In this
model, anti-NGF antibodies caused disruption of the
blood-brain barrier by means of damaging the sympa-
thetic nervous system at the level of the cranial cervical
ganglia; subsequently, anti-NGF antibodies entered the
brain and produced an AD-like scenario nearly identical
to that observed in the AD11 strain (Figure 5).16 Dam-
aging the sympathetic nervous system by blocking NGF
has been shown to result in disruption of the blood-brain
barrier in other rodent studies.718

Peripheral NGF neutralization in AD10 mice
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Figure 5—Schematic  showing

events leading to AD-like degen-

eration in AD10 mice. AB = Beta

amyloid. BBB = Blood-brain barri-

er. IgG = Immunoglobulin G. SCG =

Superior (cranial) cervical ganglia.

(From Capsoni S, Tiveron C, Amato

IgGs G, Vignone D, Cattaneo A. Periph-

proteins €ral neutralization of nerve growth

factor induces immunosympathec-

tomy and central neurodegenera-

tion in transgenic mice. J Alzheim-

ers Dis. 2010;20[2]:527-546. Re-
drawn with permission.)
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Potential Clinical Relevance
of NGF Dysmetabolism
in Canine Cognitive Dysfunction

Canine cognitive dysfunction (CCD) is the dog
version of human AD and is very prevalent in the
senior dog population.’® Unlike transgenic mouse
models of AD, CCD is a naturally occurring model
of human AD, sharing many clinical, molecular, and
pathological features.1920 Although NGF dysmetab-
olism has not been extensively studied in CCD pa-
tients, there is evidence that NGF-associated loss of
BFCNs occurs in aging canines.?! In addition, there
is substantial evidence that the neurotrophins (in-
cluding NGF) and their metabolic pathways are evo-
lutionarily conserved across vertebrate species.?2-24
It is likely that NGF metabolism (and dysmetabo-
lism) in aging dogs is similar to that described for
human patients with AD and rodent AD models. To
our knowledge, this similarity has not been directly
investigated; however, a recent study?® reviewed
diagnostic and therapeutic strategies for CCD and
highlighted the potential similarities for diagnostic
biomarkers and reviewed treatment options. Howev-
er, it did not comment on the role of NGF dysmetab-
olism in disease progression or therapeutics.2> Our
previous research in this area investigated transcra-
nial photobiomodulation in cognitive-impaired dogs
and showed potential benefit, but it was not without
limitations, among which was the lack of comment
on NGF dysmetabolism.26 The aging dog population
may provide avenues for further research into this
aspect of dementia, including further diagnostic and
therapeutic options.

Acknowledgments
None reported.

Disclosures

Dr. Brunke is a member of the JAVMA Scientific Review
Board and was not involved in the editorial evaluation of or
decision to accept this article for publication.

No Al-assisted technologies were used in the composi-
tion of this manuscript.

Funding
The authors have nothing to disclose.

ORCID

Curtis Wells Dewey
2368-8835

Matthew Warren Brunke
5923-0001

https://orcid.org/0000-0002-

https://orcid.org/0000-0001-

References

1. Isaev NK, Stelmashook EV, Genrikhs EE. Role of nerve
growth factor in plasticity of forebrain cholinergic
neurons. Biochemistry (Mosc). 2017;82(3):291-300.
d0i:10.1134/50006297917030075

2. Cuello AC, Pentz R, Hall H. The brain NGF metabolic path-
way in health and Alzheimer’s pathology. Front Neurosci.
2019;13:62. doi:10.3389/fnins.2019.00062

3. Do Carmo S, Kannel B, Cuello AC. The nerve growth factor
metabolic pathway dysregulation as cause of Alzheimer’s
cholinergic atrophy. Cells. 2021;11(1):16. doi:10.3390/
cells11010016

474

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Ding XW, Li R, Geetha T, Tao YX, Babu JR. Nerve growth
factor in metabolic complications and Alzheimer’s dis-
ease: physiology and therapeutic potential. Biochim
Biophys Acta Mol Basis Dis. 2020;1866(10):165858.
d0i:10.1016/j.bbadis.2020.165858

Scardigli R, Capelli P, Vignone D, et al. Neutralization of
nerve growth factor impairs proliferation and differentiation
of adult neural progenitors in the subventricular zone. Stem
Cells. 2014;32(9):2516-2528. doi:10.1002/stem.1744
Pentz R, lulita MF, Ducatenzeiler A, Bennett DA, Cuello
AC. The human brain NGF metabolic pathway is impaired
in the pre-clinical and clinical continuum of Alzheim-
ers disease. Mol Psychiatry. 2021;26(10):6023-6037.
d0i:10.1038/541380-020-0797-2

Capsoni S, Tiveron C, Vignone D, Amato G, Cattaneo A.
Dissecting the involvement of tropomyosin-related kinase
A and p75 neurotrophin receptor signaling in NGF deficit-
induced neurodegeneration. Proc Natl Acad Sci U S A.
2010;107(27):12299-12304. doi:10.1073/pnas.1007181107
Dasgupta S, Pandya MA, Zanin JP, et al. ProNGF elicits
retrograde axonal degeneration of basal forebrain neu-
rons through p75NTR and induction of amyloid precursor
protein. Sci Signal. 2024;17(855):eadn2616. doi:10.1126/
scisignal.adn2616

Bruno F, Abondio P, Montesanto A, Luiselli D, Bruni AC,
Maletta R. The nerve growth factor receptor (NGFR/
p75NTR): a major player in Alzheimer’s disease. Int J Mol
Sci. 2023;24(4):3200. doi:10.3390/ijms24043200

Mufson EJ, Lavine N, Jaffar S, Kordower JH, Quirion R,
Saragovi HU. Reduction in p140-TrkA receptor protein
within the nucleus basalis and cortex in Alzheimer’s dis-
ease. Exp Neurol. 1997;146(1):91-103. doi:10.1006/
exnr.1997.6504

Matrone C, Di Luzio A, Meli G, et al. Activation of the amy-
loidogenic route by NGF deprivation induces apoptotic
death in PC12 cells. J Alzheimers Dis. 2008;13(1):81-96.
doi:10.3233/JAD-2008-13109

Matrone C, Ciotti MT, Mercanti D, Marolda R, Calissano P.
NGF and BDNF signaling control amyloidogenic route and
AR production in hippocampal neurons. Proc Nat/ Acad
Sci U S A. 2008;105(35):13139-13144. doi:10.1073/
pnas.0806133105

Capsoni S, Ugolini G, Comparini A, Ruberti F, Berardi N,
Cattaneo A. Alzheimer-like neurodegeneration in aged anti-
nerve growth factor transgenic mice. Proc Nat/ Acad Sci U S
A. 2000;97(12):6826-6831. doi:10.1073/pnas.97.12.6826
Capsoni S, Giannotta S, Cattaneo A. B-amyloid plaques in
a model for sporadic Alzheimer’s disease based on trans-
genic anti-nerve growth factor antibodies. Mo/ Cell Neu-
rosci. 2002;21(1):15-28. doi:10.1006/mcne.2002.1163
Capsoni S, Brandi R, Arisi I, D’Onofrio M, Cattaneo A.
A dual mechanism linking NGF/proNGF imbalance
and early inflammation to Alzheimer’s disease neu-
rodegeneration in the AD11 anti-NGF mouse model.
CNS Neurol Disord Drug Targets. 2011;10(5):635-647.
d0i:10.2174/187152711796235032

Capsoni S, Tiveron C, Amato G, Vignone D, Cattaneo A.
Peripheral neutralization of nerve growth factor induces
immunosympathectomy and central neurodegeneration
in transgenic mice. J Alzheimers Dis. 2010;20(2):527-
546. doi:10.3233/JAD-2010-091357

Edvinsson L, Hardebo JE, Owman C. Influence of the cere-
brovascular sympathetic innervation on regional flow, au-
toregulation, and blood-brain barrier function. In: Elliott K,
O’Connor M, eds. Ciba Foundation Symposium 56: Cerebral
Vascular Smooth Muscle and Its Control. Ciba Foundation;
1978:69-95. doi:10.1002/9780470720370.ch6

Heistad DD. Protection of the blood-brain barrier during acute
and chronic hypertension. Fed Proc. 1984;43(2):205-209.
Dewey CW, Davies ES, Xie H, Wakshlag JJ. Canine
cognitive  dysfunction: pathophysiology, diagnosis,
and treatment. Vet Clin North Am Small Anim Pract.
2019;49(3):477-499. doi:10.1016/j.cvsm.2019.01.013

JAVMA | APRIL 2026 | VOL 264 | NO. 4

Unauthenticated | Downloaded 04/15/26 11:35 PM UTC


https://orcid.org/0000-0002-2368-8835
https://orcid.org/0000-0002-2368-8835
https://orcid.org/0000-0001-5923-0001
https://orcid.org/0000-0001-5923-0001

20.

21

22.

23.

Kushwaha V, Sahu KK. A comprehensive review on pre- 24.

clinical Alzheimer’s disease models: evaluating their clini-
cal relevance. Curr Pharm Biotechnol. 2025;26(2):186-
207. doi:10.2174/0113892010331845240802073645

Insua D, Corredoira A, Gonzdlez-Martinez A, et al. Ex-

pression of p75(NTR), a marker for basal forebrain cho- 25.

linergic neurons, in young and aged dogs with or with-
out cognitive dysfunction syndrome. J Alzheimers Dis.
2012;28(2):291-296. doi:10.3233/JAD-2011-110905
Gotz R, Schartl M. The conservation of neurotrophic fac-
tors during vertebrate evolution. Comp Biochem Physi-
ol Pharmacol Toxicol Endocrinol. 1994;108(1):1-10.
Hallb6dk F. Evolution of the vertebrate neurotrophin
and Trk receptor gene families. Curr Opin Neurobiol.
1999;9(5):616-621. doi:10.1016/50959-4388(99)00011-2

JAVMA | APRIL 2026 | VOL 264 | NO. 4

26.

Paoletti F, Malerba F, Ercole BB, Lamba D, Cattaneo A.
A comparative analysis of the structural, functional and
biological differences between mouse and human nerve
growth factor. Biochim Biophys Acta. 2015;1854(3):187-
197. doi:10.1016/j.bbapap.2014.12.005

Kim SH, Hao J. Recent advances in diagnostic and thera-
peutic strategies for canine cognitive dysfunction. Am
J Vet Res. 2025;86(8):ajvr.25.02.0053. doi:10.2460/
ajvr.25.02.0053

Dewey CW, Rishniw M, Brunke MW, Gerardi J, Sakovitch
K. Transcranial photobiomodulation therapy improves cog-
nitive test scores in dogs with presumptive canine cogni-
tive dysfunction: a case series of five dogs. Open Vet J.
2024;14(5):1167-1171. doi:10.5455/0VJ.2024.v14.i5.11

475

Unauthenticated | Downloaded 04/15/26 11:35 PM UTC



