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Abstract

Introduction: The primary objective of this paper is to (1) provide a summary of human
studies that have used brain derived neurotrophic factor (BDNF) as a biomarker, (2)
review animal studies that help to elucidate the mechanistic involvement of BDNF in
the development and maintenance of neuropathic pain (NP), and (3) provide a critique
of the existing measurement techniques to highlight the limitations of the methods
utilized to quantify BDNF in different biofluids in the blood (i.e., serum and plasma)
with the intention of presenting a case for the most reliable and valid technique. Lastly,
this review also explores potential moderators that can influence the measurement of
BDNF and provides recommendations to standardize its quantification to reduce the
inconsistencies across studies.

Methods: In this manuscript we examined the literature on BDNF, focusing on its role
as a biomarker, its mechanism of action in NP, and critically analyzed its measurement
in serum and plasma to identify factors that contribute to the discrepancy in results
between plasma and serum BDNF values.

Results: A large heterogenous literature was reviewed that detailed BDNF'’s utility as
a potential biomarker in healthy volunteers, patients with chronic pain, and patients
with neuropsychiatric disorders but demonstrated inconsistent findings. The literature
provides insight into the mechanism of action of BDNF at different levels of the central
nervous system using animal studies. We identified multiple factors that influence the
measurement of BDNF in serum and plasma and based on current evidence, we rec-
ommend assessing serum BDNF levels to quantify peripheral BDNF as they are more
stable and sensitive to changes than plasma BDNF.

Conclusion: Although mechanistic studies clearly explain the role of BDNF, results
from human studies are inconsistent. More studies are needed to evaluate the

methodological challenges in using serum BDNF as a biomarker in NP.
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The International Association for the Study of Pain defines neu-
ropathic pain (NP) as “pain caused by a lesion or disease of the
somatosensory nervous system” (Loeser & Treede, 2008). It can be ini-
tiated by nerve, brain, or spinal cord injury and represents a broad
category of pain syndromes encompassing a wide variety of peripheral
of central disorders. Previous epidemiological studies have revealed
that NP affects 7—10% of the general population (Bouhassira et al.,
2008; Collocaetal., 2017; Torrance et al., 2006; van Hecke et al., 2014),
accounting for almost 20-25% of patients with chronic pain (Bouhas-
sira et al,, 2008; Dahlhamer et al., 2018). It is more frequent in older
individuals (> 60 years old), more common in women than in men
and characterized by unpleasant symptoms, such as shooting or burn-
ing pain, numbness, and allodynia (Bouhassira, 2019; Bouhassira et al.,
2008; Torrance et al., 2006). It is also associated with a high level of dis-
ability (Attal et al.,, 2011; Doth et al., 2010; Galvez et al., 2007) and has
a high socioeconomic cost (Attal et al., 2011; Jensen et al., 2007; B. H.
Smith et al., 2007; van Hecke et al., 2014). Most importantly, current
drug treatment is inadequate due to both poor efficacy and tolerabil-
ity (Bannister et al., 2020; Cavalli et al., 2019; Taneja et al., 2017). A
recent report by Maher and colleagues using clinical trial data from the
last 20 years reported that the probability of successful drug treatment
for NP was only 7.1% (Maher et al., 2022). |dentifying effective treat-
ments to address the associated severe pain and disability is limited by
the lack of understanding of the underlying pathophysiological mech-
anisms (Cavalli et al., 2019; Finnerup et al., 2020; Price & Gold, 2018;
Szok et al., 2019). The identification of a biomarker that links the signs
and symptoms of NP to pathophysiological mechanisms, would provide
decisive information relevant to drug-discovery and development. This
review examines the literature on brain derived neurotrophic factor
(BDNF) to determine the physiological validity for utilizing BDNF as
a biomarker, and the possibility of a pragmatic approach to measuring
BDNF peripherally in the blood.

The subjective self-reporting of pain has played a key role in the
diagnosis and treatment of NP (Bouhassira, 2019; Mulvey et al., 2014).
However, this assessment is complicated by individual differences in
sensitivity (Coghill & Eisenach, 2003) and the lack of reliability in these
measures that often include the evaluation of the impact of NP on
activities of daily living and quality of life (S. M. Smith et al., 2016).
This highlights the critical need for objective data to assess pain and
support the management of pain perception. The identification of a
biomarker(s) that could complement patient reporting and serve as a
correlate to the neurobiological processes underlying painful condi-
tions would be an important tool in identifying effective treatments.
This could also support the aim of reliably diagnosing NP. Furthermore,
biomarkers that are directly related to the presence and severity of NP
could lead to (a) successful mechanism-based treatment approaches to
alleviate the need for long-term use of opioids, (b) significant reduction
in the healthcare costs worldwide, and (c) improvements in the quality
of life of NP patients.

The FDA (FDA-NIH Biomarker Working Group, 2016) describes a
biomarker as a “defined characteristic that is measured as an indica-
tor of normal biological processes, pathogenic processes, or responses

to an exposure or intervention, including therapeutic interventions.”
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Biomarkers that have been studied in NP include plasma and cere-
brospinal fluid biomarkers (lipid mediators, nerve growth factor, BDNF,
tumor necrosis factor alpha, interleukins, and neurotransmitters like
gamma-aminobutyric acid and glutamate) (Bonhof et al., 2018; Gunn
et al., 2020), skin biopsy (Bénhof et al., 2018; Sisignano et al., 2019; S.
M. Smith et al., 2017), genetic biomarkers (point mutations in the gene
encoding of TRPV1 and TRPA1, SCN10A and SCN11A), (Bénhof et al.,
2018; Sisignano et al., 2019), sensory biomarkers (quantitative sensory
testing) (Sisignano et al., 2019; S. M. Smith et al., 2017), and imaging
biomarkers (resting-state brain activity, evoked activity with ongoing
clinical pain) (Miesen et al., 2019; Sisignano et al., 2019; S. M. Smith
etal., 2017).

For approximately two decades, BDNF has attracted attention as
a potential biomarker for NP because it promotes neuronal growth,
maintenance, survival, and neurogenesis (Barde et al., 1982; Binder
& Scharfman, 2004; Leibrock et al., 1989; Park & Poo, 2012; H. Zhao
et al., 2017). BDNF is a member of the neurotrophic factor family (H.
Zhao et al., 2017), has been identified as an important pain modula-
tor (Merighi et al., 2008; Pezet et al., 2002; Vanelderen et al., 2010)
and it regulates central and peripheral synaptic plasticity (Binder &
Scharfman, 2004; Panja & Bramham, 2014; Park & Poo, 2012; H. Zhao
et al., 2017). BDNF synthesis is initiated from pre-pro-BDNF, which
is cleaved to mature BDNF, and is secreted both by presynaptic and
postsynaptic terminals with its secretion dependent on neuronal activ-
ity (Autry & Monteggia, 2012; Binder & Scharfman, 2004; Park &
Poo, 2012). It has also been implicated in neuropathic (Ding et al.,
2015; Pezet & McMahon, 2006; Pezet et al., 2002; Tateiwa et al.,
2018; Wu et al,, 2021; H. Zhang et al., 2017; X. Zhang et al., 2011)
and inflammatory pain mechanisms (Ishikawa et al., 2015; Sikandar
et al,, 2018; J. Zhao et al., 2006) because of its important role in
sensory neurotransmission in spinal and supraspinal level nociceptive
pathways.

It is plausible that BDNF initiates compensatory processes that
facilitate recovery or alleviate the adverse chronic effects of injury or
disease to the central and peripheral nervous system. Furthermore,
BDNF can act as a pain mediator and modulator at different sites
in the central nervous system including dorsal root ganglion, spinal
cord, and supra-spinal sites. Lastly, because of its involvement at the
dorsal horn level, previous studies have also implicated its role in cen-
tral sensitization (Alles et al., 2021; Biggs et al., 2010; Sikandar et al.,
2018; Vanelderen et al., 2010). Furthermore, long-term BDNF expo-
sure increases the excitability of the dorsal horn and mediates central
sensitization of the dorsal horn, which initiates changes in synaptic
functioning that may be responsible for the generation of NP (Dai & Ma,
2014; Kerr et al.,, 1999; P. A. Smith, 2014).

Although BDNF has been proposed as a candidate biomarker of
chronic pain, especially NP, there remains a significant gap in our
understanding of the physiological mechanisms that lead to changes
in BDNF levels measured peripherally. This is partially due to the dif-
ficulty in assessing central nervous system BDNF level. In addition, an
understanding of this multifactorial experience could lead to the more
effective use of personalized medicine approaches to pain manage-

ment. The purpose of this review is to (a) summarize current findings
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from human studies that have utilized BDNF as a potential biomarker,
(b) briefly outline the role of BDNF in NP by summarizing results from
animal studies, and (c) provide a critique of the existing measurement
techniques used to assess BDNF with the intention of presenting a case
for the most reliable and valid techniques.

As aninitial step, Table 1 provides the study characteristics and find-
ings for articles that have investigated group differences at baseline
(Table 1a) and group differences across time following an intervention
(Table 1b) utilizing BDNF as a biomarker in healthy volunteers, patients
with chronic pain, and patients with neuropsychiatric disorders.

Itisevident from the informationin Table 1a, b that BDNF is typically
measured either in serum or in plasma. In addition, studies quantify
concentrations of BDNF in pg/ml or ng/ml which makes standardiza-
tion of the BDNF levels difficult, and these studies present inconsistent
findings with a number of studies demonstrating differences at rest
between various groups and across time in healthy volunteers, gen-
der, patients with chronic pain, and patients with neuropsychiatric
disorders, whereas other studies have not demonstrated these differ-
ences. The perplexing nature of these data demand a more intricate
examination beginning with the evidence supporting BDNF as a pos-
sible mechanistic biomarker for pain perception and then a more

sophisticated review of the measurement techniques utilized.

1 | BDNF RELATED MECHANISM OF ACTION IN
NP

BDNF acts as a pain mediator (factor that contributes to the initia-
tion and development of pain) and modulator (factor that regulates
pain) and performs its biological functions through two receptors: p75
neurotrophin (pan-selective p75 neurotrophin receptor) and the TrkB
receptor (tropomyosin receptor kinase B or tyrosine receptor kinase
B) (Andero et al., 2014; Binder & Scharfman, 2004; Chao & Hempstead,
1995). BDNF also binds with TrkC at a lower affinity, which is primar-
ily activated by neurotrophin 3 (NT-3) (Ateaque et al., 2022; Mcmahon
et al., 1994; Reichardt, 2006). BDNF is released in response to periph-
eral inflammation and is known as a nociceptive modulator for both
pain perception and sensitization at both spinal and supraspinal lev-
els (Merighi et al., 2008; Pezet & McMahon, 2006). p75 is a low affinity
receptor while the tropomyosin receptor kinase B (TrkB) receptor is a
high affinity receptor (Binder & Scharfman, 2004), and is upregulated
in chronic pain states (Pezet et al., 2002, Pezet & McMahon, 2006;
Merighi 2008; Smith, 2014; Thibault et al., 2014; Wang et al., 2009).
Spinal BDNF-TrkB signaling has been implicated in studies that have
investigated pathological mechanisms for NP (Cao et al., 2020; Coull
et al., 2005; Ohira & Hayashi, 2009; Soril et al., 2008; Thibault et al.,
2014; X. Wang et al., 2009). This BDNF-TrkB signaling can modulate
neurotransmission and enhance synaptic efficacy both via presynaptic
and postsynaptic mechanisms (Binder & Scharfman, 2004; Cheng et al.,
2017; Pezet & McMahon, 2006; Yoshii & Constantine-Paton, 2010).
Furthermore, the pronociceptive role of BDNF-TrkB is responsible for
the persistent increase in excitability of second order neurons in the

spinal dorsal horn contributing to allodynia, hyperalgesia, spontaneous

pain, and causalgia that characterize NP and central sensitization
(Biggs et al., 2010; Sandkhler, 2009; Woolf, 2007; H. Zhao et al., 2017).
Because the focus of this article is on NP (pain induced by injury to the
nervous system) and the associated role of BDNF in promoting neu-
ronal growth, survival, and neurogenesis in the nervous system, animal
studies that describe the prevalent role of BDNF in the initiation and
maintenance of NP at the spinal, peripheral and central levels will be
discussed. Figure 1 provides a depiction of the role of BDNF in NP and
the site of involvement for its mechanism of action with citations of the

supporting literature.

1.1 | Spinal dorsal horn, dorsal root ganglia and
microglia mediated action

Previous studies utilizing NP models have demonstrated that elevated
BDNF levels in the spinal dorsal horn contributes to hyperalgesia and
central sensitization (Alles et al., 2021; Dai & Ma, 2014; Z. Zhang et al.,
2013). Evidence from preclinical studies that utilize peripheral nerve
injury models have also revealed that BDNF is synthesized by dorsal
horn neurons and causes hyperexcitation of dorsal horn neurons, which
results in pain hypersensitivity (Coull et al., 2005; Ding et al., 2015;
Sikandar et al., 2018; L. J. Zhou et al., 2011; W. Zhou et al., 2021), an
important contributor to NP. Lu et al. (2007 and 2009) describe the role
of BDNF in NP using chronic constriction injury models in the rat dorsal
horn to illustrate the increased excitability in the dorsal horn. These
investigators demonstrated that the excitatory and inhibitory neurons
in the substantia gelatinosa of the dorsal horn exhibited altered
behavior due to changes in synaptic drive mediated by the release of
BDNF with increased excitatory synaptic drive to excitatory neurons
and a decrease in the synaptic drive to the inhibitory interneurons. It is
critical to consider that central sensitization is an activity-dependent
increase in excitability of dorsal horn neurons (Latremoliere & Woolf,
2009; Woolf & Thompson, 1991), and BDNF expression facilitates
this process by promoting a slowly developing increase in excitability
and synaptic activity in the dorsal horn. From here, TrkB receptors are
activated on second order neurons or primary afferent endings which
in turn activate spinal reflexes and primary afferents (Dai & Ma, 2014;
Kerretal., 1999; Luet al., 2007; X. Wang et al., 2009) causing allodynia,
hyperalgesia, and spontaneous pain, defining characteristics of NP.
With activation of TrkB receptors, there is a downstream activation of
different signaling pathways. For example, nuclear factor kappaB (NF-
xB) and the mitogen-activated protein kinases (MAPK), that include the
p38, Jun N-terminal kinase (JNK), and extracellular signal-regulated
protein kinase (ERK) signaling pathways are activated (Cappoli et al.,
2020; Liu et al., 2007; Obata & Noguchi, 2004; Pezet & McMahon,
2006; Pham et al, 2022; Santana-Martinez et al., 2018). Obata
and Noguchi (2004) have also demonstrated that MAPK signaling
pathways, specifically ERK and p38 are involved in heat hyperalge-
sia and nerve injury induced neuroinflammation and neuropathic
pain.

Microglia are the resident immune cells in the central ner-

vous system, and their activation following peripheral nerve injury
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FIGURE 1 Listof studies that support the role of brain derived neurotrophic factor (BDNF) in neuropathic pain with the associated site for the

mechanism of action. Created with BioRender.com

upregulates the purinergic receptors, especially P2 x 4R, causing the
phosphorylation of p38-MAPK that results in the release of BDNF
(Ji & Suter, 2007; Trang et al., 2011a; TT. Zhou et al., 2014) Zhou,
2014; Suter, 2007; Trang, 2011). This facilitates the excitability of
dorsal horn neurons and persistence of hypersensitivity contributing
to NP (Biggs et al., 2010; Coull et al., 2005; Kohno & Tsuda, 2021;
Trang et al., 2011). In the microglia, BDNF can also activate PI3K and
ERK kinase pathways that are fundamental for the development of
neuropathic pain (Trang et al., 2011). The p38 pathway in the microglia
also activates NF- kB leading to release of inflammatory mediators
like interleukin-1beta (IL-1p) and interleukin-6 (IL-6) leading to pain
hypersensitivity after nerve injury (Ji & Suter, 2007; Obata & Noguchi,
2006). Tumor necrosis factor, another inflammatory mediator involved
in NP inhibits long-term potentiation via NF- ¥B and p38, MAPK and
JNK signaling pathways (Butler et al., 2004; Liu et al., 2007). Addition-
ally, activation of the above signaling pathways also causes secretion
of reactive oxygen species(X. Gao et al., 2007; I. Lee et al., 2007), and
previous studies have highlighted the role of nitric oxide in central
sensitization and neuroinflammation (Cury et al., 2011; Schwartz et al.,
2008; Teixeira-Santos et al., 2020)

Elevated levels of BDNF at the level of the dorsal root ganglion
(DRG) facilitates pain transmission and contributes to pain hyper-
sensitivity and central sensitization (Wu et al.,, 2021). Both in NP
and inflammatory pain models, increased levels of BDNF in the DRG
neurons are correlated with increase in the BDNF levels in the spinal
dorsal horn (Pezet & McMahon, 2006; Wu et al., 2021). In the DRG,

BDNF/TrkC is primarily expressed in large sensory afferents specifi-
cally mechanoreceptors and proprioceptors (Mcmahon et al., 1994).
Following nerve injury, Michael et al. demonstrated an increase in
BDNF expression in the TrkC and TrkB receptors (Michael, 1999). Sim-
ilar to the role of microglia in NP, nerve injury also leads to activation
and recruitment of macrophages in the DRG (Malcangio, 2019; Tu
etal.,, 2022; Yu et al., 2020; H. Zhang et al., 2016). These macrophages
release BDNF and BDNF- TrkB plays an important role in both the
initiation and maintenance of the mechanical hypersensitivity of NP
(Tu et al,, 2022; Yu et al., 2020). Yu et al. (2020) also demonstrated that
depletion of DRG macrophages prevented the upregulation of BDNF
within 24 h of nerve injury in mice (Yu et al., 2020).

Therefore, at the spinal level, BDNF is expressed in microglia, in the
neurons, and in nociceptors of the DRG and in the dorsal horn neu-
rons. This BDNF release is maladaptive in that it contributes to central
sensitization and NP.

1.2 | NMDA-Glutamate-GABA receptor-mediated
action

BDNF also exerts its effects via interactions with other recep-
tors, neurotransmitters, and ion channels. Specifically, presynaptic
BDNF signaling promotes neurotransmitter release and postsynap-
tically it is involved in enhancing various ion channel function.

BDNF modulates synaptic plasticity in an activity dependent manner
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contributing to long term potentiation (C. S. Wang et al., 2022) via
TrkB and downstream signaling cascades, mainly phosphatidylinositol
3-kinase/protein kinase B, MNK, and the mechanistic target of
rapamycin (mTOR)-signaling (Cappoli et al., 2020; Nijs et al., 2015;
Pezet & McMahon, 2006). The presynaptic actions of BDNF can involve
synapsins and calcium channels (Cheng et al., 2017; Jovanovic et al.,
2000). The BDNF- TrkB- MNK signaling leads to augmentation of the
synapsin 1 phosphorylation causing sustained release of glutamate
(Cheng et al., 2017; Jovanovic et al., 2000). Synapsins are proteins
that are linked to synaptic vesicles encoding three mammalian genes
which generate multiple isoforms and mediate the release of neuro-
transmitters (Cheng et al., 2017). BDNF enhances presynaptic calcium
levels due to the activation of the phospholipase C pathway which
activates TRPC channels causing release of calcium from intracellular
stores (Cheng et al., 2017; Jovanovic et al., 2000). The release of cal-
cium augments the spontaneous release of glutamate. With regards
to GABA release, Cheng and colleagues demonstrated that synapsins
inhibit GABA release and calcium influx leads to GABA release similar
to glutamate release (Cheng et al., 2017).

Previous studies have described the interaction of BDNF-TrkB
signaling with N-methyl-d-aspartate (NMDA) receptors as an under-
lying mechanism that contributes to central sensitization of spinal
neurons (Kerr et al., 1999; Latremoliere & Woolf, 2009; Trang et al.,
2011). Animal models of NP have revealed that BDNF-TrkB signaling
promotes the upregulation of NR2B, a subunit of NMDA receptors
via activation of the mTOR pathway (L. Zhang et al., 2016). In addi-
tion, BDNF plays a major role in modulating the contributions of the
glutamatergic and GABAergic mechanisms responsible for long-term
potentiation of the glutamatergic transmission both presynaptically
and postsynaptically (Bliss & Cooke, 2011; Merighi et al., 2008; Tyler
et al., 2002). BDNF facilitates excitatory transmission at the dorsal
horn by attenuating GABAergic inhibitory neurotransmission that
causes a disequilibrium in GABA (y-aminobutyric acid) levels (J. Gao
et al, 2014; Lu et al., 2007, 2009; Zafra et al., 1991). This disinhibition
is an important contributor to central sensitization and NP (Malcangio,
2018)

In addition, elevated BDNF contributes to decreased expression of
KCC2 (Cappoli et al., 2020; Z. Zhang et al., 2013; S. Zhao et al., 2022).
KCC2 is a potassium/chloride cotransporter that controls intracellular
chloride concentrations in these neurons causing disruption of neu-
ronal chloride homeostasis. This contributes to spinal disinhibition and
promotes the development of pain hypersensitivity and mechanical
allodynia, which is commonly observed in inflammatory pain and NP
models (Cao et al., 2020; Trang et al., 2011; X. Zhang et al., 2011,
J. Zhao et al., 2006). The increase in chloride concentrations shifts
the chloride equilibrium potential to a less negative value, and this
also contributes to GABA disinhibition (Z. Zhang et al., 2013). This
BDNF-KCC2-GABA attenuation leads to NP and central sensitization
(Chen et al.,, 2014; Dai & Ma, 2014; P. A. Smith, 2014). Thus, altered
BDNF levels in NP, perturb the balance in potentiation between
glutamatergic and GABAergic synapses in the central nervous sys-
tem (CNS) that contributes to an imbalance in excitatory/inhibitory

neurotransmission.

1.3 | Supraspinal involvement

Due to its role in brain signaling and synaptic plasticity, coupled
with its involvement in emotional comorbidities like memory, deci-
sion making, and depression, cerebral BDNF in brain areas including
the hippocampus, prefrontal cortex, and reward centers including the
mesocorticolimbic system (Mitsi & Zachariou, 2016; Navratilova et al.,
2012; H. Zhang et al., 2017) has been proposed as a marker of noci-
ception in chronic pain. Brainstem areas like the rostroventral medulla
and the nucleus raphe magnus involved in descending pain modu-
lation also contribute to the BDNF-KCC2-GABA impairment in the
development of chronic NP (Costigan et al., 2009; Dai & Ma, 2014).
The nucleus raphe magnus activates the descending pain pathways
due to BDNF mediated KCC2 downregulation causing GABAergic dis-
inhibition which plays an important role in the process of central
sensitization during the development of chronic pain (Dai & Ma, 2014;
Z.Zhangetal.,2013).

Figure 1 includes a list of the studies that address the correspond-
ing site of activity for BDNF at the supraspinal, spinal, and receptor
level. Therefore, increased levels of BDNF at different locations in the
central nervous system including the spinal dorsal horn, the microglia,
and the brain, coupled with its involvement at the receptor level and
its connections to neurotransmitters like glutamate and GABA, sug-
gests that enhanced BDNF signaling mediates the pathophysiology of
chronic NP. Therefore, these BDNF contributions to the processing of
pain offer clues to the mechanisms of central sensitization, hyperalge-
sia, and mechanical allodynia, and support the proposition that BDNF
levels may serve as a biomarker for chronic pain.

2 | MEASUREMENT OF BDNF

BDNF can be quantified in peripheral whole blood, serum, or plasma,
and is stored in the platelets (Fujimura et al., 2002). In addition, the
brain is potentially a major contributor to circulating blood levels (Ras-
mussen et al., 2009) since BDNF freely crosses the blood-brain barrier
(Pan et al., 1998). Thus, serum and plasma BDNF are highly corre-
lated with central nervous system BDNF (Klein et al., 2011; Lang et al.,
2007; Pan et al., 1998; Pillai et al., 2010). For example, in a study
on rats, Karege et al. found a positive correlation (r = 0.81, p < .01)
between serum and cortical BDNF concentrations (Karege et al., 2002).
Therefore, peripheral blood BDNF levels (serum or plasma) have been
used as a proxy for central (brain) BDNF levels. However, several stud-
ies have demonstrated discrepant results between plasma and serum
BDNF values within the same subjects (see Table 1a and b), while other
studies have presented relatively high correlations between serum and
plasma BDNF levels (Elfving et al., 2010; Klein et al., 2011; Polacchini
et al,, 2015; Trajkovska et al., 2007). This highlights the challenge of
assessing reliable BDNF concentrations in the periphery. Furthermore,
more than 90% of blood BDNF is stored in the platelets (Fujimura
et al., 2002) and released from the platelets to serum during the clot-
ting process, explaining in part, the differences in serum and plasma
BDNF levels (serum BDNF level is about 100- 200-fold higher than
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that of plasma) (Brigadski & LeBmann, 2020; Fujimura et al., 2002).
Radka et al. also showed that there is a strong correlation between
serum serotonin, a marker for platelet activation, and serum concen-
tration of BDNF, thus highlighting the release of BDNF during the
clotting process described above (Radka et al., 1996). Previous stud-
ies have presented a broad range of correlations between plasma
and serum BDNF concentrations ranging from r = 0.2 to r = 0.70
(Bocchio-Chiavetto et al., 2010; B. H. Lee & Kim, 2009; Terracciano
etal,2011).

Moreover, circulating BDNF levels measured using conventional
enzyme-linked immunosorbent assay (ELISA) kits, lack of standardiza-
tion has likely contributed to the poor reproducibility of results. With
regards to measuring serum BDNF, Polacchini et al. (2015) analyzed
five different assays in healthy adults and found interassay variations of
5%-20%. In addition, there were differences in the form of BDNF that
the kits were measuring with some kits selectively recognizing mature
BDNF, while the others reacted with both pro-BDNF and mature
BDNF. Furthermore, Naegelin and colleagues (2018) have concluded
that “BDNF levels can be reliably measured in human serum, that these
levels are quite stable over one year, and that comparisons between
two populations may only be meaningful if cohorts of sufficient sizes
are assembled (Naegelin et al., 2018).” Interestingly, work done by
Chacén-Fernandez, et al. (2016) has demonstrated that differences
and changes in serum BDNF levels demonstrated in studies on depres-
sion and physical activity likely reflect adaptations in megakaryocytes
and platelets (retaining or releasing BDNF) (Chacén-Fernandez et al.,
2016). Thus, further examination of these adaptations is warranted.
Nonetheless, the ability to reliably assess changes in serum BDNF
must standardized procedures for serum preparation and critically
reviewed measurement techniques (Polacchini et al., 2015). Lastly, Bus
et al. (2011) has demonstrated the ability of platelets to release BDNF
and sequester BDNF from blood. This activity may result in differences
between serum and plasma BDNF levels. Other considerations that
can affect the measurement of BDNF in the plasma and serum include
(1) gender (Begliuomini et al., 2007; Lommatzsch et al., 2005), genetics
(Cash et al., 2021; Egan et al., 2003; Terracciano et al., 2013) and age
(2) the timing of measurement (accounting for diurnal variations)
(Begliuomini et al., 2008; Jasim et al., 2020; Pluchino et al., 2009); (3)
psychological/psychiatric disorders (Bocchio-Chiavetto et al., 2010;
Leyhe et al., 2008; Polyakova et al., 2015; Ventriglia et al., 2013); (4)
physical activity (Cho et al., 2012; Gomes et al., 2014; Slusher et al.,
2018); (5) duration of the sample storage period (Bus et al., 2011;
Naegelin et al., 2018; Trajkovska et al., 2007; Tsuchimine et al., 2014),
and (6) role of platelet activation (Bélanger et al., 2021; Karege et al.,
2005). Each of these factors can negatively influence the consistency of
results. Table 2 provides a summary of the studies that have examined

factors that influence the measurement of serum and plasma BDNF.

2.1 | Factors affecting the measurement of serum
and plasma BDNF

At present, more than 95% of the studies in the literature that have
evaluated factorsinvolved in the measurement of BDNF, analyze either

THAKKAR ano ACEVEDO

serum BDNF and/or plasma BDNF. Below is a summary of the studies
that have examined factors that influence the measurement of serum
and plasma BDNF.

2.1.1 | Role of gender, age, and genetics

Begliuomini et al. (2007) examined changes in plasma BDNF circulat-
ing levels in 60 women (20 fertile ovulatory women, 15 amenorrhoeic
women, and 25 postmenopausal women) and discovered that women
with regular ovulatory cycles present with higher BDNF levels than
amenorrhoeic or postmenopausal women (p < 0.001) (Begliuomini
et al., 2007). Lommatzsch et al. (2005) also observed in their sample
of 68 women, that platelet levels of BDNF were found to be higher
in the second half of the menstrual cycle and in the postmenopausal
period (Lommatzsch et al., 2005). In the same study, an analysis of
weight-matched groups found that women had significantly lower
BDNF levels in platelets than men, but no difference was observed
for plasma levels. Both studies also noted that plasma BDNF levels for
postmenopausal women decreased significantly with increasing age
(number of years following menopause). Similar results were observed
for serum BDNF by Bus et al. (2011) who found an age-related ele-
vation of serum BDNF in premenopausal women and an age-related
decrease in postmenopausal women.

Egan et al. (2003) and Hempstead et al. (2015) have previously
described the negative influence of BDNF polymorphisms especially
Val66Met polymorphism on the BDNF/TrkB signaling pathways, with
reduced TrkB activation causing impaired secretion of BDNF in
patients with neuropsychiatric disorders. In a meta-analysis of 11 stud-
ies on healthy individuals that evaluated the relationship between the
BDNF Valé66Met variant and BDNF levels, Terracciano et al. (2013)
concluded that there was no correlation between the BDNF Val66Met

variant and serum, plasma, and whole blood BDNF levels.

2.1.2 | Influence of diurnal variations and circadian
rhythms

In another study by the Begliuomini group (2008), males demonstrated
elevated plasma BDNF concentrations in the morning, followed by a
substantial decrease throughout the day with lowest values observed
at midnight (Begliuomini et al., 2008). Piccini et al. (2008) examined
plasma and serum BDNF levels at three different times during the day
(0800 h, 1400 h, and 2200 h), and similar to Begliuomini and colleagues,
noted significant diurnal variation in plasma BDNF levels in men, with
peak values in the morning for men and decreasing levels throughout
the day with lowest values at 22:00 h. For women, no significant diurnal
variations were observed in plasma BDNF levels. In addition, for serum
BDNF, Piccinni and colleagues (2008) observed no changes across the
three time points and there were no sex differences. Pluchino et al.
(2009) investigated the influence of circadian rhythm and hormonal
status on plasma BDNF levels in fertile ovulatory women, women on
oral contraceptive therapy, and postmenopausal women. He and col-
leagues detected significant differences in BDNF levels among the
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three groups. In fertile women, plasma BDNF levels were signifi-
cantly higher during the luteal phase compared to the follicular phase,
whereas for postmenopausal women, BDNF was significantly lower in
the follicular phase (Pluchino et al., 2009). Concerning circadian vari-
ations, in all the three groups, plasma BDNF levels decreased during
the day. To summarize, in both men and women, plasma BDNF can vary
greatly across the day. Thus, when assessing plasma BDNF, it may be
beneficial to take multiple samples over a 24-hour period in consid-
eration of diurnal variations in both men and women, and control for
hormonal changes in women. Serum BDNF levels are likely resistant to
the impact of diurnal, however, no study has evaluated the influence of

circadian rhythms on serum BDNF levels.

2.1.3 | Psychological/Psychiatric disorders

Studies have demonstrated stress-induced alterations in BDNF lev-
els with acute stress causing an increase in serum BDNF levels and
chronic stress being associated with reduced serum BDNF levels. (Linz
et al,, 2019; Meng et al.,, 2011) In two separate studies in healthy par-
ticipants, examined serum BDNF levels utilizing an acute psychosocial
stress paradigm, the Trier Social Stress Test and the results demon-
strated an elevated serum BDNF response compared to baseline and
a control group. No studies have examined changes in plasma BDNF.

In a meta-analysis of 57 studies in human subjects comparing serum
and plasma BDNF levels in patients with major depressive disorder,
bipolar disorder, and healthy control subjects, Polyakova et al. (2015)
reported that at baseline, serum and plasma BDNF levels were reduced
in these patients with major depressive disorder and bipolar disorder
compared to healthy controls. In the same article, Polyakova and col-
league performed a second meta-analysis that included 553 patients
with major depressive disorder who received treatment for 2-8 weeks.
They concluded that serum BDNF levels were significantly higher in
treatment responders and remitters compared to nonresponders. Only
seven studies reported plasma BDNF levels, and no differences were
observed in the treatment responders and nonresponders (Polyakova
etal, 2015).

In a study looking at changes in serum BDNF levels in patients
with Alzheimer’s disease before and after 15 months of treatment
with acetylcholinesterase inhibitors, Leyhe et al. (2008), reported
that serum BDNF levels were higher post treatment. In a subse-
quent study by Ventriglia et al. (2013), treatment with mood stabiliz-
ers/antiepileptics and L-DOPA, increased serum BDNF levels, whereas
patients administered benzodiazepine demonstrated a decrease in
serum BDNF. These results highlight the importance of controlling for

the use of medications.

2.1.4 | Physical activity and exercise training

A majority of the studies evaluating the changes in BDNF levels
post exercise have measured serum BDNF. These studies consistently

demonstrate an increase in serum BDNF following an acute bout of
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exercise in healthy individuals. The fact that circulating BDNF is a
good surrogate for changes in CNS plasticity and cognition has led
some investigators to propose this as a mechanism for explaining the
relationship of physical activity and cognitive function. Several stud-
ies have demonstrated increases in both serum and plasma BDNF
post exercise (Dinoff et al, 2017; Rasmussen et al., 2009; Slusher
et al.,, 2018). In an interesting study, Slusher et al. (2018) investigated
the role of plasma and serum BDNF following high intensity inter-
val training on executive function in healthy college aged males, and
revealed a significant increase in serum BDNF concentrations post
exercise but no difference in plasma BDNF (Slusher et al., 2018). Rey-
craft et al. (2020) only measured plasma BDNF levels after exercise at
different intensities (including moderate-intensity continuous training
at 65%V0O, .y, Vigorous-intensity continuous training at 85%VO0,ax,
and sprint interval training) and observed that plasma BDNF levels
increased immediately after exercise for all the groups with the great-
est increase seen in the sprint interval training group (Reycraft et al.,
2020). These increases in plasma BDNF levels were short-lived with
plasma concentrations recovering 30-90 min postexercise for all the
groups. In a previous study, Gilder et al. (2014) demonstrated that
serum BDNF levels recover more quickly than plasma BDNF levels
(30 vs. 90 min) in individuals with high compared with low-fat free
mass post completion of an incremental graded exercise test. This
study suggests that the time required for BDNF recovery post exer-
cise is dependent on the biofluid from which the BDNF was quantified,

namely serum and plasma and body composition.

2.1.5 | Storage conditions

The time from blood sample collection to processing and the temper-
ature at which the sample is stored can influence BDNF levels. During
the coagulation process, activation of platelets causes a rapid release
of BDNF from platelets into serum within the first hour at room tem-
perature. This suggests that the length of clotting time constitutes
a critical methodological issue when measuring the concentration of
BDNF, in particular in serum. Therefore, it is important to evaluate pre-
analysis conditions (e.g., preparation time and temperature) to ensure
that BDNF analyses across studies assess similar physiological events.
Gejl et al. (2019) noted that BDNF levels measured in serum samples
increased significantly with time during the first hour between col-
lection and centrifugation, and subsequently became relatively stable
(Gejl et al., 2019). Similar results were seen in a study by Tsuchimine
et al. (2014), where BDNF measured in serum increased during the
first hour of coagulation at 25°C and were relatively stable with a
clotting time between one and 48 h. In contrast, a study by Amadio
and colleagues (2017), demonstrated that serum BDNF samples incu-
bated at 37°C, reached a plateau after 30 min, whereas 120 min were
necessary to obtain similar BDNF levels at room temperature. Further-
more, Wessels and colleagues (2020) noted that the type of plasma
separator tube, storage duration, and number of freeze-thaw cycles
can impact the quantification of plasma BDNF concentration. In addi-

tion, plasma stored at —80°C compared to —20°C tends to have less
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variability in mean BDNF concentrations. More specifically, storing
plasma BDNF for up to 6 months at either —20 or —80°C was shown to
have reproducible results (Wessels et al., 2020). In addition, Trajkovska
et al. (2007) demonstrated that serum BDNF levels were stable up to 1
year after being stored at —20°C, but the levels significantly decreased
after 5 years of storage and Bus et al. (2011) observed similar decreases
after 3.5 years when it was stored at -85°C. Thus, a possible disadvan-
tage of measuring BDNF in serum may be a decline in BDNF levels after
long-term storage of serum, which may not occur for BDNF stored in

plasma.
2.1.6 | Impact of platelet activation on plasma
BDNF levels

A possible confounder in the blood that can impact plasma levels of
BDNF is clotting and platelet activation due to the storage of BDNF
in platelets. Platelet activation or clotting can release large quan-
tities of BDNF into the bloodstream, which causes the release of
platelet factor 4 and the surface expression of P-selectin. Belanger
et al. (2021) demonstrated that higher platelet activity measured using
soluble P-selectin in plasma was associated with significantly higher
plasma BDNF concentrations in individuals with and without coro-
nary artery disease. In a study in patients with depression, Karege
et al., 2005 investigated whether serum BDNF levels are dependent
on platelet reactivity and determined that serum BDNF is independent
of platelet reactivity but plasma BDNF levels were accompanied by
increase in platelet factor 4, a marker of platelet reactivity. Schneider
et al. 1997 examined the role of coagulation factors on platelet acti-
vation by evaluating the binding of coagulation factors to the platelet
surface and observed that, anticoagulants such as heparin, sodium
citrate, and oxalate can influence platelet activation which can influ-
ence BDNF release. Another factor that can cause increase BDNF
release from platelets is presence of agonists like thrombin, colla-
gen, CaZ* and shear stress (Serra-Millas, 2016). It is critical to keep
in mind that even with agonist stimulation, only 30-40% of BDNF in
platelets is secreted and the other 70% that is present in cytoplasm is
never released (Fujimura et al., 2002). Lastly, comorbidities like depres-
sion and cardiac abnormalities can influence platelet activation, thus
platelet reactivity, assessed by examining platelet factor 4 and or P-
selectin, should be examined in these patients when quantifying BDNF.
Galeano et al. (2015) demonstrated that when corrected for hemo-
concentration, BDNF levels increased in the whole blood and in the
serum 24 hours after exercise compared to baseline, but plasma levels
did not significantly change at baseline and at 24 h post exercise. Fur-
thermore, correlation analyses revealed that serum BDNF levels were
highly correlated to whole blood levels whereas plasma levels were not.

To summarize, a majority of studies have utilized measurement of
serum BDNF as a marker of BDNF levels in healthy controls and in
patients with neuropsychiatric conditions, in response to stress, fol-
lowing exercise, and the following the administration of medication.

In addition, serum BDNF is more stable and reproducible than plasma

BDNF, in particular when considering the impact of diurnal and circa-
dian variations, psychotropic medications, and blood volume changes
in response to exercise on plasma BDNF levels. Both serum and plasma
levels are sensitive to changes with age, bodyweight, and menstrual
cycle phase (hormonal influences in women). It is also important to con-
sider that alterations in serum BDNF have been observed with various
clotting times and storage temperatures. Genetic associations linked
to the Val66Met polymorphism have not been found to influence the
measurement of serum and plasma BDNF.

Below is a list of factors to consider when deciding upon a valid and

reliable research protocol.

1. Sex and gender differences (hormonal status for women)

2. Age (older individuals, especially women present with lower BDNF
concentrations at baseline)

3. Diurnalvariations and circadian rhythms (report time of the day and
consider collecting samples at different time points during the day)

4. Assess the use of medication(s)

5. Theuse of 1 hfor clotting time and store samples at —20 to —80°C

6. If measuring in a clinical population with platelet impairment,
measure platelet factor 4 and or P-selectin to evaluate platelet

reactivity.

3 | CONCLUSION

Concerning chronic pain, there is no conclusive evidence supporting
the notion that changes in BDNF levels are causative or a consequence
of chronic pain conditions, including NP and musculoskeletal pain in
humans. In addition, the documented inconsistent results across stud-
ies between plasma BDNF and serum BDNF may be attributable to
differences in the constitution of plasma and serum. More specifi-
cally, BDNF is largely stored in platelets and is released from activated
platelets to the serum during the clotting process. This explains the
lower concentration of BDNF in plasma compared to serum, and the
timing of the changes in serum and plasma BDNF following activities
that activate platelets. Based on current evidence, we would recom-
mend assessing serum BDNF levels to quantify peripheral BDNF as
they are more stable and sensitive to changes than plasma BDNF.
Future studies should clarify serum and plasma responses to various
stimuli, and define a standard protocol for the measurement of periph-
eral BDNF. In addition, large prospective studies are needed to address
the methodological confounds and generalizability for utilizing serum
BDNF as a biomarker for chronic pain, and specifically for NP diagnosis

and response to treatment.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no new data were

created or analyzed in this study.

85U8017 SUOWIWIOD 8AITeID) 8|qeotjdde 8y} Aq peusenob 8. 9o VO ‘88N JO S9N 10} AeIq1T 8UIUO A8]1/W UO (SUORIPUOD-PUR-SLLIBY WD A8 im AReq 1 jpuluoy//Sdny) SUORIPUOD pue swie | 8y} 8es *[20z/£0/0z] uo Aridiauluo A8|Im ‘sepung jo AiseAlun Aq £062'€010/200T OT/I0p/W0D A8 1M Ale.q1pul|uoy/:Sdny Woij pepeojumoq ‘g ‘€202 ‘ZE06.STZ



. Brain and Behavior
2 | WILEY fOpen Access)

ORCID

Bhushan Thakkar "= https://orcid.org/0000-0001-6711-975X

PEER REVIEW
The peer review history for this article is available at https://publons.
com/publon/10.1002/brb3.2903.

REFERENCES

Alles, S. R. A, Odem, M. A, Lu, V. B., Cassidy, R. M., & Smith, P. A. (2021).
Chronic BDNF simultaneously inhibits and unmasks superficial dorsal
horn neuronal activity. Scientific Reports, 11(1), 1-14. https://doi.org/10.
1038/s41598-021-81269-6

Amadio, P, Sandrini, L., leraci, A., Tremoli, E., & Barbieri, S. S. (2017). Effect
of clotting duration and temperature on BDNF measurement in human
serum. International Journal of Molecular Sciences, 18(9). https://doi.org/
10.3390/ijms18091987

Andero, R., Choi, D. C., & Ressler, K. J. (2014). BDNF-TrkB receptor
regulation of distributed adult neural plasticity, memory formation,
and psychiatric disorders. Progress in Molecular Biology and Translational
Science, 122, 169-192. https://doi.org/10.1016/B978-0-12-420170-5.
00006-4

Ateaque, S., Merkouris, S., Wyatt, S., Allen, N. D., Xie, J., DiStefano, P. S.,
Lindsay, R. M., & Barde, Y. A. (2022). Selective activation and down-
regulation of Trk receptors by neurotrophins in human neurons co-
expressing TrkB and TrkC. Journal of Neurochemistry, 161(6), 463-477.
https://doi.org/10.1111/jnc.15617

Attal, N., Lanteri-Minet, M., Laurent, B., Fermanian, J., & Bouhassira, D.
(2011). The specific disease burden of neuropathic pain: Results of a
French nationwide survey. PAIN, 152(12), 2836-2843. https://doi.org/
10.1016/J.PAIN.2011.09.014

Autry, A. E., & Monteggia, L. M. (2012). Brain-derived neurotrophic factor
and neuropsychiatric disorders. Pharmacological Reviews, 64(2), 238-
258. https://doi.org/10.1124/pr.111.005108

Bannister, K., Sachau, J., Baron, R., & Dickenson, A. H. (2020). Neuro-
pathic pain: Mechanism-based therapeutics. Annual Review of Pharma-
cology and Toxicology, 60, 257-274. https://doi.org/10.1146/ANNUREV-
PHARMTOX-010818-021524

Barde, Y. A, Edgar, D., & Thoenen, H. (1982). Purification of a new
neurotrophic factor from mammalian brain. The EMBO Journal, 1(5),
549-553. https://doi.org/10.1002/J).1460-2075.1982.TB01207.X

Baumeister, D., Eich, W.,, Saft, S., Geisel, O., Hellweg, R., Finn, A., Svensson, C.
1., & Tesarz, J. (2019). No evidence for altered plasma nGf and BDNF lev-
els in fibromyalgia patients methods. Scientific Reports, 9, 13667. https://
doi.org/10.1038/s41598-019-49403-7

Begliuomini, S., Casarosa, E., Pluchino, N., Lenzi, E., Centofanti, M., Freschi,
L., Pieri, M., Genazzani, A. D., Luisi, S., & Genazzani, A. R. (2007). Influence
of endogenous and exogenous sex hormones on plasma brain-derived
neurotrophic factor. Human Reproduction, 22(4), 995-1002. https://doi.
org/10.1093/humrep/del479

Begliuomini, S., Lenzi, E., Ninni, F., Casarosa, E., Merlini, S., Pluchino, N.,
Valentino, V., Luisi, S., Luisi, M., & Genazzani, A. R. (2008). Plasma brain-
derived neurotrophic factor daily variations in men: Correlation with
cortisol circadian rhythm. Journal of Endocrinology, 197(2), 429-435.
https://doi.org/10.1677/JOE-07-0376

Bélanger, J.-C., Bouchard, V., le Blanc, J., Starnino, L., Welman, M., Chabot-
Blanchet, M., Busseuil, D., Chertkow, H., D’Antono, B., & Lordkipanidzé,
M. (2021). Brain-derived neurotrophic factor mitigates the associa-
tion between platelet dysfunction and cognitive impairment. Frontiers in
Cardiovascular Medicine, 8, 1060. https://doi.org/10.3389/FCVM.2021.
739045

Biggs, J. E.,, Lu, V. B., Stebbing, M. J,, Balasubramanyan, S., & Smith, P. A.
(2010). Is BDNF sufficient for information transfer between microglia

Open Access

THAKKAR ano ACEVEDO

and dorsal horn neurons during the onset of central sensitization?
Molecular Pain, 6, 1-14. https://doi.org/10.1186/1744-8069-6-44

Binder, D. K., & Scharfman, H. E. (2004). Brain-derived neurotrophic
factor. Growth Factors, 22(3), 123-131. https://doi.org/10.1080/
08977190410001723308

Bliss, T. V. P, & Cooke, S. F. (2011). Long-term potentiation and long-term
depression: A clinical perspective. Clinics, 66(SUPPL.1), 3-17. https://doi.
org/10.1590/51807-59322011001300002

Bocchio-Chiavetto, L., Bagnardi, V., Zanardini, R., Molteni, R., Gabriela
Nielsen, M., Placentino, A., Giovannini, C., Rillosi, L., Ventriglia, M., Riva,
M. A, & Gennarelli, M. (2010). Serum and plasma BDNF levels in major
depression: A replication study and meta-analyses. The World Journal of
Biological Psychiatry: The Official Journal of the World Federation of Soci-
eties of Biological Psychiatry, 11(6), 763-773. https://doi.org/10.3109/
15622971003611319

Bonhof, G. J.,, Herder, C., Strom, A, Papanas, N., Roden, M., & Ziegler,
D. (2018). Emerging biomarkers, tools, and treatments for diabetic
polyneuropathy. In Endocrine Reviews, 40(1), 153-192. https://doi.org/
10.1210/er.2018-00107

Bouhassira, D. (2019). Neuropathic pain: Definition, assessment and epi-
demiology. Revue Neurologique, 175(1-2), 16-25. https://doi.org/10.
1016/j.neurol.2018.09.016

Bouhassira, D., Lantéri-Minet, M., Attal, N., Laurent, B., & Touboul, C. (2008).
Prevalence of chronic pain with neuropathic characteristics in the gen-
eral population. Pain, 136(3), 380-387. https://doi.org/10.1016/j.pain.
2007.08.013

Brigadski, T., & LeBmann, V. (2020). The physiology of regulated BDNF
release. Cell and Tissue Research, 382, 15-45. https://doi.org/10.1007/
s00441-020-03253-2/Published

Bus, B. A. A, Molendijk, M. L., Penninx, B. J. W. H., Buitelaar, J. K., Kenis, G.,
Prickaerts, J., Elzinga, B. M., & Voshaar, R. C. O. (2011). Determinants
of serum brain-derived neurotrophic factor. Psychoneuroendocrinology,
36(2),228-239. https://doi.org/10.1016/J.PSYNEUEN.2010.07.013

Butler, M. P, O’Connor, J. J., & Moynagh, P. N. (2004). Dissection of tumor-
necrosis factor-a inhibition of long-term potentiation (LTP) reveals a p38
mitogen-activated protein kinase-dependent mechanism which maps to
early - But not late - Phase LTP. Neuroscience, 124(2), 319-326. https://
doi.org/10.1016/j.neuroscience.2003.11.040

Cain, S. W,, Chang, A. M,, Vlasac, |, Tare, A.,, Anderson, C., Czeisler, C. A,,
& Saxena, R. (2017). Circadian rhythms in plasma brain-derived neu-
rotrophic factor differ in men and women. Journal of Biological Rhythms,
32(1), 75-82. https://doi.org/10.1177/0748730417693124

Cao, T, Matyas, J. J, Renn, C. L., Faden, A. |, Dorsey, S. G., & Wu, J.
(2020). Function and mechanisms of truncated BDNF receptor TrkBT1
in neuropathic pain. Cells, 9(5). https://doi.org/10.3390/cells9051194

Cappoli, N., Tabolacci, E., Aceto, P, & dello Russo, C. (2020). The emerg-
ing role of the BDNF-TrkB signaling pathway in the modulation of pain
perception. Journal of Neuroimmunology, 349,577406. https://doi.org/10.
1016/j.jneuroim.2020.577406

Cash, R. F. H.,, Udupa, K., Gunraj, C. A.,, Mazzella, F., Daskalakis, Z. J., Wong,
A.H. C., Kennedy, J. L., & Chen, R. (2021). Influence of BDNF Val66Met
polymorphism on excitatory-inhibitory balance and plasticity in human
motor cortex. Clinical Neurophysiology, 132(11), 2827-2839. https://doi.
org/10.1016/j.clinph.2021.07.029

Caumo, W.,, Deitos, A., Carvalho, S., Leite, J., Carvalho, F., Dussan-Sarria, J.
A., da Tarrago, M. G. L., Souza, A, da Torres, I. L. S., & Fregni, F. (2016).
Motor cortex excitability and BDNF levels in chronic musculoskeletal
pain according to structural pathology. Frontiers in Human Neuroscience,
10(July), 1-15. https://doi.org/10.3389/fnhum.2016.00357

Cavalli, E., Mammana, S., Nicoletti, F., Bramanti, P, & Mazzon, E. (2019).
The neuropathic pain: An overview of the current treatment and
future therapeutic approaches. International Journal of Immunopathology
and Pharmacology, 33, 2058738419838383. https://doi.org/10.1177/
2058738419838383

85U8017 SUOWIWIOD 8AITeID) 8|qeotjdde 8y} Aq peusenob 8. 9o VO ‘88N JO S9N 10} AeIq1T 8UIUO A8]1/W UO (SUORIPUOD-PUR-SLLIBY WD A8 im AReq 1 jpuluoy//Sdny) SUORIPUOD pue swie | 8y} 8es *[20z/£0/0z] uo Aridiauluo A8|Im ‘sepung jo AiseAlun Aq £062'€010/200T OT/I0p/W0D A8 1M Ale.q1pul|uoy/:Sdny Woij pepeojumoq ‘g ‘€202 ‘ZE06.STZ


https://orcid.org/0000-0001-6711-975X
https://orcid.org/0000-0001-6711-975X
https://publons.com/publon/10.1002/brb3.2903
https://publons.com/publon/10.1002/brb3.2903
https://doi.org/10.1038/s41598-021-81269-6
https://doi.org/10.1038/s41598-021-81269-6
https://doi.org/10.3390/ijms18091987
https://doi.org/10.3390/ijms18091987
https://doi.org/10.1016/B978-0-12-420170-5.00006-4
https://doi.org/10.1016/B978-0-12-420170-5.00006-4
https://doi.org/10.1111/jnc.15617
https://doi.org/10.1016/J.PAIN.2011.09.014
https://doi.org/10.1016/J.PAIN.2011.09.014
https://doi.org/10.1124/pr.111.005108
https://doi.org/10.1146/ANNUREV-PHARMTOX-010818-021524
https://doi.org/10.1146/ANNUREV-PHARMTOX-010818-021524
https://doi.org/10.1002/J.1460-2075.1982.TB01207.X
https://doi.org/10.1038/s41598-019-49403-7
https://doi.org/10.1038/s41598-019-49403-7
https://doi.org/10.1093/humrep/del479
https://doi.org/10.1093/humrep/del479
https://doi.org/10.1677/JOE-07-0376
https://doi.org/10.3389/FCVM.2021.739045
https://doi.org/10.3389/FCVM.2021.739045
https://doi.org/10.1186/1744-8069-6-44
https://doi.org/10.1080/08977190410001723308
https://doi.org/10.1080/08977190410001723308
https://doi.org/10.1590/S1807-59322011001300002
https://doi.org/10.1590/S1807-59322011001300002
https://doi.org/10.3109/15622971003611319
https://doi.org/10.3109/15622971003611319
https://doi.org/10.1210/er.2018-00107
https://doi.org/10.1210/er.2018-00107
https://doi.org/10.1016/j.neurol.2018.09.016
https://doi.org/10.1016/j.neurol.2018.09.016
https://doi.org/10.1016/j.pain.2007.08.013
https://doi.org/10.1016/j.pain.2007.08.013
https://doi.org/10.1007/s00441-020-03253-2/Published
https://doi.org/10.1007/s00441-020-03253-2/Published
https://doi.org/10.1016/J.PSYNEUEN.2010.07.013
https://doi.org/10.1016/j.neuroscience.2003.11.040
https://doi.org/10.1016/j.neuroscience.2003.11.040
https://doi.org/10.1177/0748730417693124
https://doi.org/10.3390/cells9051194
https://doi.org/10.1016/j.jneuroim.2020.577406
https://doi.org/10.1016/j.jneuroim.2020.577406
https://doi.org/10.1016/j.clinph.2021.07.029
https://doi.org/10.1016/j.clinph.2021.07.029
https://doi.org/10.3389/fnhum.2016.00357
https://doi.org/10.1177/2058738419838383
https://doi.org/10.1177/2058738419838383

THAKKAR anpo ACEVEDO

Brain and Behavior

Chacoén-Fernandez, P, Sauberli, K., Colzani, M., Moreau, T., Ghevaert, C,,
& Barde, Y. A. (2016). Brain-derived neurotrophic factor in megakary-
ocytes. Journal of Biological Chemistry, 291(19), 9872-9881. https://doi.
org/10.1074/jbc.M116.720029

Chao, M. V., & Hempstead, B. L. (1995). p75 and Trk: A two-receptor system.
Trends in Neurosciences, 18(7), 321-326. https://doi.org/10.1016/0166-
2236(95)93922-K

Chen, W., Walwyn, W., Ennes, H. S., Kim, H., McRoberts, J. A., & Marvizon, J.
C.G.(2014). BDNF released during neuropathic pain potentiates NMDA
receptors in primary afferent terminals. European Journal of Neuroscience,
39(9), 1439-1454. https://doi.org/10.1111/ejn.12516

Cheng, Q. Song, S. H., & Augustine, G. J. (2017). Calcium-dependent and
Synapsin-dependent pathways for the presynaptic actions of BDNF.
Frontiers in Cellular Neuroscience, 11, 75. https://doi.org/10.3389/FNCEL.
2017.00075

Cho, H. C, Kim, J,, Kim, S,, Son, Y. H., Lee, N., & Jung, S. H. (2012). The
concentrations of serum, plasma and platelet BDNF are all increased
by treadmill VO 2max performance in healthy college men. Neuroscience
Letters, 519(1), 78-83. https://doi.org/10.1016/j.neulet.2012.05.025

Coghill, R. C., & Eisenach, J. (2003). Individual differences in pain sensitivity:
Implications for treatment decisions. Anesthesiology, 98(6), 1312-1314.
https://doi.org/10.1097/00000542-200306000-00003

Colloca, L., Ludman, T., Bouhassira, D., Baron, R., Dickenson, A. H., Yarnitsky,
D., Freeman, R, Truini, A., Attal, N, Finnerup, N. B., Eccleston, C., Kalso,
E., Bennett, D. L., Dworkin, R. H., & Raja, S. N. (2017). Neuropathic pain.
Nature Reviews Disease Primers, 3(1), 1-19. https://doi.org/10.1038/nrdp.
2017.2

Costigan, M., Scholz, J., & Woolf, C. J. (2009). Neuropathic pain: A mal-
adaptive response of the nervous system to damage. Annual Review
of Neuroscience, 32, 1-32. https://doi.org/10.1146/ANNUREV.NEURO.
051508.135531

Coull, J.A.M., Beggs, S., Boudreau, D., Boivin, D., Tsuda, M., Inoue, K., Gravel,
C., Salter, M. W,, & de Koninck, Y. (2005). BDNF from microglia causes
the shift in neuronal anion gradient underlying neuropathic pain. Nature,
438(7070),1017-1021. https://doi.org/10.1038/nature04223

Cury, Y., Picolo, G., Gutierrez, V. P, & Ferreira, S. H. (2011). Pain and analge-
sia: The dual effect of nitric oxide in the nociceptive system. Nitric Oxide,
25(3),243-254. https://doi.org/10.1016/J.NIOX.2011.06.004

Dahlhamer, J. M., Lucas, J., Zelaya, C., Nahin, R., Mackey, S., Debar, L., Kerns,
R., Von Korff, M., Porter, L., & Helmick, C. (2018). Prevalence of chronic
pain and high-impact chronic pain among adults — United States, 2016.
Morbidity and Mortality Weekly Report, 67(36), 1001-1006. https://doi.
org/10.15585/mmwr.mmé736a2

Dai, S., & Ma, Z. (2014). BDNF-trkB-KCC2-GABA pathway may be related
to chronic stress-induced hyperalgesia at both the spinal and supraspinal
level. Medical Hypotheses, 83(6), 772-774. https://doi.org/10.1016/j.
mehy.2014.10.008

Deitos, A., Dussan-Sarria, J. A., de Souza, A., Medeiros, L., da Graca Tarrago,
M., Sehn, F,, Chassot, M., Zanette, S., Schwertner, A., Fregni, F., Torres, | L.
S.,& Caumo, W. (2015). Clinical value of serum neuroplasticity mediators
in identifying the central sensitivity syndrome in patients with chronic
pain with and without structural pathology. Clinical Journal of Pain,
31(11),959-967. https://doi.org/10.1097/AJP.0000000000000194

Ding, X,, Cai, J,, Li, S., Liu, X. D., Wan, Y., & Xing, G. G. (2015). BDNF
contributes to the development of neuropathic pain by induction of
spinal long-term potentiation via SHP2 associated GIuN2B-containing
NMDA receptors activation in rats with spinal nerve ligation. Neu-
robiology of Disease, 73, 428-451. https://doi.org/10.1016/j.nbd.2014.
10.025

Dinoff, A., Herrmann, N., Swardfager, W., & Lanctét, K. L. (2017). The
effect of acute exercise on blood concentrations of brain-derived neu-
rotrophic factor in healthy adults: A meta-analysis. European Journal of
Neuroscience, 46(1), 1635-1646. https://doi.org/10.1111/EJN.13603

Doth, A. H., Hansson, P. T,, Jensen, M. P, & Taylor, R. S. (2010). The burden
of neuropathic pain: A systematic review and meta-analysis of health

WILEY- 2

utilities. Pain, 149(2), 338-344. https://doi.org/10.1016/J.PAIN.2010.
02.034

Egan, M. F,, Kojima, M., Callicott, J. H., Goldberg, T. E., Kolachana, B. S.,
Bertolino, A., Zaitsev, E., Gold, B., Goldman, D., Dean, M., Lu, B., &
Weinberger, D. R. (2003). The BDNF valé6met polymorphism affects
activity-dependent secretion of BDNF and human memory and hip-
pocampal function and its val/met polymorphism in human memory
and hippocampal function and suggest val/met exerts these effects by
impacting intracellular trafficking and activity-dependent secretion of
BDNF. Cell, 112(2), 257-269.

Elfving, B., Plougmann, P. H., & Wegener, G. (2010). Detection of brain-
derived neurotrophic factor (BDNF) in rat blood and brain preparations
using ELISA: Pitfalls and solutions. Journal of Neuroscience Methods,
187(1), 73-77. https://doi.org/10.1016/j.jneumeth.2009.12.017

FDA-NIH Biomarker Working Group. (2016). BEST (Biomarkers, endpoints,
and other tools) resource. Food and Drug Administration (US)/Co-
published by National Institutes of Health.

Finnerup, N. B., Kuner, R., & Jensen, T. S. (2020). Neuropathic pain:
From mechanisms to treatment. Physiological Reviews, 101(1), 259-301.
https://doi.org/10.1152/PHYSREV.00045.2019

Fujimura, H., Altar, C. A,, Chen, R., Nakamura, T., Nakahashi, T., Kambayashi,
J. 1., Sun, B., & Tandon, N. N. (2002). Brain-derived neurotrophic fac-
tor is stored in human platelets and released by agonist stimulation.
Thrombosis and Haemostasis, 87(4), 728-734.

Gaede, G,, Hellweg, R., Zimmermann, H., Brandt, A. U., Dorr, J., Bellmann-
Strobl, J., Zangen, A, Paul, F, & Pfueller, C. F. (2014). Effects of
deep repetitive transcranial magnetic stimulation on brain-derived neu-
rotrophic factor serum concentration in healthy volunteers. Neuropsy-
chobiology, 69(2), 112-119. https://doi.org/10.1159/000358088

Galvez, R., Marsal, C,, Vidal, J.,, Ruiz, M., & Rejas, J. (2007). Cross-sectional
evaluation of patient functioning and health-related quality of life in
patients with neuropathic pain under standard care conditions. European
Journal of Pain, 11(3), 244-255. https://doi.org/10.1016/J.EJPAIN.2006.
02.002

Gao, J.,, Wang, H., Liu, Y., Li, Y., Chen, C,, Liu, L., Wu, Y., Li, S., & Yang, C. (2014).
Glutamate and GABA imbalance promotes neuronal apoptosis in hip-
pocampus after stress. Medical Science Monitor, 20,499-512. https://doi.
org/10.12659/MSM.890589

Gao, X.,Kim, H. K., Chung, J. M., & Chung, K. (2007). Reactive oxygen species
(ROS) are involved in enhancement of NMDA-receptor phosphorylation
in animal models of pain. Pain, 131(3),262-271. https://doi.org/10.1016/
j.pain.2007.01.011

Gasparin, A, Zortea, M., dos Santos, V. S., Carvalho, F., Torres, I. L. S., de
Souza, A, Fregni, F., & Caumo, W. (2020). Brain-derived neurotrophic
factor modulates the effect of sex on the descending pain modulatory
system in healthy volunteers. Pain Medicine, 21(10), 2271-2279. https://
doi.org/10.1093/pm/pnaa027

Gejl, A. K, Enevold, C., Bugge, A., Andersen, M. S,, Nielsen, C. H., & Andersen,
L. B. (2019). Associations between serum and plasma brain-derived
neurotrophic factor and influence of storage time and centrifugation
strategy. Scientific Reports, 9(1), 1-9. https://doi.org/10.1038/s41598-
019-45976-5

Gilder, M., Ramsbottom, R., Currie, J., Sheridan, B., & Nevill, A. M. (2014).
Effect offat free mass on serum and plasma BDNF concentrations dur-
ing exercise andrecovery in healthy young men. Neuroscience Letters, 560,
137-141. https://doi.org/10.1016/J.NEULET.2013.12.034

Gomes, W. F, Lacerda, A. C.R., Mendonga, V. A, Arrieiro, A. N., Fonseca, S. F.,
Amorim, M. R, Teixeira, A. L., Teixeira, M. M., Miranda, A. S., Coimbra, C.
C., & Brito-Melo, G. E. A. (2014). Effect of exercise on the plasma BDNF
levels in elderly women with knee osteoarthritis. Rheumatology Inter-
national, 34(6), 841-846. https://doi.org/10.1007/s00296-013-2786-
0

Gunn, J., Hill, M. M,, Cotten, B. M., & Deer, T. R. (2020). Observational study
an analysis of biomarkers in patients with chronic pain. Pain Physician,
23(1), E41-E49. www.painphysicianjournal.com

85U8017 SUOWIWIOD 8AITeID) 8|qeotjdde 8y} Aq peusenob 8. 9o VO ‘88N JO S9N 10} AeIq1T 8UIUO A8]1/W UO (SUORIPUOD-PUR-SLLIBY WD A8 im AReq 1 jpuluoy//Sdny) SUORIPUOD pue swie | 8y} 8es *[20z/£0/0z] uo Aridiauluo A8|Im ‘sepung jo AiseAlun Aq £062'€010/200T OT/I0p/W0D A8 1M Ale.q1pul|uoy/:Sdny Woij pepeojumoq ‘g ‘€202 ‘ZE06.STZ


https://doi.org/10.1074/jbc.M116.720029
https://doi.org/10.1074/jbc.M116.720029
https://doi.org/10.1016/0166-2236(95)93922-K
https://doi.org/10.1016/0166-2236(95)93922-K
https://doi.org/10.1111/ejn.12516
https://doi.org/10.3389/FNCEL.2017.00075
https://doi.org/10.3389/FNCEL.2017.00075
https://doi.org/10.1016/j.neulet.2012.05.025
https://doi.org/10.1097/00000542-200306000-00003
https://doi.org/10.1038/nrdp.2017.2
https://doi.org/10.1038/nrdp.2017.2
https://doi.org/10.1146/ANNUREV.NEURO.051508.135531
https://doi.org/10.1146/ANNUREV.NEURO.051508.135531
https://doi.org/10.1038/nature04223
https://doi.org/10.1016/J.NIOX.2011.06.004
https://doi.org/10.15585/mmwr.mm6736a2
https://doi.org/10.15585/mmwr.mm6736a2
https://doi.org/10.1016/j.mehy.2014.10.008
https://doi.org/10.1016/j.mehy.2014.10.008
https://doi.org/10.1097/AJP.0000000000000194
https://doi.org/10.1016/j.nbd.2014.10.025
https://doi.org/10.1016/j.nbd.2014.10.025
https://doi.org/10.1111/EJN.13603
https://doi.org/10.1016/J.PAIN.2010.02.034
https://doi.org/10.1016/J.PAIN.2010.02.034
https://doi.org/10.1016/j.jneumeth.2009.12.017
https://doi.org/10.1152/PHYSREV.00045.2019
https://doi.org/10.1159/000358088
https://doi.org/10.1016/J.EJPAIN.2006.02.002
https://doi.org/10.1016/J.EJPAIN.2006.02.002
https://doi.org/10.12659/MSM.890589
https://doi.org/10.12659/MSM.890589
https://doi.org/10.1016/j.pain.2007.01.011
https://doi.org/10.1016/j.pain.2007.01.011
https://doi.org/10.1093/pm/pnaa027
https://doi.org/10.1093/pm/pnaa027
https://doi.org/10.1038/s41598-019-45976-5
https://doi.org/10.1038/s41598-019-45976-5
https://doi.org/10.1016/J.NEULET.2013.12.034
https://doi.org/10.1007/s00296-013-2786-0
https://doi.org/10.1007/s00296-013-2786-0
http://www.painphysicianjournal.com

. Brain and Behavior
1 | WILEY fOpen Access)

Haas, L., Portela, L. V. C., Bbhmer, A. E., Oses, J. P, & Lara, D. R. (2010).
Increased plasma levels of brain derived neurotrophic factor (BDNF)
in patients with fibromyalgia. Neurochemical Research, 35(5), 830-834.
https://doi.org/10.1007/s11064-010-0129-z

Hanoglu, L., Velioglu, H. A., Hanoglu, T., & Yulug, B. (2021). Neuroimaging-
guided transcranial magnetic and direct current stimulation in MCI:
Toward an individual, effective and disease-modifying treatment. Clini-
cal EEG and Neuroscience, 54(1), 15500594211052816. https://doi.org/
10.1177/15500594211052815

Hempstead, B. L. (2015). Brain-Derived Neurotrophic Factor: Three Lig-
ands, Many Actions. Transactionsof the American Clinical and Climatological
Association, 126, 9-19.

Ishikawa, T, Yasuda, S., Minoda, S., Ibuki, T., Fukuhara, K., lwanaga, Y.,
Ariyoshi, T.,, & Sasaki, H. (2015). Neurotropin® Ameliorates chronic pain
via induction of brain-derived neurotrophic factor. Cellular and Molecu-
lar Neurobiology, 35(2), 231-241. https://doi.org/10.1007/s10571-014-
0118-x

Jasim, H., Ghafouri, B., Carlsson, A., Hedenberg-Magnusson, B., & Ernberg,
M. (2020). Daytime changes of salivary biomarkers involved in pain. Jour-
nal of Oral Rehabilitation, 47(7), 843-850. https://doi.org/10.1111/joor.
12977

Jasim, H., Ghafouri, B., Gerdle, B., Hedenberg-Magnusson, B., & Ernberg,
M. (2020). Altered levels of salivary and plasma pain related markers in
temporomandibular disorders. The Journal of Headache and Pain, 21, 105.
https://doi.org/10.1186/s10194-020-01160-z

Jensen, M. P, Chodroff, M. J., & Dworkin, R. H. (2007). The impact of
neuropathic pain on health-related quality of life: Review and implica-
tions. Neurology, 68(15), 1178-1182. https://doi.org/10.1212/01.WNL.
0000259085.61898.9E

Ji, R.R,, & Suter, M. R. (2007). p38 MAPK, microglial signaling, and neuro-
pathic pain. Molecular Pain, 3, 33. https://doi.org/10.1186/1744-8069-3-
33

Jovanovic, J. N., Czernik, A. J., Fienberg, A. A., Greengard, P, & Sihra, T.
S. (2000). Synapsins as mediators of BDNF-enhanced neurotransmitter
release. Nature Neuroscience, 3(4), 323-329. http://neurosci.nature.com

Karege, F., Bondolfi, G., Gervasoni, N., Schwald, M., Aubry, J. M., &
Bertschy, G. (2005). Low brain-derived neurotrophic factor (BDNF)
levels in serum of depressed patients probably results from lowered
platelet BDNF release unrelated to platelet reactivity. Biological Psy-
chiatry, 57(9), 1068-1072. https://doi.org/10.1016/J.BIOPSYCH.2005.
01.008

Kerr, B. J,, Bradbury, E. J., Bennett, D. L. H., Trivedi, P. M., Dassan, P,
French, J., Shelton, D. B.,, McMahon, S. B., & Thompson, S. W. N.
(1999). Brain-derived neurotrophic factor modulates nociceptive sen-
sory inputs and NMDA-evoked responses in the rat spinal cord. The Jour-
nal of Neuroscience, 19(12), 5138. https://doi.org/10.1523/JNEUROSCI.
19-12-05138.1999

Klein, A. B., Williamson, R., Santini, M. A,, Clemmensen, C., Ettrup, A, Rios,
M., Knudsen, G. M., & Aznar, S. (2011). Blood BDNF concentrations
reflect brain-tissue BDNF levels across species. International Journal
of Neuropsychopharmacology, 14(3), 347-353. https://doi.org/10.1017/
S$1461145710000738

Kohno, K., & Tsuda, M. (2021). Role of microglia and P2x4 receptors
in chronic pain. PAIN Reports, 6(1), e864. https://doi.org/10.1097/PR9.
0000000000000864

Lang, U. E., Hellweg, R., Gallinat, J., & Bajbouj, M. (2008). Acute pre-
frontal cortex transcranial magnetic stimulation in healthy volunteers:
No effects on brain-derived neurotrophic factor (BDNF) concentrations
in serum. Journal of Affective Disorders, 107(1-3), 255-258. https://doi.
org/10.1016/j.jad.2007.08.008

Lang, U. E,, Hellweg, R., Seifert, F., Schubert, F., & Gallinat, J. (2007). Cor-
relation between serum brain-derived neurotrophic factor level and an
in vivo marker of cortical integrity. Biological Psychiatry, 62(5), 530-535.
https://doi.org/10.1016/J.BIOPSYCH.2007.01.002

Open Access

THAKKAR ano ACEVEDO

Lang, U. E., Hellweg, R., & Gallinat, J. (2004). BDNF Serum Concentrations
in HealthyVolunteers are Associated with Depression-Related Personal-
ity Traits. Neuropsychopharmacology, 29(4), 795-798. https://doi.org/10.
1038/sj.npp.1300382

Latremoliere, A., & Woolf, C. J. (2009). Central sensitization: A generator
of pain hypersensitivity by central neural plasticity. The Journal of Pain,
10(9), 895-926. http://doi.org/10.1016/j.jpain.2009.06.012

Lee, B. H., & Kim, Y. K. (2009). Reduced platelet BDNF level in patients
with major depression. Progress in Neuro-Psychopharmacology and Biolog-
ical Psychiatry, 33(5), 849-853. https://doi.org/10.1016/J.PNPBP.2009.
04.002

Lee, I, Kim, H. K, Kim, J. H., Chung, K., & Chung, J. M. (2007). The role
of reactive oxygen species in capsaicin-induced mechanical hyperalge-
sia and in the activities of dorsal horn neurons. Pain, 133(1-3), 9-17.
https://doi.org/10.1016/j.pain.2007.01.035

Leibrock, J., Lottspeich, F., Hohn, A., Hofer, M., Hengerer, B., Masiakowski,
P, Thoenen, H., & Barde, Y.-A. (1989). Molecular cloning and expression
of brain-derived neurotrophic factor. Nature 1989 341:6238,341(6238),
149-152. https://doi.org/10.1038/341149a0

Leyhe, T,, Stransky, E., Eschweiler, G. W., Buchkremer, G., & Laske, C. (2008).
Increase of BDNF serum concentration during donepezil treatment of
patients with early Alzheimer’s disease. European Archives of Psychia-
try and Clinical Neuroscience, 258(2), 124-128. https://doi.org/10.1007/
s00406-007-0764-9

Karege, F., le Schwald, M., & Cisse, M. (2002). Postnatal developmental
profile of brain-derived neurotrophic factor in rat brain and platelets.
Neuroscience Letters, 328, 261-264. www.elsevier.com/locate/neulet

Linz, R., Puhlmann, L. M. C., Apostolakou, F., Mantzou, E., Papassotiriou, .,
Chrousos, G. P, Engert, V., & Singer, T. (2019). Acute psychosocial stress
increases serum BDNF levels: An antagonistic relation to cortisol but
no group differences after mental training. Neuropsychopharmacology,
44(10), 1797-1804. https://doi.org/10.1038/s41386-019-0391-y

Liu, Y. L., Zhou, L. J., Hu, N. W,, Xu, J. T, Wu, C. Y., Zhang, T., Li, Y. Y., & Liu, X.
G. (2007). Tumor necrosis factor-alpha induces long-term potentiation
of C-fiber evoked field potentials in spinal dorsal horn in rats with nerve
injury: The role of NF-kappa B, JNK and p38 MAPK. Neuropharmacol-
ogy, 52(3), 708-715. https://doi.org/10.1016/J.NEUROPHARM.2006.
09.011

Loeser, J. D., & Treede, R.-D. (2008). The Kyoto protocol of IASP basic
pain terminology. Pain, 137(3), 473-477. https://doi.org/10.1016/j.pain.
2008.04.025

Lommatzsch, M., Zingler, D., Schuhbaeck, K., Schloetcke, K., Zingler, C.,
Schuff-Werner, P, & Virchow, J. C. (2005). The impact of age, weight
and gender on BDNF levels in human platelets and plasma. Neurobiol-
ogy of Aging, 26(1), 115-123. https://doi.org/10.1016/j.neurobiolaging.
2004.03.002

Lu, V. B., Ballanyi, K., Colmers, W. F, & Smith, P. A. (2007). Neuron
type-specific effects of brain-derived neurotrophic factor in rat super-
ficial dorsal horn and their relevance to “central sensitization”. Journal
of Physiology, 584(2), 543-563. https://doi.org/10.1113/jphysiol.2007.
141267

Lu, V. B., Colmers, W. F,, & Smith, P. A. (2009). Long-term effects of brain-
derived neurotrophic factor on the frequency of inhibitory synaptic
events in the rat superficial dorsal horn. Neuroscience, 161(4), 1135-
1143. https://doi.org/10.1016/j.neuroscience.2009.04.030

Maher, D. P, Wong, C. H., Siah, K. W., & Lo, A. W. (2022). Estimates of prob-
abilities of successful development of pain medications: An analysis of
pharmaceutical clinical development programs 2000-2020. Anesthesiol-
ogy, 137,243-251. https://doi.org/10.1097/ALN.0000000000004265

Malcangio, M. (2018). GABAB receptors and pain. Neuropharmacology, 136,
102-105. https://doi.org/10.1016/j.neuropharm.2017.05.012

Malcangio, M. (2019). Role of the immune system in neuropathic pain. Scan-
dinavian Journal of Pain, 20(1), 33-37. https://doi.org/10.1515/sjpain-
2019-0138

85U8017 SUOWIWIOD 8AITeID) 8|qeotjdde 8y} Aq peusenob 8. 9o VO ‘88N JO S9N 10} AeIq1T 8UIUO A8]1/W UO (SUORIPUOD-PUR-SLLIBY WD A8 im AReq 1 jpuluoy//Sdny) SUORIPUOD pue swie | 8y} 8es *[20z/£0/0z] uo Aridiauluo A8|Im ‘sepung jo AiseAlun Aq £062'€010/200T OT/I0p/W0D A8 1M Ale.q1pul|uoy/:Sdny Woij pepeojumoq ‘g ‘€202 ‘ZE06.STZ


https://doi.org/10.1007/s11064-010-0129-z
https://doi.org/10.1177/15500594211052815
https://doi.org/10.1177/15500594211052815
https://doi.org/10.1007/s10571-014-0118-x
https://doi.org/10.1007/s10571-014-0118-x
https://doi.org/10.1111/joor.12977
https://doi.org/10.1111/joor.12977
https://doi.org/10.1186/s10194-020-01160-z
https://doi.org/10.1212/01.WNL.0000259085.61898.9E
https://doi.org/10.1212/01.WNL.0000259085.61898.9E
https://doi.org/10.1186/1744-8069-3-33
https://doi.org/10.1186/1744-8069-3-33
http://neurosci.nature.com
https://doi.org/10.1016/J.BIOPSYCH.2005.01.008
https://doi.org/10.1016/J.BIOPSYCH.2005.01.008
https://doi.org/10.1523/JNEUROSCI.19-12-05138.1999
https://doi.org/10.1523/JNEUROSCI.19-12-05138.1999
https://doi.org/10.1017/S1461145710000738
https://doi.org/10.1017/S1461145710000738
https://doi.org/10.1097/PR9.0000000000000864
https://doi.org/10.1097/PR9.0000000000000864
https://doi.org/10.1016/j.jad.2007.08.008
https://doi.org/10.1016/j.jad.2007.08.008
https://doi.org/10.1016/J.BIOPSYCH.2007.01.002
https://doi.org/10.1038/sj.npp.1300382
https://doi.org/10.1038/sj.npp.1300382
http://doi.org/10.1016/j.jpain.2009.06.012
https://doi.org/10.1016/J.PNPBP.2009.04.002
https://doi.org/10.1016/J.PNPBP.2009.04.002
https://doi.org/10.1016/j.pain.2007.01.035
https://doi.org/10.1038/341149a0
https://doi.org/10.1007/s00406-007-0764-9
https://doi.org/10.1007/s00406-007-0764-9
http://www.elsevier.com/locate/neulet
https://doi.org/10.1038/s41386-019-0391-y
https://doi.org/10.1016/J.NEUROPHARM.2006.09.011
https://doi.org/10.1016/J.NEUROPHARM.2006.09.011
https://doi.org/10.1016/j.pain.2008.04.025
https://doi.org/10.1016/j.pain.2008.04.025
https://doi.org/10.1016/j.neurobiolaging.2004.03.002
https://doi.org/10.1016/j.neurobiolaging.2004.03.002
https://doi.org/10.1113/jphysiol.2007.141267
https://doi.org/10.1113/jphysiol.2007.141267
https://doi.org/10.1016/j.neuroscience.2009.04.030
https://doi.org/10.1097/ALN.0000000000004265
https://doi.org/10.1016/j.neuropharm.2017.05.012
https://doi.org/10.1515/sjpain-2019-0138
https://doi.org/10.1515/sjpain-2019-0138

THAKKAR anpo ACEVEDO

Brain and Behavior

Mcmahon, S. B., Armanini, M. P, Ling, L. H., & Phillips+, H. S. (1994).
Expression and coexpression of Trk receptors in subpopulations of adult
primary sensory neurons projecting to identified peripheral targets.
Neuron, 12,1161-1171.

Meng, D., Wu, T. C, Rao, U., North, C. S., Xiao, H., Javors, M. A, &
Adinoff, B. (2011). Serum NPY and BNDF response to a behavioral
stressor in alcohol-dependent and healthy control participants. Psy-
chopharmacology, 218(1), 59-67. https://doi.org/10.1007/s00213-011-
2414-1

Merighi, A, Salio, C., Ghirri, A, Lossi, L., Ferrini, F., Betelli, C., & Bardoni, R.
(2008). BDNF as a pain modulator. Progress in Neurobiology, 85(3), 297~
317. https://doi.org/10.1016/J.PNEUROBIO.2008.04.004

Michael, G. J. (1999). Axotomy results in major changes in BDNF expres-
sion by dorsal root ganglion cells: BDNF expression in large trkB and
trkC cells, in pericellular baskets, and in projections to deep dorsal
horn and dorsal column nuclei. European Journal of Neuroscience, 11(10),
3539-3551. https://doi.org/10.1046/j.1460-9568.1999.00767 .x

vander Miesen, M. M,, Lindquist, M. A., & Wager, T. D (2019). Neuroimaging-
based biomarkers for pain: State of the field and current directions. Pain
Reports, 4(4),e751. https://doi.org/10.1097/PR9.0000000000000751

Mitsi, V., & Zachariou, V. (2016). Modulation of pain, nociception, and anal-
gesia by the brain reward center. Neuroscience, 338, 81-92. https://doi.
org/10.1016/J.NEUROSCIENCE.2016.05.017

Mulvey, M. R,, Bennett, M. |., Liwowsky, I., & Freynhagen, R. (2014). The role
of screening tools in diagnosing neuropathic pain. Pain Management, 4(3),
233-243. https://doi.org/10.2217/pmt.14.8

Naegelin, Y., Dingsdale, H., Sauberli, K., Schadelin, S., Kappos, L., & Barde,
Y.-A. (2018). Measuring and validating the levels of brain-derived neu-
rotrophic factor in human serum. ENeuro, 5(2), ENEURO.0419-17.2018.
https://doi.org/10.1523/ENEURO.0419-17.2018

Navratilova, E., Xie, J. Y.,Okun, A., Qu, C.,Eyde, N, Ci, S., Ossipov, M. H., King,
T., Fields, H. L., & Porreca, F. (2012). Pain relief produces negative rein-
forcement through activation of mesolimbic reward-valuation circuitry.
Proceedings of the National Academy of Sciences, 109(50), 20709-20713.
https://doi.org/10.1073/PNAS.1214605109

Nijs, J., Meeus, M., Versijpt, J., Moens, M., Bos, ., Knaepen, K., & Meeusen,
R. (2015). Brain-derived neurotrophic factor as a driving force behind
neuroplasticity in neuropathic and central sensitization pain: A new ther-
apeutic target? Expert Opinion on Therapeutic Targets, 19(4), 565-576.
https://doi.org/10.1517/14728222.2014.994506

Obata, K., & Noguchi, K. (2004). MAPK activation in nociceptive neurons
and pain hypersensitivity. Life Sciences, 74(21), 2643-2653. https://doi.
org/10.1016/j.1fs.2004.01.007

Obata, K., & Noguchi, K. (2006). BDNF in sensory neurons and chronic pain.
Neuroscience Research, 55(1), 1-10. https://doi.org/10.1016/J.NEURES.
2006.01.005

Ohira, K., & Hayashi, M. (2009). A new aspect of the TrkB signaling pathway
in neural plasticity. Current Neuropharmacology, 7(4), 276-285. https://
doi.org/10.2174/157015909790031210

Pan, W., Banks, W. A,, Fasold, M. B., Bluth, J., & Kastin, A. J. (1998). Trans-
port of brain-derived neurotrophic factor across the blood-brain bar-
rier. Neuropharmacology, 37(12), 1553-1561. https://doi.org/10.1016/
S0028-3908(98)00141-5

Panja, D., & Bramham, C.R.(2014). BDNF mechanisms in late LTP formation:
A synthesis and breakdown. Neuropharmacology, 76(PART C), 664-676.
https://doi.org/10.1016/j.neuropharm.2013.06.024

Park, H., & Poo, M. (2012). Neurotrophin regulation of neural circuit devel-
opment and function. Nature Reviews Neuroscience, 14(1), 7-23. https://
doi.org/10.1038/nrn3379

Pezet, S., Malcangio, M., & Mcmahon, S. B. (2002). BDNF: A neuromodula-
tor in nociceptive pathways? Brain Research Reviews, 40(1-3), 240-249.
www.elsevier.com/locate/brainresrev

Pezet, S., & McMahon, S. B. (2006). Neurotrophins: Mediators and modula-
tors of pain. Annual Review of Neuroscience, 29, 507-538. https://doi.org/
10.1146/annurev.neuro.29.051605.112929

WILEY- 2

Pham, T. L., Noh, C,, Neupane, C., Sharma, R, Shin, H. J,, Park, K. D,, Lee, C.
J., Kim, H. W, Lee, S. Y., & Park, J. B. (2022). MAO-B inhibitor, KDS2010,
alleviates spinal nerve Ligation-induced neuropathic pain in rats through
competitively blocking the BDNF/TrkB/NR2B signaling. Journal of
Pain, 23(12), P2092-2109. https://doi.org/10.1016/j.jpain.2022.07.
010

Piccinni, A., Marazziti, D., del Debbio, A., Bianchi, C., Roncaglia, |., Mannari,
C., Origlia, N., Catena Dell'Osso, M., Massimetti, G., Domenici, L., &
Dell'Osso, L. (2008). Diurnal variation of plasma brain-derived neu-
rotrophic factor (BDNF) in humans: An analysis of sex differences.
Chronobiology International, 25(5), 819-826. https://doi.org/10.1080/
07420520802387773

Pillai, A., Kale, A., Joshi, S., Naphade, N., Raju, M. S. V. K,, Nasrallah, H.,
& Mahadik, S. P. (2010). Decreased BDNF levels in CSF of drug-naive
first-episode psychotic subjects: Correlation with plasma BDNF and
psychopathology. International Journal of Neuropsychopharmacology,
13(4),535-539. https://doi.org/10.1017/51461145709991015

Pluchino, N., Cubeddu, A., Begliuomini, S., Merlini, S., Giannini, A., Bucci, F.,
Casarosa, E., Luisi, M., Cela, V., & Genazzani, A. R. (2009). Daily varia-
tion of brain-derived neurotrophic factor and cortisol in women with
normal menstrual cycles, undergoing oral contraception and in post-
menopause. Human Reproduction, 24(9), 2303-2309. https://doi.org/10.
1093/HUMREP/DEP119

Polacchini, A., Metelli, G., Francavilla, R., Baj, G., Florean, M., Mascaretti,
L. G., & Tongiorgi, E. (2015). A method for reproducible measurements
of serum BDNF: Comparison of the performance of six commercial
assays. Scientific Reports, 5(December), 1-10. https://doi.org/10.1038/
srepl7989

Polyakova, M., Stuke, K., Schuemberg, K., Mueller, K., Schoenknecht, P, &
Schroeter, M. L. (2015). BDNF as a biomarker for successful treatment
of mood disorders: A systematic & quantitative meta-analysis. Journal of
Affective Disorders, 174, 432-440. https://doi.org/10.1016/J.JAD.2014.
11.044

Price, T. J., & Gold, M. S. (2018). From mechanism to cure: Renewing the
goal to eliminate the disease of pain. Pain Medicine (United States), 19(8),
1525-1549. https://doi.org/10.1093/pm/pnx108

Radka, S. F.,, Holst, P. A., Fritsche, M., & Altar, C. A. (1996). Presence of brain-
derived neurotrophic factor in brain and human and rat but not mouse
serum detected by a sensitive and specific immunoassay. Brain Research,
709(1), 122-130. https://doi.org/10.1016/0006-8993(95)01321-0

Rasmussen, P, Brassard, P, Adser, H., Pedersen, M. v., Leick, L., Hart, E.,
Secher, N. H., Pedersen, B. K., & Pilegaard, H. (2009). Evidence for
a release of brain-derived neurotrophic factor from the brain during
exercise. Experimental Physiology, 94(10), 1062-1069. https://doi.org/10.
1113/expphysiol.2009.048512

Reichardt, L. F. (2006). Neurotrophin-regulated signalling pathways. Philo-
sophical Transactions of the Royal Society B: Biological Sciences, 361(1473),
1545-1564. https://doi.org/10.1098/rsth.2006.1894

Reycraft, J. T, Islam, H., Townsend, L. K., Hayward, G. C., Hazell, T. O.
M. J., & MacPherson, R. E. K. (2020). Exercise intensity and recovery
on circulating brain-derived neurotrophic factor. Medicine and Science
in Sports and Exercise, 52(5), 1210-1217. https://doi.org/10.1249/MSS.
0000000000002242

Rocha, A. L., Vieira, E. L., Ferreira, M. C., Maia, L. M,, Teixeira, A. L., &
Reis, F. M. (2017). Plasma brain-derived neurotrophic factor in women
with pelvic pain: A potential biomarker for endometriosis? Biomarkers in
Medicine, 11(4), 313-317. https://doi.org/10.2217/bmm-2016-0327

Sandkdhler, J. (2009). Models and mechanisms of hyperalgesia and allo-
dynia. Physiological Reviews, 89(2), 707-758. https://doi.org/10.1152/
PHYSREV.00025.2008

Santana-Martinez, R. A., Ledn-Contreras, J. C., Barrera-Oviedo, D., Pedraza-
Chaverri, J., Hernandez-Pando, R., & Maldonado, P. D. (2018). Sustained
activation of JNK induced by quinolinic acid alters the BDNF/TrkB axis
in the rat striatum. Neuroscience, 383, 22-32. https://doi.org/10.1016/j.
neuroscience.2018.04.034

85U8017 SUOWIWIOD 8AITeID) 8|qeotjdde 8y} Aq peusenob 8. 9o VO ‘88N JO S9N 10} AeIq1T 8UIUO A8]1/W UO (SUORIPUOD-PUR-SLLIBY WD A8 im AReq 1 jpuluoy//Sdny) SUORIPUOD pue swie | 8y} 8es *[20z/£0/0z] uo Aridiauluo A8|Im ‘sepung jo AiseAlun Aq £062'€010/200T OT/I0p/W0D A8 1M Ale.q1pul|uoy/:Sdny Woij pepeojumoq ‘g ‘€202 ‘ZE06.STZ


https://doi.org/10.1007/s00213-011-2414-1
https://doi.org/10.1007/s00213-011-2414-1
https://doi.org/10.1016/J.PNEUROBIO.2008.04.004
https://doi.org/10.1046/j.1460-9568.1999.00767.x
https://doi.org/10.1097/PR9.0000000000000751
https://doi.org/10.1016/J.NEUROSCIENCE.2016.05.017
https://doi.org/10.1016/J.NEUROSCIENCE.2016.05.017
https://doi.org/10.2217/pmt.14.8
https://doi.org/10.1523/ENEURO.0419-17.2018
https://doi.org/10.1073/PNAS.1214605109
https://doi.org/10.1517/14728222.2014.994506
https://doi.org/10.1016/j.lfs.2004.01.007
https://doi.org/10.1016/j.lfs.2004.01.007
https://doi.org/10.1016/J.NEURES.2006.01.005
https://doi.org/10.1016/J.NEURES.2006.01.005
https://doi.org/10.2174/157015909790031210
https://doi.org/10.2174/157015909790031210
https://doi.org/10.1016/S0028-3908(98)00141-5
https://doi.org/10.1016/S0028-3908(98)00141-5
https://doi.org/10.1016/j.neuropharm.2013.06.024
https://doi.org/10.1038/nrn3379
https://doi.org/10.1038/nrn3379
http://www.elsevier.com/locate/brainresrev
https://doi.org/10.1146/annurev.neuro.29.051605.112929
https://doi.org/10.1146/annurev.neuro.29.051605.112929
https://doi.org/10.1016/j.jpain.2022.07.010
https://doi.org/10.1016/j.jpain.2022.07.010
https://doi.org/10.1080/07420520802387773
https://doi.org/10.1080/07420520802387773
https://doi.org/10.1017/S1461145709991015
https://doi.org/10.1093/HUMREP/DEP119
https://doi.org/10.1093/HUMREP/DEP119
https://doi.org/10.1038/srep17989
https://doi.org/10.1038/srep17989
https://doi.org/10.1016/J.JAD.2014.11.044
https://doi.org/10.1016/J.JAD.2014.11.044
https://doi.org/10.1093/pm/pnx108
https://doi.org/10.1016/0006-8993(95)01321-0
https://doi.org/10.1113/expphysiol.2009.048512
https://doi.org/10.1113/expphysiol.2009.048512
https://doi.org/10.1098/rstb.2006.1894
https://doi.org/10.1249/MSS.0000000000002242
https://doi.org/10.1249/MSS.0000000000002242
https://doi.org/10.2217/bmm-2016-0327
https://doi.org/10.1152/PHYSREV.00025.2008
https://doi.org/10.1152/PHYSREV.00025.2008
https://doi.org/10.1016/j.neuroscience.2018.04.034
https://doi.org/10.1016/j.neuroscience.2018.04.034

Brain and Behavior

16 of 17 Wl LEY

Schneider, D. J., Tracy, P. B.,, Mann, K. G., & Sobel, B. E. (1997). Dif-
ferential Effects ofAnticoagulants on the Activation of Platelets Ex
Vivo. Circulation, 96(9), 2877-2883. https://doi.org/10.1161/01.CIR.96.
9.2877

Schwartz, E. S., Lee, I, Chung, K., & Chung, J. M. (2008). Oxidative stress in
the spinal cord is an important contributor in capsaicin-induced mechan-
ical secondary hyperalgesia in mice. Pain, 138(3), 514-524. https://doi.
org/10.1016/j.pain.2008.01.029

Serra-Millas, M. (2016). Are the changes in the peripheral brain-derived
neurotrophic factor levels due to platelet activation? World Journal of
Psychiatry, 6(1), 84. https://doi.org/10.5498/wjp.v6.i1.84

Sikandar, S., Minett, M. S., Millet, Q., Santana-Varela, S., Lau, J., Wood, J.N., &
Zhao, J. (2018). Brain-derived neurotrophic factor derived from sensory
neurons plays a critical role in chronic pain. Brain, 141(4), 1028-1039.
https://doi.org/10.1093/brain/awy009

Sisignano, M., Létsch, J., Parnham, M. J,, & Geisslinger, G. (2019). Potential
biomarkers for persistent and neuropathic pain therapy. Pharmacol-
ogy and Therapeutics, 199, 16-29. https://doi.org/10.1016/j.pharmthera.
2019.02.004

Slusher, A. L., Patterson, V. T., Schwartz, C. S., & Acevedo, E. O. (2018).
Impact of high intensity interval exercise on executive function and brain
derived neurotrophic factor in healthy college aged males. Physiology
and Behavior, 191(March), 116-122. https://doi.org/10.1016/j.physbeh.
2018.04.018

Smith, B. H., Torrance, N., Bennett, M. |, & Lee, A. J. (2007). Health and
quality of life associated with chronic pain of predominantly neuropathic
origin in the community. Clinical Journal of Pain, 23(2), 143-149. https://
doi.org/10.1097/01.AJP.0000210956.31997.89

Smith, P. A. (2014). BDNF: No gain without pain? Neuroscience, 283, 107-
123. https://doi.org/10.1016/j.neuroscience.2014.05.044

Smith, S. M., Amtmann, D., Askew, R. L., Gewandter, J. S., Hunsinger, M.,
Jensen, M. P, Mcdermott, M. P, Patel, K. V., Williams, M., Bacci, E. D,,
Burke, L. B., Chambers, C. T., Cooper, S. A., Cowan, P, Desjardins, P,
Etropolski, M., Farrar, J. T., Gilron, I, Huang, I. Z.,... Dworkin, R. H.(2016).
Pain intensity rating training: Results from an exploratory study of the
ACTTION PROTECCT system. Pain, 157(5), 1056-1064. https://doi.org/
10.1097/J.PAIN.0000000000000502

Smith, S. M., Dworkin, R. H., Turk, D. C., Baron, R., Polydefkis, M., Tracey, I.,
Borsook, D., Edwards, R. R., Harris, R. E., Wager, T. D., Arendt-Nielsen,
L., Burke, L. B, Carr, D. B., Chappell, A, Farrar, J. T, Freeman, R., Gilron,
1., Goli, V., Haeussler, J., ... Witter, J. (2017). The potential role of sen-
sory testing, skin biopsy, and functional brain imaging as biomarkers
in chronic pain clinical trials: IMMPACT considerations. Journal of Pain,
18(7),757-777. https://doi.org/10.1016/].jpain.2017.02.429

Soril, L. J. J, Ramer, L. M., McPhail, L. T,, Kaan, T. K. Y., & Ramer, M. S.
(2008). Spinal brain-derived neurotrophic factor governs neuroplastic-
ity and recovery from cold-hypersensitivity following dorsal rhizotomy.
Pain, 138(1), 98-110. https://doi.org/10.1016/j.pain.2007.11.014

Stefani, L. C., Leite, F. M,, da Graga, L., Tarragd, M., Zanette, S. A, de
Souza, A, Castro, S. M., & Caumo, W. (2019). BDNF and serum S100B
levels according the spectrum of structural pathology in chronic pain
patients. Neuroscience Letters, 706, 105-109. https://doi.org/10.1016/j.
neulet.2019.05.021

Szok, D., Tajti, J., Nyari, A., & Vécsei, L. (2019). Therapeutic approaches for
peripheral and central neuropathic pain. Behavioural Neurology, 2019,
8685954, https://doi.org/10.1155/2019/8685954

Taneja, A, Della Pasqua, O., & Danhof, M. (2017). Challenges in translational
drug research in neuropathic and inflammatory pain: The prerequisites
for a new paradigm. European Journal of Clinical Pharmacology, 73(10),
1219-1236. https://doi.org/10.1007/s00228-017-2301-8

Tateiwa, H., Kawano, T., Nishigaki, A., Yamanaka, D., Aoyama, B., Shigematsu-
Locatelli, M., Eguchi, S., Locatelli, F. M., & Yokoyama, M. (2018). The role
of hippocampal brain-derived neurotrophic factor in age-related differ-
ences in neuropathic pain behavior in rats. Life Sciences, 197(February),
56-66. https://doi.org/10.1016/j.I1fs.2018.01.030

Open Access

THAKKAR ano ACEVEDO

Teixeira-Santos, L., Albino-Teixeira, A., & Pinho, D. (2020). Neuroinflamma-
tion, oxidative stress and their interplay in neuropathic pain: Focus on
specialized pro-resolving mediators and NADPH oxidase inhibitors as
potential therapeutic strategies. Pharmacological Research, 162, 105280.
https://doi.org/10.1016/J.PHRS.2020.105280

Terracciano, A., Lobina, M., Piras, M. G., Mulas, A., Cannas, A., Meirelles,
0., Sutin, A. R, Zonderman, A. B., Uda, M., Crisponi, L., & Schlessinger,
D. (2011). Neuroticism, depressive symptoms, and serum BDNF.
Psychosomatic Medicine, 73(8), 638-642. https://doi.org/10.1097/PSY.
0B013E3182306A4F

Terracciano, A., Piras, M. G, Lobina, M., Mulas, A, Meirelles, O., Sutin, A.
R., Chan, W, Sanna, S., Uda, M., Crisponi, L., & Schlessinger, D. (2013).
Genetics of serum BDNF: Meta-analysis of the Val66Met and genome-
wide association study. World Journal of Biological Psychiatry, 14(8),
583-589. https://doi.org/10.3109/15622975.2011.616533

Thibault, K., Lin, W. K., Rancillac, A,, Fan, M., Snollaerts, T., Sordoillet,
V., Hamon, M., Smith, G. M., Lenkei, Z., & Pezet, S. (2014). Devel-
opment/plasticity/repair BDNF-dependent plasticity induced by peripheral
inflammation in the primary sensory and the cingulate cortex triggers cold
allodynia and reveals a major role for endogenous BDNF as a tuner of the
dffective aspect of pain. https://doi.org/10.1523/JNEUROSCI.0860-14.
2014

Torrance, N., Smith, B. H., Bennett, M. |, & Lee, A. J. (2006). The epidemiol-
ogy of chronic pain of predominantly neuropathic origin. results from a
general population survey. Journal of Pain, 7(4), 281-289. https://doi.org/
10.1016/j.jpain.2005.11.008

Trajkovska, V., Marcussen, A. B., Vinberg, M., Hartvig, P, Aznar, S., &
Knudsen, G. M. (2007). Measurements of brain-derived neurotrophic
factor: Methodological aspects and demographical data. Brain Research
Bulletin, 73(1-3), 143-149. https://doi.org/10.1016/j.brainresbull.2007.
03.009

Trang, T., Beggs, S., & Salter, M. W. (2011). Brain-derived neurotrophic factor
from microglia: A molecular substrate for neuropathic pain. Neuron Glia
Biology, 7(1), 99-108. https://doi.org/10.1017/51740925X12000087

Tsuchimine, S., Sugawara, N., Ishioka, M., & Yasui-Furukori, N. (2014). Pre-
analysis storage conditions influence the measurement of brain-derived
neurotrophic factor levels in peripheral blood. Neuropsychobiology, 69(2),
83-88. https://doi.org/10.1159/000358061

Tu, Y. S, Muley, M. M., Beggs, S., & Salter, M. W. (2022). Microglia-
independent peripheral neuropathic pain in male and female
mice. Pain, 163(11), E1129-E1144. https://doi.org/10.1097/j.pain.
0000000000002643

Tyler, W. J., Alonso, M., Bramham, C. R., & Pozzo-Miller, L. D. (2002). From
acquisition to consolidation: On the role of Brain-derived neurotrophic
factor signaling in Hippocampal-dependent learning. Learning & Memory,
9(5), 224-237. https://doi.org/10.1101/LM.51202

van Hecke, O,, Austin, S. K., Khan, R. A., Smith, B. H., & Torrance, N. (2014).
Neuropathic pain in the general population: A systematic review of epi-
demiological studies. Pain, 155(4), 654-662. https://doi.org/10.1016/J.
PAIN.2013.11.013

Vanelderen, P, Rouwette, T., Kozicz, T., Roubos, E., Zundert, J. Van, Heylen,
R., & Vissers, K. (2010). The role of brain-derived neurotrophic fac-
tor in different animal models of neuropathic pain. European Journal
of Pain, 14(5), 473.e1-473.e9. https://doi.org/10.1016/j.ejpain.2009.09.
006

Ventriglia, M., Zanardini, R., Bonomini, C., Zanetti, O., Volpe, D., Pasqualetti,
P, Gennarelli, M., & Bocchio-Chiavetto, L. (2013). Serum Brain-derived
neurotrophic factor levels in different neurological diseases. BioMed
Research International, 2013, 901082. https://doi.org/10.1155/2013/
901082

Wang, C. S., Kavalali, E. T., & Monteggia, L. M. (2022). BDNF signaling in
context: From synaptic regulation to psychiatric disorders. Cell, 185(1),
62-76. https://doi.org/10.1016/j.cell.2021.12.003

Wang, X., Ratnam, J., Zou, B., England, P. M., & Basbaum, A. I. (2009). TrkB
signaling is required for both the induction and maintenance of tissue

85U8017 SUOWIWIOD 8AITeID) 8|qeotjdde 8y} Aq peusenob 8. 9o VO ‘88N JO S9N 10} AeIq1T 8UIUO A8]1/W UO (SUORIPUOD-PUR-SLLIBY WD A8 im AReq 1 jpuluoy//Sdny) SUORIPUOD pue swie | 8y} 8es *[20z/£0/0z] uo Aridiauluo A8|Im ‘sepung jo AiseAlun Aq £062'€010/200T OT/I0p/W0D A8 1M Ale.q1pul|uoy/:Sdny Woij pepeojumoq ‘g ‘€202 ‘ZE06.STZ


https://doi.org/10.1161/01.CIR.96.9.2877
https://doi.org/10.1161/01.CIR.96.9.2877
https://doi.org/10.1016/j.pain.2008.01.029
https://doi.org/10.1016/j.pain.2008.01.029
https://doi.org/10.5498/wjp.v6.i1.84
https://doi.org/10.1093/brain/awy009
https://doi.org/10.1016/j.pharmthera.2019.02.004
https://doi.org/10.1016/j.pharmthera.2019.02.004
https://doi.org/10.1016/j.physbeh.2018.04.018
https://doi.org/10.1016/j.physbeh.2018.04.018
https://doi.org/10.1097/01.AJP.0000210956.31997.89
https://doi.org/10.1097/01.AJP.0000210956.31997.89
https://doi.org/10.1016/j.neuroscience.2014.05.044
https://doi.org/10.1097/J.PAIN.0000000000000502
https://doi.org/10.1097/J.PAIN.0000000000000502
https://doi.org/10.1016/j.jpain.2017.02.429
https://doi.org/10.1016/j.pain.2007.11.014
https://doi.org/10.1016/j.neulet.2019.05.021
https://doi.org/10.1016/j.neulet.2019.05.021
https://doi.org/10.1155/2019/8685954
https://doi.org/10.1007/s00228-017-2301-8
https://doi.org/10.1016/j.lfs.2018.01.030
https://doi.org/10.1016/J.PHRS.2020.105280
https://doi.org/10.1097/PSY.0B013E3182306A4F
https://doi.org/10.1097/PSY.0B013E3182306A4F
https://doi.org/10.3109/15622975.2011.616533
https://doi.org/10.1523/JNEUROSCI.0860-14.2014
https://doi.org/10.1523/JNEUROSCI.0860-14.2014
https://doi.org/10.1016/j.jpain.2005.11.008
https://doi.org/10.1016/j.jpain.2005.11.008
https://doi.org/10.1016/j.brainresbull.2007.03.009
https://doi.org/10.1016/j.brainresbull.2007.03.009
https://doi.org/10.1017/S1740925X12000087
https://doi.org/10.1159/000358061
https://doi.org/10.1097/j.pain.0000000000002643
https://doi.org/10.1097/j.pain.0000000000002643
https://doi.org/10.1101/LM.51202
https://doi.org/10.1016/J.PAIN.2013.11.013
https://doi.org/10.1016/J.PAIN.2013.11.013
https://doi.org/10.1016/j.ejpain.2009.09.006
https://doi.org/10.1016/j.ejpain.2009.09.006
https://doi.org/10.1155/2013/901082
https://doi.org/10.1155/2013/901082
https://doi.org/10.1016/j.cell.2021.12.003

THAKKAR anpo ACEVEDO

Brain and Behavior

and nerve injury-induced persistent pain. Journal of Neuroscience, 29(17),
5508-5515. https://doi.org/10.1523/JNEUROSCI.4288-08.2009

Wessels, J. M., Agarwal, R. K., Somani, A., Verschoor, C. P, Agarwal, S. K., &
Foster, W. G. (2020). Factors affecting stability of plasma brain-derived
neurotrophic factor. Scientific Reports, 10(1), 1-13. https://doi.org/10.
1038/s41598-020-77046-6

Woolf, C. J. (2007). Central sensitization: Uncovering the relation between
pain and plasticity. Anesthesiology, 106(4), 864.

Woolf, C. J., & Thompson, S. W.N. (1991). The induction and maintenance of
central sensitization is dependent on N-methyl-d-aspartic acid receptor
activation; implications for the treatment of post-injury pain hyper-
sensitivity states. Pain, 44(3), 293-299. https://doi.org/10.1016/0304-
3959(91)90100-C

Wu, Y., Shen, Z., Xu, H., Zhang, K., Guo, M., Wang, F., & Li, J. (2021). BDNF
participates in chronic constriction injury-induced neuropathic pain via
transcriptionally activating P2x7 in primary sensory neurons. Molecular
Neurobiology, 58(9), 4226-4236. https://doi.org/10.1007/s12035-021-
02410-0

Yoshii, A., & Constantine-Paton, M. (2010). Postsynaptic BDNF-TrkB sig-
naling in synapse maturation, plasticity, and disease. Developmental
Neurobiology, 70(5), 304-322. https://doi.org/10.1002/DNEU.20765

Yu, X, Liu, H., Hamel, K. A., Morvan, M. G,, Yu, S., Leff, J., Guan, Z., Braz,
J. M., & Basbaum, A. I. (2020). Dorsal root ganglion macrophages con-
tribute to both the initiation and persistence of neuropathic pain. Nature
Communications, 11(1). https://doi.org/10.1038/s41467-019-13839-2

Zafra, F.,, Castrén, E., Thoenen, H., & Lindholm, D. (1991). Interplay between
glutamate and gamma-aminobutyric acid transmitter systems in the
physiological regulation of brain-derived neurotrophic factor and nerve
growth factor synthesis in hippocampal neurons. Proceedings of the
National Academy of Sciences, 88(22), 10037-10041. https://doi.org/10.
1073/PNAS.88.22.10037

Zhang, H., Li, Y., de Carvalho-Barbosa, M., Kavelaars, A., Heijnen, C. J,,
Albrecht, P. J., & Dougherty, P. M. (2016). Dorsal root ganglion infiltra-
tion by macrophages contributes to paclitaxel chemotherapy-induced
peripheral neuropathy. Journal of Pain, 17(7), 775-786. https://doi.org/
10.1016/j.jpain.2016.02.011

Zhang, H., Qian, Y. L., Li, C,, Liu, D., Wang, L., Wang, X. Y., Liu, M. J, Liu,
H., Zhang, S., Guo, X. Y., Yang, J. X,, Ding, H. L., Koo, J. W., Mouzon, E.,
Deisseroth, K., Nestler, E. J., Zachariou, V., Han, M. H., & Cao, J. L. (2017).
Brain-derived neurotrophic factor in the mesolimbic reward circuitry
mediates nociception in chronic neuropathic pain. Biological Psychiatry,
82(8), 608-618. https://doi.org/10.1016/j.biopsych.2017.02.1180

Zhang, L., Wang, G., Ma, J,, Liu, C,, Liu, X,, Zhan, Y., & Zhang, M. (2016).
Brain-derivedneurotrophic factor (BDNF) in the rostral anterior cingu-
late cortex (rACC)contributes to neuropathic spontaneous pain-related
aversion via NR2Breceptors. Brain Research Bulletin, 127, 56-65. https://
doi.org/10.1016/j.brainresbull.2016.08.016

Zhang, X.,Wang, J., Zhou, Q,, Xu, Y., Pu,S., Wu, J,, Xue, Y., Tian, Y., Lu, J,, Jiang,
W., & Du, D. (2011). Brain-derived neurotrophic factor-activated astro-

WILEY- Y

cytes produce mechanical allodynia in neuropathic pain. Neuroscience,
199,452-460. https://doi.org/10.1016/j.neuroscience.2011.10.017

Zhang, Z., Wang, X.,, Wang, W, Lu, Y. G,, & Pan, Z. Z. (2013). Brain-
derived neurotrophic factor-mediated downregulation of brainstem
K+-Cl- cotransporter and cell-type-specific GABA impairment for acti-
vation of descending pain facilitation. Molecular Pharmacology, 84(4),
511-520. https://doi.org/10.1124/mol.113.086496

Zhao, H., Alam, A, San, C.-Y., Eguchi, S., Chen, Q,, Lian, Q.,, & Ma, D. (2017).
Molecular mechanisms of brain-derived neurotrophic factor in neuro-
protection: Recent developments. Brain Research, 1665, 1-21. https://
doi.org/10.1016/j.brainres.2017.03.029

Zhao, J., Seereeram, A., Nassar, M. A, Levato, A., Pezet, S., Hathaway, G.,
Morenilla-Palao, C., Stirling, C., Fitzgerald, M., McMahon, S. B., Rios, M.,
& Wood, J. N. (2006). Nociceptor-derived brain-derived neurotrophic
factor regulates acute and inflammatory but not neuropathic pain.
Molecular and Cellular Neuroscience, 31(3), 539-548. https://doi.org/10.
1016/j.mcn.2005.11.008

Zhao, S., Wang, F,, Wang, L., Xu, Y., Lv, L., Duan, W.,, Bai, R,, Meng, Z., &
Shao, X. (2022). Involvement of the BDNF-TrkB-KCC2 pathway in neu-
ropathic pain after brachial plexus avulsion. Brain and Behavior, 12(3),
€2464. https://doi.org/10.1002/brb3.2464

Zhao, X, Li, Y, Tian, Q, Zhu, B., & Zhao, Z. (2019). Repetitive tran-
scranial magnetic stimulation increases serum brain-derived neu-
rotrophic factor and decreases interleukin-18 and tumor necrosis
factor-a in elderly patients with refractory depression. Journal of Inter-
national Medical Research, 47(5), 1848-1855. https://doi.org/10.1177/
0300060518817417

Zhou, L. J., Yang, T., Wei, X,, Liu, Y., Xin, W. J., Chen, Y., Pang, R. P,, Zang, Y., Li,
Y. Y., & Liu, X. G. (2011). Brain-derived neurotrophic factor contributes
to spinal long-term potentiation and mechanical hypersensitivity by acti-
vation of spinal microglia in rat. Brain, Behavior, and Immunity, 25(2),
322-334. https://doi.org/10.1016/j.bbi.2010.09.025

Zhou, T. T, Wu, J. R, Chen, Z. VY, Liu, Z. X, & Miao, B. (2014).
Effects ofdexmedetomidine on P2X4Rs, p38-MAPK and BDNF in spinal
microglia in rats withspared nerve injury. Brain Research, 1568, 21-30.
https://doi.org/10.1016/J.BRAINRES.2014.04.025

Zhou, W.,, Xie, Z.,, Li, C., Xing, Z., Xie, S., Li, M., & Yao, J. (2021). Driving effect of
BDNF in the spinal dorsal horn on neuropathic pain. Neuroscience Letters,
756,135965. https://doi.org/10.1016/j.neulet.2021.135965

How to cite this article: Thakkar, B., & Acevedo, E. O. (2023).
BDNF as a biomarker for neuropathic pain: Consideration of
mechanisms of action and associated measurement challenges.
Brain and Behavior, 13,e2903.
https://doi.org/10.1002/brb3.2903

85U8017 SUOWIWIOD 8AITeID) 8|qeotjdde 8y} Aq peusenob 8. 9o VO ‘88N JO S9N 10} AeIq1T 8UIUO A8]1/W UO (SUORIPUOD-PUR-SLLIBY WD A8 im AReq 1 jpuluoy//Sdny) SUORIPUOD pue swie | 8y} 8es *[20z/£0/0z] uo Aridiauluo A8|Im ‘sepung jo AiseAlun Aq £062'€010/200T OT/I0p/W0D A8 1M Ale.q1pul|uoy/:Sdny Woij pepeojumoq ‘g ‘€202 ‘ZE06.STZ


https://doi.org/10.1523/JNEUROSCI.4288-08.2009
https://doi.org/10.1038/s41598-020-77046-6
https://doi.org/10.1038/s41598-020-77046-6
https://doi.org/10.1016/0304-3959(91)90100-C
https://doi.org/10.1016/0304-3959(91)90100-C
https://doi.org/10.1007/s12035-021-02410-0
https://doi.org/10.1007/s12035-021-02410-0
https://doi.org/10.1002/DNEU.20765
https://doi.org/10.1038/s41467-019-13839-2
https://doi.org/10.1073/PNAS.88.22.10037
https://doi.org/10.1073/PNAS.88.22.10037
https://doi.org/10.1016/j.jpain.2016.02.011
https://doi.org/10.1016/j.jpain.2016.02.011
https://doi.org/10.1016/j.biopsych.2017.02.1180
https://doi.org/10.1016/j.brainresbull.2016.08.016
https://doi.org/10.1016/j.brainresbull.2016.08.016
https://doi.org/10.1016/j.neuroscience.2011.10.017
https://doi.org/10.1124/mol.113.086496
https://doi.org/10.1016/j.brainres.2017.03.029
https://doi.org/10.1016/j.brainres.2017.03.029
https://doi.org/10.1016/j.mcn.2005.11.008
https://doi.org/10.1016/j.mcn.2005.11.008
https://doi.org/10.1002/brb3.2464
https://doi.org/10.1177/0300060518817417
https://doi.org/10.1177/0300060518817417
https://doi.org/10.1016/j.bbi.2010.09.025
https://doi.org/10.1016/J.BRAINRES.2014.04.025
https://doi.org/10.1016/j.neulet.2021.135965
https://doi.org/10.1002/brb3.2903

	BDNF as a biomarker for neuropathic pain: Consideration of mechanisms of action and associated measurement challenges
	Abstract
	1 | BDNF RELATED MECHANISM OF ACTION IN NP
	1.1 | Spinal dorsal horn, dorsal root ganglia and microglia mediated action
	1.2 | NMDA-Glutamate-GABA receptor-mediated action
	1.3 | Supraspinal involvement

	2 | MEASUREMENT OF BDNF
	2.1 | Factors affecting the measurement of serum and plasma BDNF
	2.1.1 | Role of gender, age, and genetics
	2.1.2 | Influence of diurnal variations and circadian rhythms
	2.1.3 | Psychological/Psychiatric disorders
	2.1.4 | Physical activity and exercise training
	2.1.5 | Storage conditions
	2.1.6 | Impact of platelet activation on plasma BDNF levels


	3 | CONCLUSION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	PEER REVIEW

	REFERENCES


