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Abstract

Objective—Growth factors, including brain-derived neurotrophic factor (BDNF), are polypeptides
that are involved in the maintenance, survival, and death of central and peripheral cells. Numerous

growth factors have been identified in saliva and are thought to promote wound healing and
maintenance of the oral epithelium. The aim of this study was to determine if BDNF is also found
in human saliva.

Methods—Whole, unstimulated saliva samples (n=30) were analyzed by SDS-PAGE and Western

blot using an anti-human BDNF antibody. Proteolytic cleavage products were similarly assessed

following the incubation of pooled saliva with N-glycanase F and plasmin. Subjects genotyped for

the BDNF Val66Met single nucleotide polymorphism (SNP).

Results—These experiments revealed the presence of immunoreactive bands at 14, 32 and 34 kD,

corresponding to mature (MBDNF) and proBDNF, as well as a truncated pro-form at 24 kD. Not
every sample contained all forms of BDNF. Treatment with N-glycanase and plasmin reduced the

size of the higher molecular weight bands, confirming the glycosylated pro-form of BDNF. mBDNF
was detected significantly less often in subjects with the Val66Met SNP, compared to those without

the polymorphism (X2 = 4.05; P<0.05).

Conclusions—While the function of salivary BDNF still requires elucidation, these findings
suggest that it may be possible to use saliva in lieu of blood in future studies of BDNF and the
Val66Met polymorphism.
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Introduction

Growth factors are diffusible polypeptides essential for the development and functioning of
the central and peripheral nervous systems. These proteins are categorized into families based
on their homologies and shared signal transduction mechanisms.! One of the most widely

studied families is the neurotrophins, which includes brain-derived neurotrophic factor

(BDNF), nerve growth factor (NGF), neurotrophin-3 (NT-3), and neurotrophin-4/5 (NT-4/5).
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BDNF is the most abundant neurotrophin in the central nervous system, yet has also been
located in heart, spleen and skin tissue?:3, blood platelets* and circulating plasma®, indicating
that the protein affects non-neuronal populations.

BDNF is synthesized as a 32 kD N-glycosylated and glycosulfated pro-form which is
proteolytically cleaved to the 14 kD mature form (mBDNF).6 ProBDNF can be cleaved
intracellularly by furin and/or pro-protein convertases to yield mature dimers’, yet the majority
is secreted uncleaved into the extracellular environment.8 Subsequently, a portion of the pro-
protein is cleaved to the mature form by the serine protease plasmin and matrix
metalloproteinases.? ProBDNF is important for proper folding, dimerization, and targeting of
mature BDNF, yet this form can also elicit distinct effects of its own which may oppose those
of mBDNF.19 Accordingly, proBDNF induces cellular apoptosis®, while the mature protein
promotes cell development and differentiation, survival and plasticity.1

The diverse biological functions of pro- and mBDNF are mediated through a dual-receptor
system, consisting of the tyrosine kinase receptor B (trkB) and pan-neurotrophin receptor p75.
mBDNF promotes cell growth and survival though activation of both the trkB and p75
receptors.}2 ProBDNF promotes death in cells coexpressing p75 and another transmembrane
protein, sortilin, but does not activate trkB.13 Many cells express both types of receptors,
allowing interaction and fine-tuning of responses. p75 can increase affinity and specificity for
trkB interactions!?, yet will induce apoptosis when trkB receptors are absent.®

Recently, there has been much interest in a common single nucleotide polymorphism (SNP)
which causes a valine to methionine substitution at codon 66 in the pro-region of the human
BDNF protein. The amino acid substitution is believed to disrupt folding and dimerization of
BDNF. Though this has no effect on the biological activity of the mature protein, it does result
in defective intracellular protein trafficking and diminished activity-dependent BDNF
secretion.1®

Numerous growth factors have been identified in saliva, including NGF16, epidermal growth
factor (EGF)!7, transforming growth factor (TGF)18, and insulin-like growth factor (IGF).19
These proteins play an essential role in the protection and repair of oral and gastric soft tissue,
as well as the maintenance of gustatory tissue. Numerous animal studies have reported
decreased wound healing?, gastric lesions?1, epithelial keratosis, and distinct changes in taste
cell structure and number22:23 following sialoadenectomy (removal of the salivary glands).
Furthermore, conditions of decreased saliva production in humans, such as Sjogren's syndrome,
lead to increased incidence of oral infection?4 and frequency of taste complaints.2>

Given the extensive expression and functioning of BDNF throughout the human body, as well
as the significant number of growth factors identified in saliva, the aim of the present study
was to determine if BDNF is also found in human saliva. Furthermore, we sought to determine
if the Val66Met polymorphism has any impact on salivary BDNF levels.

Materials and Methods

Participants

Based on early trends from a small sample, a power analysis was performed using R to test for
optimal sample size. Based on the results of this test, thirty healthy volunteers (17 female and
13 male) from Cornell University in Ithaca, NY, participated in this study. Participants had a
mean (+ SD) age of 27 + 6 years. All participants were nonmedicating and did not smoke. This
study was approved by the Institutional Review Board for Human Participants at Cornell
University. All participants gave informed consent for participation.
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Sample Collection and Treatment

Saliva and blood samples were collected from each participant. Participants had not consumed
any food or drink, nor brushed their teeth, for two hours before sample collection. All samples
were collected between 12 and one p.m. to minimize any possible effect of diurnal variation.
Approximately 3 ml of unstimulated whole resting saliva were collected from each participant
by passive expectoration into a 15-ml conical tube on ice. The tubes were centrifuged at 4000
rpm for 15 minutes at 4°C to remove cellular debris. An aliquot from each sample was removed
for treatment with N-glycanase F or plasmin. Protease inhibitor cocktail (Sigma-Aldrich, St.
Louis, MO) was added to the remaining samples, which were then aliquotted. For genotyping,
5 ml of venous blood were collected from each participant into a tube coated with EDTA to
prevent coagulation. The tubes were centrifuged at 3000 rpm for 10 minutes and the buffy coat
collected. All samples were stored at -80°C until use. Upon thawing, the samples were
centrifuged once more to ensure complete debris removal.

SDS-PAGE and Immunoblotting

Total protein in each sample was measured using a modified version of Lowry's procedure.
26 Forty ug of total protein from each sample were denatured under reducing conditions and
resolved by SDS-PAGE on a 15% gel; 2.5 ng of recombinant BDNF (rBDNF, Peprotech,
Rocky Hill, NJ) were run as a positive control. The movement of the proteins was monitored
using Precision Plus All Blue Standards (Bio-Rad Laboratories, Hercules, CA). Proteins were
transferred onto a PVDF membrane (Millipore Corp, Bedford, MA) in transfer buffer (25 mM
Tris, 190 mM glycine, 20% MeOH) for 1 hour at 100 V and 4°C, then blocked for 1 hour at
room temperature in blocking buffer (PBS, 0.1% tween, 1% NP-40) with 5% nonfat dry milk
(NFDM; wiv). Membranes were incubated overnight at 4°C with purified polyclonal chicken
anti-human BDNF (Promega, Madison, WI), diluted 1:500 in blocking buffer with 1% NFDM.
After washing in PBST, membranes were incubated in rabbit anti-chicken IgY-HRP conjugate
(Promega), diluted 1:1250 in blocking buffer with 5% NFDM, for 1 hour at RT. Membranes
were washed again and an ECL Plus Chemiluminescence system (Amersham Biotech,
Piscataway, NJ) was used for detection. The specificity of the primary antibody was tested
both by peptide neutralization and by determining cross-reactivity to 2.5 ng of recombinant
NGF, NT-3 and NT-4 (Peprotech). Negative controls using only the secondary antibody were
also run.

Deglycosylation

The effect of N-glycanase F (PNGase F) on salivary BDNF was determined by following the
manufacturer instructions (Prozyme, San Leandro, CA). Briefly, 100 ug of total protein from
pooled saliva (N=8) were diluted in buffer (100 mM sodium phosphate, 0.1% sodium azide,
pH 7.5). The sample was denatured using 2% SDS + 1M B-mercaptoethanol and heated at 100°
C for 5 minutes. Free SDS was removed by adding 15% NP-40 in a detergent solution. The
sample was incubated for 18 hours at 37°C with 12.5 mU of N-glycanase, tris buffer (50 mM
Tris-HCI, pH 8). A negative control containing PBS in lieu of PNGase was incubated along
with the experimental sample. Fifty ug of salivary protein from the experimental and control
samples were analyzed by SDS-PAGE and Western blot, as described above.

Plasmin Treatment

Twenty ug of total salivary protein from pooled saliva were incubated with 30 mU of plasmin
(Sigma-Aldrich) for 1 hr at 37°C, along with a control sample containing PBS. Thirty ul of
each sample were denatured, resolved by SDS-PAGE on a 15% gel, and analyzed by Western
blot.
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Genotyping for the Val66Met Polymorphism

Results

Participants were genotyped for the Val66Met SNP (rs6265) according to a previously
published method?’. Briefly, genomic DNA was extracted from buffy coats using a DNeasy
tissue Kit (Qiagen Inc., Valencia, CA). The target sequence was amplified using a HotStar Hi
Fidelity Polymerase kit (Qiagen). The 50 ul reaction solution contained 150 ng DNA, 2.5 U
DNA polymerase, 1 uM of each primer (Forward: 5-GAGGCTTGACATCATTGGCT-3';
Reverse: 5-CGTGTACAAGTCTGCGTCCT-3") and reaction buffer, containing 200 uM
dNTPs and 7.5 mM MgSOy4. The DNA templates were denatured for 5 min at 95°C and then
30 PCR cycles were performed, each consisting of 94°C for 30 s, 60°C for 30 s, and 72°C for
30s. After the last cycle, samples were incubated at 4°C. Samples were then digested overnight
with 2 U of Eco721 (Fermentas Life Sciences, Glen Burnie, MD). The fragments were
separated on a 2.5% agarose gel at 100 V and visualized with ethidium bromide. A low
molecular weight DNA ladder (New England Biolabs Inc., Ipswich, MA) was used to monitor
movement down the gel. Allele A (methionine substitution) was the uncut product at 113 bp,
and allele G (valine) comprised the cut bands of 78 and 35 bp.

Salivary BDNF Identification

Western blot analysis confirmed the presence of BDNF in the saliva samples examined. As
seen in Figure 1, four immunoreactive bands were detected with the anti-human BDNF
antibody. mBDNF was detected at the predicted molecular mass of 14 kD and migrated at the
same position as the recombinant positive control. The majority of proBDNF appeared as
doublet bands at 32 and 34 kD; minor bands at 24 kD were also observed. Samples were highly
variable in the expression and relative concentrations of each form of the protein.

The specificity of the primary antibody for pro- and mBDNF was confirmed by control
experiments. When the antibody was incubated with a 10-fold excess (by concentration) of
recombinant BDNF, there were no immunoreactive bands visible for the pro- or mature forms
of the protein (results not shown). The antibody also did not display cross-reactivity to 2.5 ng
of NT-3, NT-4, or NGF (results not shown). There were no visible proteins when the primary
antibody was omitted and the membrane was incubated with the secondary antibody only
(results not shown).

PNGase Treatment of Salivary BDNF

Treatment with PNGase F reduced the intensity of the two higher molecular species to
approximately 30 and 28, verifying the presence of N-glycosylated proBDNF (See Figure 2).
Furthermore, the 24 kD and 18 kD immunoreactive bands observed in the control lane were
reduced to approximately 17 and 15 kD, respectively. This finding suggests that the lower
molecular weight species are truncated forms of proBDNF that have retained a used
glycosylation site. The mature form of the protein was not affected by the enzyme. Complete
deglycosylation most likely did not occur due to the complexity of the sample matrix.

Plasmin Treatment of Salivary BDNF

A number of previous experiments have demonstrated the ability of plasmin to cleave
proBDNF into the mature form.® Therefore, in order to determine whether plasmin has such
an effect on salivary proBDNF, whole pooled saliva was incubated with the protease. As seen
in Figure 3, the 32 and 34 kD, as well as lower molecular weight, protein forms were cleaved
to mBDNF following incubation with plasmin. The size of the mBDNF present in the sample
was not affected.
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Genotyping for the Val66Met Polymorphism

Fourteen participants (12 females and 2 males) were heterozygous for the Val66Met
polymorphism. Salivary mBDNF was not detectable in five of these participants (36%), as
compared to only one participant without the polymorphism (6%). See Table 1 for these results.
A X2 test of independence indicated that these results were significantly different (X2= 4.05;
P<0.05)

Discussion

We demonstrate through immunoblotting and enzyme digestions that the mature and pro-forms
of BDNF are present in human whole saliva. There were considerable individual differences
in the expression and relative concentrations of each form of the protein; not all participants

expressed every form. A significant number of participants with the Val66Met polymorphism
did not express detectable levels of mature salivary BDNF.

To our knowledge, this is the first report of BDNF in salivary secretions, whether in humans
or other species. BDNF mRNA expression has been observed in murine submandibular
glands3:28, yet these researchers did not investigate the presence of BDNF in the animal's saliva.
A recent salivary proteome analysis in humans did not identify BDNF2° and our finding
highlights the importance of combining broad protein analyses with more focused approaches.
In the current study, immunoreactive specificity of the anti-BDNF antibody was confirmed by
peptide neutralization and by lack of cross-reactivity with the other neurotrophins, verifying
that the antibody is truly binding BDNF.

The presence of multiple higher molecular weight forms of BDNF (24, 32 and 34 kD) has
previously been reported in experiments using cultured neuronal and non-neuronal cells.5:13
It has been suggested that the various bands represent differentially glycosylated and
glycosulfated forms of proBDNF and mBDNF. The reduction in apparent molecular weight
that we observed following sample treatment with N-Glycanase and plasmin is consistent with
previous reports of such proteolytic cleavage of proBDNF.6:9,30

It is particularly noteworthy that salivary proBDNF is cleaved to mBDNF by plasmin. It has
been reported that plasmin is perhaps the most essential protease involved in the cleavage of
proBDNF to mBDNF.3 Plasmin is usually found as the inactive zymogen, plasminogen, which
is cleaved to the active form by plasminogen activators, including tissue plasminogen activator
(tPA). The amount of tPA produced is tightly regulated, primarily controlled by plasminogen
activator inhibitors (PAI).31 While plasmin activity, per se, is not found in saliva, plasminogen,
tPA, and PAI are widely distributed in the oral cavity and salivary glands.31:32 Since proBDNF
has been shown to elicit biological effects opposite to and distinct from mBDNF, regulation
of protease expression and therefore, cleavage of proBDNF, is a means of controlling the
direction of BDNF action.10 Whether the different forms of BDNF are released by the salivary
glands already cleaved, or if the pro-form is released and then undergoes further cleavage in
the oral cavity will need to be examined.

The results of this study demonstrate that there are significant individual differences in the
presence and relative concentrations of each form of salivary BDNF. Since all of the samples
had been treated with a protease inhibitor prior to handling, it is likely that this finding
represents a real difference rather than the result of proteolytic degradation. Interestingly, more
than a third of subjects with the Val66Met polymorphism did not have a detectable level of
mature BDNF in their saliva. This finding raises the possibility that people with the SNP may
have altered tPA-plasminogen pathway function, leading to decreased cleavage of proBDNF.
Though significantly more women in our sample were heterozygous for the SNP and thus, less
likely to have mBDNF, previous reports have found no effect of sex on the prevalence of the
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polymorphism.33 Therefore, our sample size precludes analysis of mMBDNF presence according
to sex.

The Val66Met gene variant is thought to affect intracellular trafficking and BDNF secretion,
and has been associated with decreased neural BDNF. Brain and blood BDNF values are
thought to be tightly correlated3#, yet comparisons of blood BDNF concentrations between
healthy participants with and without the polymorphism have found no significant differences
between the two groups.3°:36 Previous studies, however, have assayed for total BDNF by
enzyme-linked immunosorbent assay (ELISA), a method that cannot address differences in the
relative amounts of each form of BDNF. In the Western blots used in the current study, the
immunoreactive antibody can simultaneously assay for both pro- and mBDNF, so we are able
to observe, if not quantitate, these differences.

Cells in the oral cavity and gastrointestinal tract are subject to rapid turnover rates due to the
high incidence of damage. We hypothesize that BDNF interacts with and complements other
salivary growth factors in maintaining the balance among proliferation, survival and death of
these cells. This theory is supported by findings that the trkB and p75 receptors are widely
expressed throughout the oral cavity and gastrointestinal tract. For example, immunoreactivity
for trkB is expressed in all three types of mouse taste cells3’, while p75 is found in Type Il and
I11 taste cells.38 p75 has also been also detected in the intercalated ducts of human sublingual
gland tissue and the ductal and acinar cells of the submandibular gland in mice.3° The presence
of this receptor in the salivary glands raises the possibility that BDNF secreted into the oral
cavity may exert autocrine and/or paracrine functions.

Finally, both p75 and trkB receptors have also been identified in human gastrointestinal
endocrine cells.*% Subcutaneous injection in humans with rBDNF promotes gastrointestinal
transit in both healthy and constipated participants, perhaps acutely effecting
neurotransmission activity of the cells.#! Interestingly, Tsukinoki et al*2 recently reported that
increased BDNF mRNA expression in the rat submandibular gland due to immobilization stress
was accompanied by concurrent increases in plasma levels. The authors suggest such increases
in plasma BDNF may provide protection for the gastrointestinal organs against stress-induced
ulceration. While it is likely that absorption of salivary BDNF is occurring throughout the
gastrointestinal tract, it is also possible that BDNF is absorbed sublingually and undergoes
systemic dissemination, as occurs with EGF .43

Since MBDNF and proBDNF appear to elicit opposing responses, it is possible that individual
differences in the relative amounts of each form of BDNF may indicate different rates of cell
turnover and renewal in different people. It has been suggested that increases in the duration
of taste cell turnover in the elderly may be associated with reports of decreased taste sensitivity.
44 Though total blood BDNF does not appear to decrease with age?®, altered cell turnover in
the oral cavity may result from changes in the pro- to mBDNF ratio.

In this study, the collection of whole saliva through passive expectoration did not discriminate
between salivary gland excretions and the oral mucosal transudate, an ultra-filtrate of blood.
It is therefore possible that the observed salivary BDNF resulted from the movement of serum
macromolecules into the oral cavity. This possibility would also increase the potential for
sample degradation by crevicular enzymes. The majority of studies investigating oral growth
factors indicate that these proteins are synthesized in the salivary glands themselves and
released through granule exocytosis.1946 It is likely that salivary BDNF is secreted in a similar
manner. Examination of glandular saliva secretions will indicate the source of salivary BDNF,
as well as the extent of enzymatic protein degradation occurring in the oral cavity.

This study demonstrates that pro- and mature BDNF are present in human saliva. These
findings may be of interest to advocates of using salivary parameters for diagnostics purposes.
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Alterations in levels of blood mature and proBDNF have been widely explored in clinical
contexts and found in some studies to be associated with depression?’, Alzheimer's*® and
schizophrenia.#? The current results suggest that it may be possible to utilize saliva in future
studies of both pro- and mBDNF in lieu of painful blood draws. Indeed, researchers have
already started using saliva-derived DNA specimens when genotyping for the Val66Met
polymorphism.>0
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Figure 1.

Western blot analysis of whole saliva using an anti-human BDNF antibody revealed
immunoreactivity for pro- and mBDNF. Forty ug of total salivary proteins from each
participant were separated by SDS-PAGE and analyzed through immunoblotting. This
procedure revealed bands at 14 and 24 kD, as well as doublet bands at 32 and 34 kD; 2.5 ng
of rBDNF were run as a positive control. The relative amount of each form of the protein varied
considerably between individuals.
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Figure 2.

Treatment with PNGase demonstrated the presence of glycosylated proBDNF in saliva. Whole
saliva was incubated for 18 hr at 37° C in the presence of PBS (“C”) or PNGase (“E”). Cleavage
products were separated by SDS-PAGE and probed in Western blot analysis with anti-human
BDNF. Enzyme treatment resulted in deglycosylation of the 32 and 34 kD pro-forms of BDNF,
which were reduced to approximately 28 and 30 kD, respectively. The 19 and 24 kD bands
were reduced to 15 and 17 kD, respectively, suggesting that these secreted products were also
N-glycosylated. mBDNF was not affected by treatment with the enzyme. Positions of
deglycosylated species are indicated by arrows.
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Figure 3.

Treatment of a pooled saliva sample with plasmin demonstrated total cleavage of salivary
proBDNF and lower molecular weight glycosylated forms to mBDNF. Whole saliva was
incubated with either PBS (“C”) or plasmin (“E”) for 1 hr at 37°C. The products were separated
by SDS-PAGE and analyzed by Western blot. Treatment with the protease resulted in the
cleavage of proBDNF, as well as the lower molecular weight proteins, to mBDNF. The relative
molecular weight of mBDNF was not affected by plasmin treatment.
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