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ABSTRACT

Saliva is well-described in oral food processing, but its role in taste responsiveness remains understudied. Taste stimuli must dissolve in saliva to reach their receptor
targets. This allows the constituents of saliva the opportunity to interact with taste stimuli and their receptors at the most fundamental level. Yet, despite years of
correlational data suggesting a role for salivary proteins in food preference, there were few experimental models to test the role of salivary proteins in taste-driven
behaviors. Here we review our experimental contributions to the hypothesis that salivary proteins can alter taste function. We have developed a rodent model to test
how diet alters salivary protein expression, and how salivary proteins alter diet acceptance and taste. We have found that salivary protein expression is modified by
diet, and these diet-induced proteins can, in turn, increase the acceptance of a bitter diet. The change in acceptance is in part mediated by a change in taste signaling.
Critically, we have documented increased detection threshold, decreased taste nerve signaling, and decreased oromotor responding to quinine when animals have

increases in a subset of salivary proteins compared to control conditions.

1. Introduction

Choosing a food item is an extremely complex decision, with learned
responses, conditioned and unconditioned preferences, metabolic state,
food availability, and a host of social and biopsychological factors
contributing to the decision. Humans currently live in a complex food
environment with high availability of palatable, energy-dense, nutrient-
poor foods. This modern shift in food availability is often highlighted as
a contributor to the rise in a host of diet-related disease states. Dietary
interventions to address the health crisis are plentiful [1,2], often
focused on increasing vegetable intake [3-5] and very often unsuc-
cessful [1,4,6]. The most commonly reported barrier to increasing
vegetable intake is flavor [7,8]. There is, however, a very large, and
well-documented, variation in vegetable preference, suggesting that
consuming vegetables in the modern food environment is not a lost
cause; and underlying variation in one of the decision drivers can be
targeted to increase acceptance. One of the most effective interventions
to increase vegetable intake is repeated exposure [9,10] which results in
increased liking for the target vegetable [9].

Although the literature is equivocal about whether the variation in
vegetable intake is linked to genetic variation in bitter perception
[11-14], it is clear that vegetable consumers rate vegetables as more
pleasant to consume than vegetable avoiders do [9]. Bitterness is the
taste quality that most people associate with non-preferred vegetables

[8]. The casual evolutionary explanation for bitter rejection is that this
taste quality represents the potential presence of a toxin and therefore
should be avoided. However, while this rule of thumb is often repeated,
it is not well supported. First, bitterness is a poor predictor of toxicity
[15] and animals do not avoid bitter stimuli but instead appear to use
bitterness as a signal to exercise caution (i.e., “go-slow”) when sampling
bitter stimuli [16].

Most bitter compounds in our evolutionary diet are plant secondary
compounds (PSCs). Plants defend their photosynthesizing tissues from
herbivory through chemical or physical defense (e.g., PSCs, and thorns
or needles, respectively). Omnivores and herbivores rely on plant tissue
for nutrients and therefore entered a necessary evolutionary arms-race
with plants, defending themselves against potential toxins. However,
PSCs are a diverse group of compounds, including alkaloids, cyanogenic
glycosides, glucosinolates, terpenoids, saponins, and phenolics, among
others. Since herbivores and omnivores cannot avoid bitter foods, they
instead evolved elaborate and extensive biotransformation capacity to
consume some of them. The consumer must neutralize the threat of the
PSC by complexing the compound or breaking it down in the gut. If the
gut cannot defend the animal against the compound or if the product is
still reactive, then the liver acts as the major site of biotransformation
[17]. This biotransformation capacity leads to the compound no longer
being “toxic” to the animal, although the bitter signal may remain.

Salivary proteins (SPs) were identified in the 1980s as part of this
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defense system, and were often referred to as the “first line of defense”
against tannins, a class of phenolic PSCs. Tannins make up an extremely
common class of PSCs; they are considered bitter and astringent. Tan-
nins are anti-nutritional, meaning they reduce the efficiency of nutrient
metabolism, particularly for proteins [18], in species without the
biotransformation capacity to consume them [19]. Tannins are the un-
pleasant flavor in unripe bananas, are noticeable in red wines and black
tea, and are used by hosts of plants as a defense. A group of salivary
proteins complex to tannins and reduce absorption of the compound
[20]. Variation in tannin acceptance is one of the most noticeable di-
visions in mammalian foraging [21] and drives food selection patterns
[21-23]. Thus, much of the work exploring the role of SPs and bitterness
was first described as an adaptation to tannins in diet.

2. Salivary proteins are associated with diet

Mehansho et al. [24] experimentally demonstrated that rats could
upregulate a class of SPs, the proline-rich proteins (PRPs), in response to
a tannin-containing diet, and could safely consume the diet while
maintaining body mass. In contrast, hamsters could not upregulate PRPs
in response to the tannin-containing diet, and lost dangerous amounts of
body mass. This work contributed to the idea that SPs were acting as a
defense against PSCs. Glendinning [22] later demonstrated that mice
with upregulated PRPs increased preference for solutions containing
tannins, compared to mice without PRPs. This was an incredibly
important finding, because it suggested that, not only did the PRPs
protect the animals against the negative effects of tannins, but they also
may have made the tannin more acceptable.

PRPs were also implicated in the reduction of astringency as a
mechanism for increased tannin acceptance. In addition to being bitter,
tannins are also known to be astringent, i.e., elicit a dry, puckering
mouthfeel [25,26]. The mechanism of this sensation, which is consid-
ered tactile rather than taste and is carried via trigeminal mechanore-
ceptors, is relatively well-studied [27]. One hypothesis poses that the
sensation of astringency arises from the interaction between compounds
found in food (notably, tannins and alums), and certain PRPs which
would otherwise contribute to the lubrication of the oral cavity. When
PRPs bind to tannins to minimize their anti-nutritional effects, they form
complexes that remain bound [28] and attract other tannin-PRP com-
plexes, as well as other salivary proteins (including mucins), and even-
tually this complex reaches a size at which it is no longer soluble and
precipitates from saliva [28,29]. This precipitate removes PRPs from
saliva, resulting in a solution with decreased lubrication and increased
friction. In support of this, mixing saliva with tannins results in a
decreased solution viscosity and increased friction coefficient [30,31].
Alternatively, a second hypothesis poses that tannins interact directly
with the oral mucosa, decreasing its lubricating ability [32]. In this
hypothesis, PRPs actually prevent the perception of astringency, rather
than participating in it, by scavenging tannins so they are unable to
interact with the oral mucosa. In support of this, the sensation of
astringency is reported even when humans have rinsed the saliva from
their mouths, and addition of saliva decreases the perception of astrin-
gency. Additionally, tannin aggregating to the oral mucosa increases
friction force, while the presence of PRPs prevent aggregation of tannins
[32].

While much of the research to date has targeted tannins and the
sensation of astringency, a few groups have focused their efforts on
implicating SPs in variations in taste perception and food acceptance in
humans. The primary methods for identification of proteins or protein
classes of interest include protein separation by 1- or 2-D gel electro-
phoresis followed by excision of important bands (1-D) or spots (2-D)
and identification of the sample by mass spectrometry [33-37]. Proteins
of interest can be targeted by ELISA or Western blot [34-36,38,39].
Total sample proteomic analysis is often used to give a high-resolution,
large-scale overview of a given protein profile via mass spectrometry
(HPLC-MS [40-42]). Each of these methods has its own limitations and
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none of the methods alone is able to identify or quantify the full com-
plement of SPs, Nonetheless, several studies have identified a handful of
proteins that appear to relate to diet choices.

Salivary a-amylase has long been known to catalyze the digestion of
starch in the oral cavity, and there is a wealth of research on the rela-
tionship between salivary a-amylase and starch perception [43].
Amylase activity has been correlated to changes in the perception of
starch-thickened food [44] as well as hedonic ratings of fat and sweet-
ness [38]. Adults with low sweet taste sensitivity have higher expression
of a-amylase, as well as other proteins such as carbonic anhydrase VI
(formerly known as gustin), and cystatins (cysteine protease inhibitors),
than those who are more sensitive to sucrose [34]. SP profiles are also
correlated with fat and salt taste sensitivity [35,45] and liking for salt
[38] and, in children, a limited diet is marked by a different SP profile
than an expanded (or “normal”) diet [33]. Subjects who are particularly
sensitive to oleic acid (thought to be representative of fat taste) have
high expression of cystatins (cystatin-SN, cystatin-D), zinc-a—2-glyco-
protein, which is highly expressed glycoprotein, and carbonic anhydrase
VI [35]. The relationship between bitter taste and SP expression has also
had considerable focus. There are links between SPs (in particular car-
bonic anhydrase VI) and 6-n-propylthiouracil (PROP) taster status [40],
and oral administration of certain PRPs (Il-2 and Ps-1, which are
constitutively higher in PROP-identified supertasters) can facilitate in-
creases in PROP intensity [46]. PROP-identified supertasters have
higher constitutive expression of carbonic anhydrase VI and S-type
cystatins [47]. In infants, SP profiles (particularly cystatins) are pre-
dictive of the acceptance of a urea-containing solution [39], and finally,
those considered sensitive to the taste of caffeine have differences in SP
profile from those considered insensitive [35,36]. In particular,
increased caffeine taste sensitivity was related to more amylase and
higher immunoglobulins (specifically, IgA) and lower expression of
cystatin-SN [36].

3. Barriers and solutions to using animal models

Despite the years of data suggesting a role for SPs in taste and diet
selection, experimental data were limited. The ability to carefully
manipulate diet is difficult with human subjects but the inability to
regularly collect saliva from animal models meant that there were very
few intervention studies examining how salivary proteins are altered by
diet or experimental demonstrations of how the proteins alter diet
acceptance.

Traditionally, if large volumes of saliva were needed from rodents,
experimenters would use a mixture of pilocarpine and isoproterenol to
induce salivary flow and protein expression, respectively. Isoproterenol
(IPR) is a beta-adrenergic agonist and pilocarpine is a muscarinic
cholinergic agonist. Salivary secretion is controlled by the sympathetic
and parasympathetic nervous systems, and these drugs are nonspecific
activators; their use comes with a large number of serious side effects,
including signs of illness, modifications of heart function, and changes in
water balance. These side effects severely limit the ability to reliably
collect behavioral data on food preference and intake, and animals
cannot withstand consistent use of the drugs. To address this limitation,
our lab adapted a technique originally developed by Pavlov; we devel-
oped a protocol to collect saliva from awake animals using classical
conditioning. We pipette a sucrose and citric acid solution (2 mLs/day of
30 mM citric acid in 1 M sucrose) into the oral cavity daily for 2 weeks;
at the conclusion of this training, the animals are conditioned to salivate
in the presence of a pipette. When collecting saliva, we are able to use an
empty pipette to aspirate saliva from around the teeth and under the
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tongue. We chose to use a “sweet” and “sour” mixture for two reasons.
First, this mixture is predicted to release saliva from multiple salivary
glands [48]. Second, the sucrose makes the solution palatable to the
animals. This method gave us the tools to begin to explore how SPs are
affected by diet, and if those changes correlate with diet acceptance
behaviors.

4. Diet changes salivary protein expression

Because the most extensive data on SPs altering diet choice was the
relationship between PRPs and tannic acid tolerance, the first study we
conducted using our saliva collection method was to track the upregu-
lation of SPs after rats were exposed to a tannin-containing diet. It had
previously been demonstrated that rats given a tannic acid diet would
upregulate PRPs, but the ingestion microstructure of the increased
acceptance and the time course of the protein changes were unknown.
We gave male rats a control diet that was designed to have little or no
PSCs [49]. We collected saliva from the animals on the control diet for
baseline comparison, and then transitioned animals to a diet containing
3% tannic acid. Whole saliva was analyzed by 1-D gel electrophoresis. In
agreement with previous research, animals on the tannic acid diet
upregulated the expression of a subset of their SPs in response to the diet
exposure. This upregulation took approximately 4 days, and the upre-
gulation of specific SP bands were correlated with changes in diet
acceptance, specifically with rate of ingestion and meal size. Rate of
ingestion can be considered a behavioral measure of orosensory infor-
mation. When an animal, including a human, is fed an increasingly
hedonically positive stimulus, they eat faster [50,51]. As the SP content
increased in saliva, the animals ate faster, suggesting that the orosensory
information from the food was less negative with the SPs present. This
finding was consistent with the literature describing the relationship
between PRPs and tannic acid. Surprisingly, we also identified a subset
of non-PRPs altered by our treatment. Notably, we saw changes in
cystatin-S, which has been implicated in several studies looking at saliva
and acceptance of normally avoided stimuli [36,52].

Next, we repeated the aforementioned study but used a diet adul-
terated with quinine, an alkaloid PSC that is described as bitter, but not
astringent. We wanted to determine if salivary modifications were a
specific evolutionary response to tannic acid, or if other diets were
capable of modulating SP expression. Animals who consumed the qui-
nine diet upregulated a subset of SPs, while there was no change in the
control animals. We also pair-fed the control diet to a separate group of
rats in which the total amount of food offered was based on the con-
sumption of the quinine group; these rats exhibited no differences in SP
expression. This suggested that the changes were due to the presence of
quinine, and not repeated saliva collections or a reduction in food
intake. This was the first report we are aware of that non-tannin diet
exposure could cause long-term alterations of SPs, as opposed to within-
meal or meal anticipatory effects [53,54]. The changes in the
quinine-fed animals mirrored the tannin study in several ways. Proteins
were upregulated across a similar period of time (4 days) and were
correlated with the same microstructural measures of consumption:
meal size and rate of ingestion. We also saw a similar protein expression
pattern to tannin consumption (Fig. 1). Injection with IPR, and diets
containing tannin or quinine indudce very similar patterns of protein
expression, which implicate parotid-derived SPs as contributing to the
oral modification of tannin and quinine given that the parotid gland has
been identified as the main site of IPRs effect [55].

To ask if all bitter compounds produce the same pattern of protein
expression, we offered rats the synthetic compound, sucrose octaacteate

”

2 Note that references to “bitter,” “sweet” “sour” etc. will be presented in
quotation marks when discussing animal work. One can never be sure that the
perceptual experience of a rodent is identical to that of the human experience
described by these adjectives.
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(SOA), which is described as “bitter” and activates a T2R “bitter” re-
ceptor [56]. Surprisingly, SOA did not alter SP expression in any
measurable way ([58, 59], Fig. 1), even at concentrations that produced
a similar level of rejection to the quinine diet. Although SOA is
considered “bitter,” several studies have documented behavioral dif-
ferences between SOA and quinine acceptance patterns [59,60]. The
lack of response to SOA suggests it is not just “bitter” stimulation that
alters protein expression, but there is an unknown characteristic that is
absent in SOA. We later exposed rats to a wide assortment of diets for at
least 2 weeks each: 0.1% saccharin, 6.7% EtOH, and a 60% high-fat diet
(Fig. 1). Visual comparison of the SP expression on these diverse diets
shows that each diet seems to drive salivary protein patterns unique to
that diet. We have not yet systematically considered the
down-regulation of SPs, but we know that for tannin- and
quinine-induced changes, SP expression persists at least 6 days after the
animals returned to a control diet [61,62]. We also have not systemat-
ically explored the relationship between the rate or scale of SP change
with total intake or intensity of the experimental diet. For example,
some of the same protein bands we see upregulated by quinine exposure
are upregulated by exposure to saccharin, which is more readily
consumed than the “bitter” diets although it is thought to interact with
“bitter” taste receptors.

In addition to abundant data describing variation in human SP
expression [33,34,38,39], the ability to alter SP expression with diet
does not appear to be limited to rodent models. There are distinct
changes in the saliva of habitual alcohol users (with nicotine [63],
nicotine not reported [64]) and in children with habitually limited diets
[33]. Running and colleagues recently used an intervention model and
demonstrated that a dietary introduction of daily polyphenolics was able
to alter SP expression in human participants [65].

Though the unique SP expression patterns driven by different diets
are both important and interesting, our focus has remained on bitter
stimuli, and using behavioral and electrophysiological analyses to
elucidate the mechanisms of increased bitter diet acceptance. The cor-
relation between SP expression and rate of ingestion of quinine-
adulterated food suggested that the SPs were contributing to a change
in taste. Unlike tannins, quinine is not considered to be an astringent
compound. The major limitation of the early data sets was that the
implication of the SPs was entirely correlational. To try to establish a
causal relationship between SP expression and diet acceptance, we
decided to take advantage of the similarity in protein expression after
IPR injection, tannin and quinine diets (e.g. Fig. 1).

5. Salivary proteins change diet acceptance

We reasoned that if the proteins were driving a change in the taste or
acceptance of the diet, then we should be able to increase measures of
acceptance by pre-treating the animals with treatments that increased
those proteins. Nature gave us an easy way to test this hypothesis since
IPR, quinine and tannic acid had such similar SP expression patterns
after exposure, therefore we measured how animals with different pre-
treatments consumed a quinine diet. One group of rats was injected
with IPR daily (for 3 days) to upregulate SP expression, while another
was fed tannic acid diet to increase SPs. There were also several control
conditions: some rats were fed a control diet ad-lib, some were pair-fed
the control diet to match the average intake of IPR-treated rats, and a
third control group was given 4% sucrose octaacetate (SOA). As was
discussed above, IPR injections cause a dramatic reduction in food
intake, and the pair-fed group was a control for that reduction. SOA-
treated animals were a control for “bitter” diet exposure but without
altered SP expression. After pre-treatment, all animals were offered a
0.375% quinine diet. The two groups that had SPs upregulated by their
pre-treatment (IPR and tannic acid) showed a significant increase in the
rate of ingestion the first time they were offered a quinine diet (Fig. 2)
compared to their controls [58]. We did not see this effect in any of the
control manipulations (SOA or pair-feeding) on rate of ingestion. These
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Fig. 1. Panels A & B are methodological illustrations. Panel

A) is an illistrutive reminder that saliva is collected by
\ pipetting from the oral cavity of rats conditioned to salivate
in the presence of a pipette. B) is an example of a gel
highlighting the comparison between saliva collected while
the animals are on a control diet (control) and saliva
collected after tannic acid exposure (TA). A portion of the
gel is enlarged and is presented in coomassie stain. Due to
the binding characteristics of proline-rich proteins the
bands containing this class of proteins stain pink. Several
bands containing these proteins are visable in the upregu-
lated lanes of the insert. C) is a heat map showing SP pro-
files for animals after injection of isoproterenol or dietary
exposure to various diets: isoproterenol (IPR; n = 4), tannin
acid (TA; n = 12), quinine (Q; n = 8), 4% sucrose octaa-
cetate (SOA; n = 5), 0.1% saccharin solution (Sacc; n = 8),
6.7% ethanol (EtOH; n = 5), and 60% high fat (HF; n = 4).
Data are relative protein expression densities in kilodaltons
(kDa) presented as a difference from baseline, corrected by
control group, and multiplied by 100 to enhance colors
(average (change in protein density of experimental animal
from its own baseline to the last day of diet treatment) —
(average change in control group across the same time
period) *100). The intensity of the red represents relative
increase in protein expression, and the intensity of the blue
represents relative decrease in protein expression. IPR in-
jection methods: 3 mg/ml isoproterenol and 30 mg/ml
pilocarpine are injected subcutaneously in anesthetized
animals as described in [66]. Diet treatment methods: Ani-
mals were placed on a control diet for ~2 weeks and control
saliva samples were collected as previously described on the
last four days of control diet. Half of the animals in each
group were then switched onto their experimental diet (or

saccharin solution) for a minimum of 8 days while the other
200 S half remained on the control diet. Saliva was collected from
100 all animals throughout the experimental diet. Sample anal-
70 _ 67+ 16 T+1 ysis methods: As described in [58,61,66], saliva samples
= &2 54+34 5+4 were diluted.lsl with trifluoroacetic acid (TFA) and spu.n to
o remove debris from samples. Sample protein concentrations
T _ were determined using the Pierce BCA Protein Assay Kit
'8 40 -48 + 14 -38+4 (Thermo Fisher Scientific). Samples were combined with
g 37 44+3 3618 50+ 11 1/3 vol of 4x Invitrogen sample buffer, heated at 82°C for
— 10 mins and resolved on a 12% SDS-PAGE with MOPS
‘é, 35 7214 S4t4 8+6 107 + 30 62+ 51 - running buffer. Molecular standards were run simulta-
D 25 3913 33+3 -4+13 _ 61 148 neously along with the samples to determine molecular
E 23 80+05 54+12 _ 38 + 20 15+5 mass of each band. Gels images were captured using the
% Azure c400 imager and densitometric analyses were per-
8 22 70457 formed using AzureSpot software. It is important to note
S 19 36 + 14 -23+10 - 13115 that this figure represents changes in protein bands, which
E 185 75+4 53+11 -18+11 - implies different patterns of expression. Each band contains
_ multiple proteins, therefore a protein specific comparison
16 cannot be inferred from this data presentation.
14F 815 378 INEES) 65 + 40 -16+1
13
10 -11+2
- .
Decreased protein No change Increased protein
expression expression

data suggested to us that salivary protein profiles could alter the
acceptance of a novel diet via a taste-driven mechanism.

6. Salivary proteins modify measures of taste

Rate of ingestion was correlated with SP expression, and altered by
SP upregulating pre-treatment which suggested there was a change in

orosensory information. However post-oral feedback, especially in long-
term tests, can contribute to rate of ingestion. To examine the role of SPs
in more narrow measures of taste-guided behavior, we first used a
relatively simple model: the brief-access taste test. Animals were given
various concentrations of tannin solution [62], quinine solution [61] or
sucrose solution [66] for 30-s trials. Animals were tested in a custom
designed cage known as the Davis Rig (Med Associates, DiLog
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Fig. 2. Panels A and B are methodological illustrations. A) Groups of rats were pre-treated with treatments designed to upregulate salivary proteins (tannic acid diet
or injections of isoproterenol (IPR)) or one of two control conditions (sucrose octaacetate or a control diet pair fed to mirror intake of the IPR treated group). B) Rats
were then given access to a diet containing quinine and the custom caging was able to measure the rate of ingestion as well as other measures. C) This figure is
modified from one originally published in Martin et al. 2019 [58] and is reprinted with permission of the publisher. Data are average rates of ingestion (g/min) +SEM
in rats fed tannic acid (TA), sucrose octaacetate (SOA), or control diet. (C-F). Closed bars represent the 3-day average of rate of ingestion rate of ingestion for control
animals during the pre-treatment phase, during which they consumed control diet, while open bars represent experimental animals who were exposed to either TA
(A), IPR injections (B, C), or SOA (D). Closed circles represent quinine intake of control animals, while open circles represent quinine intake of pretreated animals. TA
(A) and IPR pre-treated (C, D) animals ate quinine faster than their controls. * indicates significant differences (p < 0.05).

Instruments). The Davis Rig has a plexi-glass cage with a slot at the front
that gives the animal access to a sipper tube, which is mounted on a
sliding table. A mechanical shutter controls access to the sipper tubes.
Once the shutter opens, the animals can choose to lick the solution for up
to 30 s, then the shudder will close for 10 s while the mechanized table
changes the available tube. In this way, animals are given very brief
exposure to each stimulus. It is thought that this brief access will limit
integration of oral and post-oral signals, and that the licking seen within

the 30-s trial is driven by orosensory stimulation alone. Each of the taste
qualities were tested in three 30-min tests, made up of as many trials an
animal could initiate, across 3 non-consecutive days. Animals were
tested in this paradigm before and after they were fed a diet to upre-
gulate SP expression. In this paradigm, we are able to record
concentration-dependent behavior and fit psychometric curves.

We found that rats with SPs upregulated by tannin increased licking
to intermediate concentrations of tannin [62], and rats with SPs

Downloaded for Anonymous User (n/a) at University at Buffalo - North Campus from ClinicalKey.com by Elsevier on July
20, 2023. For personal use only. No other uses without permission. Copyright ©2023. Elsevier Inc. All rights reserved.



L.E. Martin et al.

upregulated by quinine increased licking to intermediate concentrations
of quinine and did not change licking to sucrose [61]. When testing li-
gands reported as “bitter” in the paradigm, we water-deprive the ani-
mals and thus at low stimulus concentrations, they drink at
near-maximal rates. As the concentration of a bitter stimulus in-
creases, licking decreases until the animals are only sampling the tube.
The effects of the SPs were specifically seen at the intermediate solution
concentrations, where control animals began decreasing licking, pre-
sumably due to the increasing aversive properties of the stimulus;
SP-upregulated animals acted as if these concentrations were not yet
aversive. These data suggested once again that taste responsiveness was
being altered by salivary proteins.

Brief-access licking is a convenient and straightforward test, but the
data rely heavily on the hedonic evaluation of the stimulus and moti-
vational state. We saw that the animals were more accepting of inter-
mediate concentrations of tannin or quinine, but this task is unable to
disentangle if this is a change in the perceived intensity of the stimulus
(i.e., it is less strong), a change in the hedonic evaluation of the stimulus
(i.e., it is less negative), or some other change in the motivational state of
the animal. We hypothesized that the SPs were actually changing the
taste detection of the stimulus, i.e., SPs were masking the “bitter” taste of
quinine, making it seem less intense. To minimize the confounds
inherent in the brief access test, we employed a psychophysical pro-
cedure to test animals for their ability to detect perithreshold concen-
trations of quinine in a 2-response operant task before and after they
were treated with tannin, quinine, SOA or control diet. In this task, we
used a stimulus delivery system/operant chamber referred to as the
gustometer (Fig. 3). This gustometer has been extensively used to asses
taste sensitivity in rats [57,67-69]. Briefly, it is a modified Skinner box
with three open slots in the front of the cage. The animal has access to a
very small amount of a stimulus through a center slot. The animal is
trained to respond to the taste of the stimulus by licking at a manipu-
landa behind one of the side slots to receive a water reward. For
example, if the stimulus is bitter, the animal may be trained to lick to a
manipulanda to the right, and if the stimulus is not bitter (i.e., water),
then the animal would lick at the left manipulanda. The taste-associated
manipulandum is usually counterbalanced across the groups of animals.
With training, rats are very adept at this task; at high concentrations,
rats perform with an accuracy rate over 90% (Fig. 3). The task is also
robust; when rats are tested and re-tested two weeks later while main-
tained on a non-bitter control diet, there is no change in the psycho-
metric curve (Fig. 3E).

To test if the upregulation of SPs would alter detection thresholds, we
tested all of the animals while they were maintained on a control diet
(pre-induction testing). Some rats were then given diets that altered SP
expression (quinine, tannin) for 2 weeks or were maintained on the
control diet or given SOA. We then returned rats to the control diet and
re-tested them. We found that both of the treatments that altered SP
expression (tannic acid; Fig. 3B. and quinine; Fig. 3C) dramatically
altered performance. Rats in these conditions began responding at 50%
correct (i.e., chance) at much higher concentrations than they had in
their pre-induction test. We do not believe this was due to experience
with “bitter” taste or a hedonically negative diet, since we do not see the
same change in the group that had been offered SOA (Fig. 3D). It is also
unlikely to be due to having prior experience with the test, because
neither the control group nor the SOA group demonstrated any changes
between their tests. To determine if having SPs upregulated altered the
way an animal could perform the task in general, we repeated the
experiment with tannic acid-exposed animals performing the threshold
detection task for sucrose. SPs upregulated by tannin did not alter
detection thresholds to sucrose. Together, these data suggest that the
presence of SPs upregulated by exposure to quinine and tannic acid
increased bitter detection threshold (i.e. decreased sensitivity). As with
the brief-access test, they responded at intermediate concentrations as if
the solution was less concentrated.

While the work we had done up to this point supported the
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hypothesis that SPs altered taste, the designs we used could not exclude
learning from the paradigm. We controlled for “bitter” exposure by
feeding animals SOA, but to appropriately test the hypothesis that SPs
modify taste responsiveness, we needed naive rats with upregulated SPs,
and none of the negative effects of IPR injections. To do this, we
developed another paradigm: the donor saliva system. We had previ-
ously demonstrated that pre-treatment with IPR altered SPs in a way
very similar to quinine and increased quinine acceptance (Fig. 1,Fig. 2
and [58]), so we reasoned that if we delivered saliva from IPR-treated
animals to bitter naive animals, we should see the same increased qui-
nine tolerance. We chose to use IPR in our donor animals instead of diet
treatments because with dietary treatment we can collect only around
50 ul of saliva per day at a protein concentration of approximately 3
mg/mL. IPR and pilocarpine treatment allow us to collect around 2 mLs
per collection at approximately 12 mg/mL total protein content. This
means that a single donor animal is able to donate approximately 8 mLs
of saliva when the saliva has been diluted to physiologically relevant
levels. Being able to collect large volumes of saliva is essential for studies
where it is continuously infused.

To ask if the presence of SPs alone was able to alter taste respon-
siveness, we took advantage of the taste reactivity paradigm. Taste
reactivity tests quantify the reflexive and taste-guided [70] oral motor
responses to taste stimuli (Fig. 4A). For example, rats given a “sweet”
stimulus display ingestive responses including rhythmic mouth move-
ments and tongue protrusions, while rats given a “bitter” stimulus
display rejection responses including gapes, forelimb flails, and chin
rubs. Taste reactivity was the ideal paradigm for this test because stimuli
can be delivered while the animals are need-free. Additionally, the
stimuli can be delivered in predetermined volumes. For solution de-
livery, animals were implanted with oral catheters. Once they were
healed and trained, male rats were tested in a specialized infusion
chamber equipped with a camera under a clear plexiglass floor (Fig. 4B),
which allowed visual access to the oromotor and somatic behaviors of
the animal during the infusions. Animals were infused with donor saliva,
donor saliva which had the proteins removed by centrifugal filters,
artificial saliva, or water; each of these four conditions was delivered
both with and without quinine. Animals that were given quinine in the
presence of SPs (i.e. whole saliva) showed no increase of aversive or
rejection oromotor movements over an infusion of saliva alone (Fig. 4C
and [66]). In contrast, addition of quinine to protein-free saliva, artifi-
cial saliva, and water resulted in large increases in rejection behaviors.
These data further support the hypothesis that the presence of SPs de-
creases the salience of quinine in such a way that the animals treat it as
less concentrated. SP infusions did not generate increased positive oro-
sensory movements or alter responding to non-bitter stimuli, suggesting
that the effect is specific to reducing “bitterness,” [66]. The effect is also
concentration-dependent; as we decreased the concentration of SPs, we
saw an increase in aversive behavior to quinine in the solution, even
though the quinine concentration remained constant [66].

This work offered strong evidence that SPs were altering taste-driven
behavior. We have also collaborated with Dr. Robert Contreras to test if
these changes were happening peripherally. We used the donor saliva
model to deliver quinine, with and without SPs, to the fungiform
papillae of anesthetized rats while the Contreras lab recorded multi-unit
activity from the chorda tympani (CT) nerve. The CT is a branch of the
facial nerve which innervates the front of the tongue. Consistent with
the behavioral data, we found that when SPs were present there was
suppressed CT activity compared to when quinine was delivered alone
[62]. Again, this effect was specific to quinine because we saw no effect
of SPs on salt-evoked CT responses.

7. Summary
There has been strong evidence in the human literature that SPs are

correlated with food preferences [33,35-39]. Our work in rodent models
suggests that diet exposure changes the pattern of SP expression. In the
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Fig. 3. A) is a simplified methodological illustration of the gustometer. Small amounts of either water or various concentrations of quinine were delivered by a series
of syringe pumps to the center slot and rats were trained to respond to the left or right manipulandum to report the presence or absence of quinine in the stimulus. B)
This figure is modified from one originally published in Martin et al. 2019 [57] and is reprinted with permission of the publisher. Data are mean (£SE) proportion
correct as a function of stimulus concentration for quinine. The solid lines represent performance accuracy during the preinduction testing phase, whereas dotted
lines represent performance during the retesting phase. A faint dotted line also marks the 50% point of the graph. At 50% where animals are choosing a response at
random i.e. are no longer able to discriminate between the water and quinine samples. Asterisks represent significant within-group differences between preinduction
testing and retesting. Animals were tested, then exposed to 3% tannic acid (A), 0.375% quinine (B), 4% sucrose octaacetate (C), or a nonbitter control (D), and
retested. The curves were fit to the data based on a 3-parameter logistic function®. SE, standard error. * indicates significant differences (p < 0.05).

# 3-parameter logistic function to calculate the curves : [(a — 0.5)/(1 + 10(x — ¢)*b)]40.5[(a — 0.5)/(1 + 10(x — ¢)*b)]+0.5, where the curve parameters, a, b, and c,
were defined as the asymptotic maximum performance as determined by the mean of the stimulus control sessions, the slope of the curve, and the midpoint con-
centration between asymptotic maximum and minimum (ECs), respectively.
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case of exposure to a quinine-laced diet, the particular pattern of pro-
teins that are upregulated can then alter the acceptance of a quinine diet,
at least in part, by altering the taste of the diet. Rats behave as if the
quinine is less intense in the presence of the SPs than in the absence of
the proteins. While the evidence that SPs (broadly speaking) alter taste is
becoming more convincing, there is still a considerable number of
unknowns.
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Fig. 4. Panel A) depicts examples of rejection and
ingestive responses in the taste reactivity paradigm.
B) is an illustration of the taste reactivity chamber.
An animal is filmed by a camera placed beneath a
clear floor while an infusion pump delivers a pre-
determined stimulus directly into the oral cavity. C)
This figure was originally published in Martin et al.
2020 [66] and is reprinted with permission of the
publisher. Data are average (n = 6, +SEM) number
of movements in response to 30 s infusions of arti-
ficial saliva, filtered saliva, whole saliva, and water,
with quinine (white bars) or without quinine (black
bars). Movements are categorized as aversive
(gapes, head shakes, chin rubs, forelimb flails, and
face washes). * indicates significant differences (p <
0.05).
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8. Unknowns and future work
8.1. The protein identification mystery

The most pressing and obvious question is which proteins are
responsible for driving taste signal modification. However, this question
has so far proved to be difficult to answer. The salivary environment is
incredibly complex and can contain over 1000 proteins [71]. These
proteins are produced from major and minor salivary glands and mix in
the oral cavity where they are cleaved or modified by each other and the
oral environment. Protein identification is also complex as many of the
proteins of interest are either proline- or glycan-rich, making them hard
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to identify by mass spectrometry. To date, some proteins have been
identified in correlational analyses as playing a role in taste or flavor
responding including proline-rich proteins [19,21,40,41,49,72,73],
mucins [74,32], prolactin inducible protein [37], cystatins [36,37,39],
carbonic anhydrase VI [37,75], gliadoralin A [76], SMR1 [61], Von
Ebner’s gland protein [77] and a-amylase [36,44,74,78]. More recently
work has begun to suggest a role for biotransformation enzymes such as
glutathione-S-transferase in altering taste compounds using in vitro
systems [79]. To our knowledge, none of these proteins have been
directly tested in controlled taste tests, although some work has been
done with carbonic anhydrase VI and proline-rich proteins, demon-
strating that manipulations of the protein alter diet acceptance [75]. It is
to be elucidated if these proteins work independently, act on other
proteins in the saliva, or work in combination to form complexes.
Although rodent and human saliva are distinct and have many species
specific proteins [80] the major classes of proteins discussed here (e.g.
proline rich proteins, mucins, cystatins) and many of the specific pro-
teins are expressed in both species (e.g. amylase, carbonic anhydrase,
Von Ebner’s gland proteins) making rodents a good model for taking
these studies forward into experimental manipulations. If the protein or
protein complexes could be experimentally identified, perhaps they
could be used to modify bitter compounds as part of pediatric medical
formulations or as part of dietary treatments.

8.2. The mechanism mystery

While it is becoming very clear that SPs do play a role in taste
signaling, the mechanism is yet unknown. Three potential mechanisms
have been proposed. The first is that SPs form a mucosal pellicle to
reduce access of the stimulus to the receptor (pellicle hypothesis). In
support of this hypothesis, a number of the proteins that correlate with
taste alterations are involved in pellicle formation [36,76]. Inconsistent
with this hypothesis is that the pattern of SP expression we have worked
with specifically alters “bitter” but not sucrose or NaCl taste [76] sug-
gesting that the pellicle would have to be permeable to some but not all
stimuli. Furthermore, saliva from donor animals washed across the
tongue decreases taste nerve signaling [76] which suggests that pellicle
formation is not necessary for SPs to exert their action. The second hy-
pothesis proposes that SPs bind to the stimulus and keep it from inter-
acting with the receptor (stimulus-binding hypothesis). In support of this
hypothesis, there is evidence that SPs form complexes with a variety of
stimuli [49,81,82] and as discussed earlier, precipitation of tannins by
SPs is one of the proposed mechanisms for changes in tannin astrin-
gency. However, the ability to bind to the stimulus is not sufficient ev-
idence that it is mediating the change in taste response. The role of most
of the proteins produced in saliva is to bind [83]. SPs bind to each other
to form pellicles that protect the tissue and teeth, and can bind to bac-
teria, the tooth surface, tissue surfaces, and so on. Due to the “sticky”
nature of these proteins, binding assays alone have historically revealed
little about the true nature of the protein interactions. The third hy-
pothesis states that SPs bind to the target taste receptor and alter its
responsiveness to stimuli (receptor-binding hypothesis), but with few SP
targets to explore, there is no work to our knowledge that has system-
atically tested this hypothesis.

9. Other potential actions of saliva

Though taste is an important part of its perception, food never gen-
erates a taste sensation alone. Notably, much of what humans consider
“taste” is actually “flavor”, or the confluence of taste and food odor [84].
Though food odors can be sensed orthonasally (through the nose), ret-
ronasal olfaction plays the chief role in food and drink flavor perception.
Retronasal odors are generated during chewing when food particles are
broken down both manually and chemically; volatile compounds in food
or drink are released and mixed with air, which travels back up the nasal
cavity to the olfactory epithelium [85]. It is just as likely that SPs alter
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the activity of odor volatiles as they do taste stimuli, as odorants have
the same opportunity for interaction with saliva [86]. In fact, there is
some work already demonstrating the interaction of SPs and odorants.
Mucins and a-amylase have been shown to prevent the release of volatile
esters and ketones (i.e., volatiles that are perceived as fruity and pun-
gent, respectively) [74]. True to their binding nature, mucins appear to
bind and prevent the release of some hydrophobic compounds, but can
also decrease the retention of volatile compounds [87]. Volatiles are also
released through metabolism; changes in salivary lipase activity have
been shown to alter the perception of cheese aroma [88]. Finally,
perception of wine aroma correlates with SP profile [89,90].

This work is critical to understanding the acceptance of foods that
are called “bitter,” because perceived bitterness is not the only reason
people reject green vegetables. The quality of vegetable odor differs
between vegetable preferers and avoiders [91], and is inversely related
to vegetable consumption [8,92]. Notably, some PSCs found in vegeta-
bles are described as pungent and sulfurous. During vegetable prepa-
ration or chewing, glucosinolates, found in vegetables, are hydrolyzed
into free sulfur volatiles as well as isothiocyanates, indoles, and nitriles
[93]. These compounds have been implicated in the acceptance of
Brassica vegetables. Increased sulfur volatile production by in-mouth
salivary activity is related to changes in odor quality perception [94],
and is inversely related to liking of raw vegetables [95]. More work is
necessary to understand if SPs are able to alter flavor perception of
vegetables in the same way they can modify bitter taste.

10. Role of saliva in post-oral feedback

During eating, saliva is mixed in with food in the oral cavity and
swallowed; this means that the ability of saliva to interact with our foods
does not necessarily end in the mouth. There are a few lines of evidence
suggesting that some SPs can survive the gut. First, proline-rich SPs can
survive through the gut of ruminants [96], which is a substantially
higher pH than rat or human [97]. Second, the proline is excreted in the
feces of rats consuming tannin diets [49] as the tannin and proteins are
apparently still complexed together. There are two ways that SPs, if they
are surviving the stomach environment, could continue to act in the gut.
It has been demonstrated that SPs can reduce the transport of tannins
across cultured intestinal cells [81], suggesting that if the SP is bound to
a bitter stimulus it may alter absorption. The second way SPs could work
in the gut mirrors their action in the mouth: by changing the way the
stimulus interacts with “bitter” (i.e., T2R) receptors. These are not
mutually exclusive possibilities.

In our prior work, we have demonstrated that altering SP profiles
leads to changes in diet acceptance by altering the rate of ingestion and
the size of meals consumed [61,62]. We have discussed rate of ingestion
at length, but meal size is also an interesting microstructural measure
because it is often associated with post-oral feedback. As an individual
consumes a bitter, and potentially toxic, food source, the associated risk
is not simply that the food contains a toxin, but rather that the toxin is
consumed in quantities that surpass the animal’s capacity for biotrans-
formation. The risk is in the dose, which is determined by meal size [16,
98,99]. Activation of several mechanisms in the gut reduce meal size;
however, in the case of bitter stimuli, one mechanism that is notable is
that activation of the intestinal T2R “bitter” receptors causes the release
of satiety signals like cholecystokinin [100]. This suggests that if SPs
interact with the stimulus or the receptor, they could show a similar
action in the gut as they do in the oral cavity, which would explain the
increased meal size exhibited by rats with upregulated SPs. Our lab is
currently working to test hypotheses about the role of SPs in modified
post-ingestive feedback.

11. Conclusions

The circular relationship between repeated diet exposure and
increased acceptance is well documented [9,10,101-103]. We postulate
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that SPs may be in part mediating increased acceptance of bitter foods
after repeated exposure, and that they serve this function as a physio-
logical facilitator for learned food safety. If a foraging animal (or a
toddler) consumes a diet with no ill effects, the animal should be able to
incorporate that food source into their niche. Perhaps SPs are upregu-
lated by repeated sampling of a food, so when an animal encounters a
given plant again, it does not have to “remember” that this particular
plant is safe, and instead it just does not taste as bad as it used to. We
have only examined the relationship between the pattern of proteins
that we can duplicate with IPR and quinine diet because of the experi-
mental convenience of the model, but it is possible that the pattern of
proteins that is present after saccharin or alcohol exposure could alter
taste responsiveness to other taste qualities. We have also focused on
males and are now examining the phenomenon in cycling female rats.
Females may be particularly interesting with the added complexities
that the estrous cycle alters food intake [104], and estrogen receptors
are differentially expressed in the salivary glands [105]. This is a new
field of inquiry and we expect that as more labs begin investigating the
phenomena described here we will learn the extent to which saliva
contributes to food choice.
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