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Abstract

The metabolic hormone adiponectin is secreted into the circulation by adipocytes and mediates key 
biological functions, including insulin sensitivity, adipocyte development, and fatty acid oxidation. 
Adiponectin is also abundant in saliva, where its functions are poorly understood. Here we report 
that murine taste receptor cells (TRCs) express specific adiponectin receptors and may be a target 
for salivary adiponectin. This is supported by the presence of all three known adiponectin receptors 
in transcriptomic data obtained by RNA-seq analysis of purified circumvallate (CV) taste buds. As 
well, immunohistochemical analysis of murine CV papillae showed that two adiponectin receptors, 
ADIPOR1 and T-cadherin, are localized to subsets of TRCs. Immunofluorescence for T-cadherin was 
primarily co-localized with the Type 2 TRC marker phospholipase C β2, suggesting that adiponectin 
signaling could impact sweet, bitter, or umami taste signaling. However, adiponectin null mice 
showed no differences in behavioral lick responsiveness compared with wild-type controls in brief-
access lick testing. AAV-mediated overexpression of adiponectin in the salivary glands of adiponectin 
null mice did result in a small but significant increase in behavioral lick responsiveness to the fat 
emulsion Intralipid. Together, these results suggest that salivary adiponectin can affect TRC function, 
although its impact on taste responsiveness and peripheral taste coding remains unclear.
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Introduction

Recently, numerous peptides that can function as metabolic hor-
mones, or their cognate receptors, have been detected in saliva and/
or in taste receptor cells (TRCs) (Zolotukhin 2013). Of the many 
peptides present in the oral cavity, several appear to modulate taste-
evoked behavioral responses (Dotson et  al. 2013). For example, 
both glucagon-like peptide-1 (GLP-1) and glucagon signaling impact 
behavioral taste responsiveness to sweet stimuli (Shin et  al. 2008; 

Elson et al. 2010; Takai et al. 2015), angiotensin-2 impacts salt taste 
(Shigemura et al. 2013), and peptide YY (PYY) signaling is impli-
cated in the modulation of orosensory responses to lipids (La Sala 
et al. 2013). However, the full impact of peptide signaling on taste 
transduction remains poorly understood.

The anatomical proximity of salivary-expressed peptides with 
the peripheral gustatory system provides an opportunity for salivary 
peptides to impact peripheral taste function. Indeed, we previously 
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reported that salivary PYY can modulate behavioral responsive-
ness to oral lipid stimuli (La Sala et  al. 2013). Adiponectin is an 
anti-inflammatory adipokine primarily secreted from adipocytes into 
the circulation, where it affects many biological functions such as in-
sulin sensitivity and fatty acid oxidation (Yamauchi et al. 2002; Yoon 
et  al. 2006; Awazawa et  al. 2011; Villarreal-Molina and Antuna-
Puente 2012). In both plasma and saliva, adiponectin is present in 
multiple oligomeric forms referred to as low, medium, high, and 
super high molecular weight, the latter found only in saliva (Bobbert 
et al. 2005; Lin et al. 2014). The origin of salivary adiponectin is not 
entirely clear; while it has been shown in humans to be synthesized 
in salivary gland ductile cells (Katsiougiannis et al. 2006), it is likely 
that adiponectin is also transferred to saliva from the circulation 
as occurs with numerous circulating hormones (Pfaffe et al. 2011; 
Wang et al. 2013). Although the presence of adiponectin in saliva 
has been demonstrated extensively (Gröschl et al. 2001; Toda et al. 
2007; Akuailou et al. 2013; Lin et al. 2014; Nigro et al. 2015), there 
is limited information regarding its function in saliva. Of note, two 
studies have proposed functional roles for salivary adiponectin, sug-
gesting that it influences saliva secretion (Ding et al. 2013) or plays 
an anti-inflammatory role in the oral cavity (Katsiougiannis et  al. 
2010). To the best of our knowledge, no role in gustation has been 
shown for adiponectin.

By querying a previously generated murine circumvallate (CV) 
taste bud transcriptome database (Crosson et al. 2018) for peptide/
hormone receptors with known salivary expressed ligands, we iden-
tified transcripts for three adiponectin receptors—Adipor1, Adipor2, 
and Cdh13—that are potentially expressed in taste buds. Using 
immunohistochemistry (IHC) in this tissue, we were able to validate 
these findings, and identified two canonical adiponectin receptors—
T-cadherin and ADIPOR1—expressed in mouse TRCs. The local-
ization of these receptors to functional subsets of taste cells, along 
with changes in licking to lipid stimuli upon perturbation of oral 
adiponectin signaling, suggests a role for salivary adiponectin in the 
modulation of gustatory function.

Materials and Methods

Mice
This study was approved by the Institutional Animal Care and Use 
Committee (IACUC) at the University of Florida. All procedures 
were done in accordance with the principles of the National Research 
Council’s guide for the Care and Use of Laboratory Animals. Mice 
had ad libitum access to food and water, except where otherwise 
noted, and were housed at 22–24 °C with a 14/10 h light/dark cycle. 
Wild-type (WT) C57BL/6J mice were bred in-house and B6;129-
Adipoqtm1Chan/J (APN KO, which contains a null allele of the gene 
encoding adiponectin) mice were purchased from Jackson Labs. In 
some experiments, APN KO mice each received a total of 1 × 1012 
vector genomes (vg) of recombinant Adeno-associated virus (AAV) 
vector either bilaterally in each submandibular salivary gland or via 
the tail vein prior to brief-access lick testing (for details, see Katano 
et  al. 2006). DNA was isolated from ear punches of all APN KO 
mice for genotyping to confirm exon-2 deletion in the Adipoq gene. 
Genotyping primers are reported in Supplementary Table S1.

Tissue collection
Mice were deeply anesthetized by i.p. injection of a ketamine–
xylazine mixture (200 and 10  mg/kg, respectively), then perfused 
intracardially with 4% paraformaldehyde in phosphate-buffered sa-
line (PBS, pH ~7.4), followed by tissue dissection. Tissues were fixed 
overnight in 4% paraformaldehyde in PBS (pH ~7.4), cryoprotected 

by incubation with 30% sucrose in PBS (pH ~7.4) overnight, and 
frozen in O.C.T.  mounting medium prior to cryosectioning. Mice 
used for 5-HT tissue staining were injected  intravascularly with 
5-HTP in lactated Ringers solution (200 mg/kg) 1 h before euthan-
asia to increase the amount of 5-HT in Type 3 TRCs.

Immunohistochemistry
Adiponectin receptor immunofluorescence
Specific information regarding antibody sources, dilutions, and 
host species are located in Table 1. ADIPOR1 and ADIPOR2 anti-
bodies were graciously provided by Dr. Xia-Rong Peng, and have 
been previously validated in knockout mouse models of Adipor1 
and Adipor2, respectively, by immunoblotting (Bjursell et al. 2007). 
Antibodies against T-cadherin (encoded by Cdh13) (R&D Systems; 
AF3264) have been previously validated in a T-cadherin knockout 
mouse line by IHC staining (Denzel et  al. 2010). OCT-imbedded 
tongues were sectioned in 10–20 μm coronal slices using a cryostat 
(Leica CM3050 S; Leica Microsystems, Nussloch GmbH, Germany) 
and mounted on Fisher Superfrost Plus slides. IHC was conducted 
using traditional indirect immunofluorescence. All washing steps 
were done using TBST (50 mM Tris–HCl, 0.9% NaCl, and 0.5% 
Tween 20, pH ~7.6). Tissues were blocked for 1 h at room tempera-
ture with in-house blocking buffer (5% normal donkey serum in 
TBST with 0.05% Triton-X) to reduce nonspecific antibody binding. 
Sections were then incubated overnight at 4 °C with primary anti-
body diluted into 5% normal donkey serum in TBST, followed by 
secondary antibody incubation with either a Donkey-anti-Rabbit 
IgG Alexa488 conjugate or a Donkey-anti-Goat IgG Alexa649 
conjugate (1:1000 dilution in 5% normal donkey serum in TBST, 
1  h at room temperature). All sections were counterstained with 
4′,6-diaminidino-2-phenylindole (DAPI) and visualized by confocal 
microscopy (Leica SP5).

Double Labeling Immunofluorescence 
Double-labeling techniques were used to co-localize T-cadherin with 
established taste bud markers to characterize expression in specific 
taste bud subpopulations. Taste bud marker information is located 
in Table 1 along with other primary antibody information. Double-
labeling experiments used primary antibodies from different host 
species, and thus utilized a standard indirect dual immunofluores-
cence staining protocol. Specifically, tissues were incubated simul-
taneously with both primary antibodies at 4 °C overnight, followed 
by simultaneous incubation with two secondary antibodies for 1 h at 
room temperature. Slides were washed with TBST between each in-
cubation to remove excess antibody. Donkey-anti-Rabbit Alexa488 
(1:1000), Donkey-anti-Rat Cy3 (1:200) and Donkey-anti-Goat 
Alexa649 (1:1000) were used as secondary antibodies to detect anti-
sera from each of the three host species used.

Plasmid construction
To generate the different mouse models presented here, three plasmid 
transgene constructs were packaged into individual AAV vectors. All 
vector expression cassettes are driven by the small chicken β-actin 
promoter and contain a bovine growth hormone polyadenylation 
sequence. To produce the AAV8-APN vector, we used a previously 
published transgene cassette which was assembled by ligating mouse 
adiponectin cDNA into the pTR-UF backbone (Zolotukhin et  al. 
1996), creating the plasmid pTR-Acrp30 (referred to here as pTR-
APN), described in detail by Shklyaev et al. (2003). To produce the 
vector AAV5-GFP-miR, we cloned the transgene cassette pTR-GFP-
miR, which expresses GFP (green fluorescent protein)  and con-
tains triplicate miR122 and miR206 target sites in the 3′-UTR of 
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the construct. Micro RNA oligos were commercially synthesized 
and incorporated into an inverted terminal repeat (ITR)-containing 
plasmid backbone using standard cloning techniques. We created 
pTR-APN-miR, used to produce AAV5-APN-miR, by swapping out 
the GFP cDNA with mouse adiponectin cDNA amplified from pTR-
APN. All plasmid constructs were confirmed by Sanger sequencing 
prior to the production of AAV vectors. Primers used for cloning are 
reported in Supplementary Table S1.

AAV vector production and administration
Recombinant AAV vectors were produced in HEK 293 cells using a 
triple (AAV5) or double (AAV8) plasmid-based transfection method, 
and purified via Iodixanol density centrifugation as described pre-
viously (Zolotukhin et al. 1999). For AAV5 preps, pHelper (Agilent 
cat no. 240071-52) was used to supply the adenoviral helper genes 
and pACG2R5C (Zolotukhin et  al. 2002) was used to supply the 
AAV2 rep and AAV5 cap genes. For AAV8 production, a single 
helper plasmid (pDG8) containing both the adenoviral genes as well 
as the AAV2 rep and AAV8 cap genes was used (Grimm et al. 1998). 
Table 2 shows the plasmids used in the transfection to produce each 
recombinant AAV vector. Vectors were titered using a PicoGreen-
based assay described by Piedra et al. (2015), and were sterile filtered 
before administration to animals.

Behavior
Animals 
For behavioral taste testing of APN KO mice and WT mixed back-
ground controls (B6129SF2/J), adult mice (10–12 weeks old) were 
ordered from Jackson Labs, and allowed to acclimate to their new 
housing environment for 2 weeks prior to brief-access lick testing. 
During this 2-week acclimation period, mice were given ad lib-
itum access to food and water until the start of training/testing, and 

housed individually. In the second set of behavioral experiments, 
APN KO mice (10–12 weeks old) were administered either AAV8-
APN, AAV5-APN-miR, or AAV5-GFP-miR 1 month before the first 
day of training. AAV was administered either by tail vein injection 
(AAV8-APN) or submandibular salivary gland cannulation (AAV5-
APN-miR and AAV5-GFP-miR) as described previously (Katano 
et  al. 2006). After vector administration, mice were single housed 
and given ad libitum access to food and water until the start of the 
training/testing sessions.

Taste stimuli
All tastants were prepared in 18.2 MΩ ultrapure water and dilutions 
were prepared fresh before each testing session. Tastants and concen-
trations used are listed as follows: citric acid (CA; 0.3, 1, 3, 10, 30, 
and 100 mM; Sigma–Aldrich), NaCl (30, 100, 200, 300, 600, and 
1000 mM; Sigma–Aldrich), quinine hydrochloride (QHCl; 0.03, 0.1, 
0.3, and 1.3 mM; Sigma–Aldrich), sucrose (25, 50, 100, 200, and 
400 mM; Fisher Scientific), Intralipid (1.25, 2.5, 5, 10, and 20%; 
Sigma–Aldrich). Each solution was presented at room temperature 
and water was used as a “no stimulus” control for each tastant.

Procedure 
Training and testing procedures were done in a Davis Rig lickometer 
(Davis MS-160; DiLog Instruments, Tallahassee, FL, USA). The 
lickometer allows mice access to a sipper bottle containing the 
stimulus, and uses AC current to record each lick. The lickometer 
utilizes a motorized table and shutter to restrict mice to 5 s trials for 
each sipper tube. Total session times were 25 min, during which mice 
could initiate as many trials as they wanted. Mice were tested ac-
cording to previously published protocols (Glendinning et al. 2002; 
Elson et al. 2010; La Sala et al. 2013). Two protocols were used; one 
for appetitive stimuli (sucrose and Intralipid) and one for aversive 

Table 1.  Host species, dilution, and supplier information for primary antibodies used in IHC experiments

1° Antibody Host Supplier Dilution Specificity/control

ADIPOR1 Rabbit Dr. Xiao-Rong Peng 1:200 Staining absent in western blot of Adipor1 KO mouse 
brain tissue (Bjursell et al. 2007)

ADIPOR2 Rabbit Dr. Xiao-Rong Peng 1:200 Staining absent western blot of Adipor2 KO mouse 
brain tissue (Bjursell et al. 2007)

T-cadherin Goat R&D systems (Minneapolis, MA, U.S.A. 
AF3264) RRID: AB_2077121

1:500 Signal absent in IHC staining of T-Cad KO mouse 
cardiac tissue (Denzel et al. 2010)

NTPDase2 Rabbit J. Sévigny, (Université Laval, Quebec, 
Canada. #mN2-36I6) RRID: 
AB_2314986

1:500 Specificity demonstrated in COS-7 cells and staining 
patterns coincide with RNA patterns in taste tissue 
(Bartel et al. 2006)

PLCβ2 Rabbit Santa Cruz Biotechnologies (Dallas, 
TX, U.S.A. cat No. sc-206) RRID: 
AB_632197

1:500 Staining absent when primary or secondary omitted, 
validated in taste tissue (Yang et al. 2007)

Gα gustducin Rabbit Santa Cruz Biotechnologies (Dallas, 
TX, U.S.A. cat No. sc-395) RRID: 
AB_673678

1:500 Staining absent when primary or secondary omitted, 
validated in taste tissue (Yang et al. 2007)

NCAM Rabbit Millipore (Temecula, CA, USA; cat. No. 
AB5032) RRID: AB_2291692

1:500 Specificity confirmed by western blot of mouse brain 
homogenates and validated in taste tissue (Wang 
et al. 2009) 

5-HT Rat Millipore (Temecula, CA, USA; cat. 
No. MAB352 clone YC5/45) RRID: 
AB_11213564

1:500 Staining absent when primary or secondary omitted. 
Staining pattern matches that of another well- 
validated 5-HT antibody (Kaya et al. 2004; 
Ma et al. 2007) and has been used previously 
(Mansouri-Guilani et al. 2019)

KRT8 Rat University of Iowa Developmental Studies 
Hybridoma Bank (RRID: AB_531826)

1:500 Extensively used antibody, displays staining pattern 
consistent with that observed in taste tissues (Biggs 
et al. 2016)
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stimuli (NaCl, CA, and QHCl). For the appetitive stimuli, mice were 
food and water restricted (1 g food and 2 mL water) for the 23.5 h 
period prior to testing. After each testing period, mice were given a 
24 h recovery period where they had ad libitum access to food and 
water. For aversive stimuli, mice were put on a 23.5 h water restric-
tion schedule throughout the training/testing period and given ad 
libitum access to food. During aversive stimuli testing, a water rinse 
was presented in between each stimulus presentation to control for 
potential carryover effects. All mice were weighed daily and given 
24 h supplementary ad libitum access to food and water if at any 
time their weight dropped below 85% of their pre-testing weight.

Data analysis and statistics 
For aversive stimuli, tastant/water lick ratios were obtained by di-
viding the average number of licks per trial for each stimulus con-
centration, by the average number of licks per trial to water. This 
controls for motivation to lick, individual lick rate, and any potential 
genotypic differences in lick rate. For appetitive stimuli, a standard-
ized lick ratio (SLR) was used, which controls for individual lick 
rate and potential genotypic differences in lick rate. However, the 
use of an SLR for appetitive stimuli allows us to eliminate the large 
impact of small changes in water licks, although this removes con-
trol for motivation to lick. The SLR is calculated by dividing the 
average number of licks per trial for each stimulus concentration, by 
the maximum potential lick rate for that animal as determined by 
the mean interlick interval distribution during water spout training 
(Glendinning et  al. 2002). All ratio scores were analyzed pairwise 
between groups using a two-way repeat-measure analysis of vari-
ance (ANOVA). If a significant interaction was observed (identified 
by values of P ≤ 0.05), a post hoc Holm–Sidak t-test was used to 
determine whether behavioral responses were significantly different 
between groups for each individual concentration (identified by 
values of P ≤ 0.05). Only mice that initiated at least one trial for 
every concentration were used in the analysis of a given stimulus. For 
presentation of behavioral data, curves were fit to the mean data for 
each group using a 2- or 3-parameter logistic function as described 
previously (Elson et al. 2010).

Plasma collection
Approximately 200 µL of blood was collected from each animal by 
facial vein puncture upon completion of taste response testing. Blood 
was collected at a 9:1 ratio into 3.8% trisodium citrate and immedi-
ately placed on ice to avoid clotting. Blood samples were centrifuged 
at 10,000 rpm for 10 min at 4 °C to pellet red blood cells. Plasma 
was then transferred to new microfuge tubes and frozen at −80 °C 
prior to assaying with the Mouse Adiponectin ELISA (R&D systems 
cat no. MRP300).

Saliva collection
Salivation was induced in mice by an i.p. injection of 100 µL of 50 µg/mL  
pilocarpine in PBS (pH 7.4). One minute after injection, saliva was 
collected for 10 min from the oral cavity using a p20 pipette. Over 

this 10 min period, saliva was continuously transferred into ice-cold 
microfuge tubes containing 20 μL of 10 mg/mL aprotinin (Peptides 
International cat no. IAT-3830-PI). Saliva samples were frozen 
at −80  °C prior to assaying with the Mouse Adiponectin ELISA 
(R&D systems). Before ELISAs were conducted, saliva samples were 
thawed, then centrifuged at 15,000 rpm for 20 min at 4 °C to pellet 
mucous and saliva debris. Supernatants were transferred to fresh 
microfuge tubes and the mucous pellet was discarded.

Adiponectin ELISA
Sample Preparation 
To quantify the levels of full-length adiponectin in both blood 
and saliva, we used the Mouse Adiponectin ELISA Kit from R&D 
Systems. Per manufacturer’s instructions, plasma samples were di-
luted into “Calibrator Diluent” (provided with ELISA kit) to ensure 
that adiponectin levels were within the detection range of the assay. 
Plasma samples from mice were diluted at the following ratios: 
1:2000 for WT C57BL/6J, 1:100,000 for APN KO mice treated with 
AAV8-APN vector (systemic adiponectin supplementation), and 1:4 
for APN KO mice treated with either AAV5-APN-miR of AAV5-GFP-
miR vectors (salivary adiponectin supplementation or adiponectin 
knockout, respectively). Plasma samples were diluted differently to 
ensure that the adiponectin levels of each sample fell within the de-
tection range of the ELISA. Animals with supraphysiological levels 
of circulating adiponectin required high dilutions (1:100,000), while 
animals with low or no circulating adiponectin required low dilu-
tions (1:4). Saliva samples from all mice were diluted 1:4.

Statistical analysis 

A Grubb’s outlier test (α = 0.05) was used to identify and remove 
significant outliers from the ELISA results, prior to further statis-
tical analysis. After outliers had been removed, a two-tailed Student’s 
t-test (α = 0.05) was used to compare the levels of plasma and sal-
ivary adiponectin pairwise, between each group of mice.

Results

Numerous reports have shown that taste responsiveness can be 
modulated by peptide signaling in taste buds. In previous studies 
from our group, we found that receptors for the peptide PYY are ex-
pressed in subsets of TRCs (Hurtado et al. 2012; La Sala et al. 2013). 
We thus asked if taste buds express receptors for other peptides en-
riched in saliva. To initially address this question, we queried the 
transcriptome recently generated by us, using RNA-seq of purified 
CV taste buds obtained from C57BL/6J mice (Crosson et al. 2018). 
Specifically, we wanted to determine the expression levels of cognate 
receptors for salivary expressed peptides whose general functions are 
associated with metabolic homeostasis (Zolotukhin 2013).

Of the genes queried, transcripts encoding three adiponectin 
receptors—Adipor1, Cdh13, and Adipor2—were the most highly 
expressed (Figure 1). Average Adipor1 expression was the highest 
(138.83  ± 8.89 fragments per kilobase of transcript per million 

Table 2.  Plasmid constructs used in the production of recombinant AAV vectors

Vector AAV plasmid Adenoviral helper plasmid Transgene plasmid Gene expressed

AAV5-GFP-miR pACG2R5C pHelper pTR-GFP-miR Green fluorescent protein
AAV5-APN-miR pACG2R5C pHelper pTR-APN-miR Adiponectin
AAV8-APN *pDG8 *pDG8 pTR-Acrp30 Adiponectin

*Contains both Adenovirus helper genes and AAV rep/cap genes.
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reads mapped (fpkm)), followed by Cdh13 (93.93 ± 12.69 fpkm), 
and Adipor2 (30.62 ± 5.84 fpkm). Adiponectin receptor expression 
levels are comparable with those observed for taste bud-enriched 
genes like PLCβ2, Tas1r1, and Car4 (Crosson et  al. 2018, GEO 
Ascension GSE114624). Since our studies were initiated, expression 
of Adipor1, Adipor2, and Cdh13 transcripts in Type II and Type III 
TRCs have been observed by RNA-seq by others (Sukumaran et al. 
2017). Several other peptide receptors that have been previously re-
ported in taste buds were also present in the transcriptome dataset, 
albeit at lower expression levels than those seen for the adiponectin 
receptors; these include the insulin receptor Insr (Baquero and 
Gilbertson 2011), oxytocin receptor Oxtr (Sinclair et  al. 2010), 
GLP-1 receptor Glpr1 (Shin et  al. 2008; Martin et  al. 2009), and 
neuropeptide Y receptor Npyr1 (Zhao et  al. 2005; Hurtado et  al. 
2012). A full list of the queried receptors and their associated peptide 
ligands are listed in Supplementary Table S2.

To validate the expression of Adipor1, Adipor2, and Cdh13 in 
mouse TRCs, we performed IHC on cryosections containing CV 
papillae from C57BL/6J mice, using polyclonal antibodies against 
ADIPOR1, ADIPOR2, and T-cadherin. Each adiponectin receptor 
antisera had been previously validated in a respective knockout 
mouse strain (Bjursell et al. 2007; Denzel et al. 2010). Both ADIPOR1 
and T-cadherin immunolocalize to taste buds (Figure 2A,C). 
ADIPOR2, however, does not immunolocalize to taste buds; rather, 
it is found only in the surrounding tissues (Figure 2B). Co-labeling 
sections for ADIPOR2 and cytokeratin 8 (KRT8), a general TRC 
marker (Mbiene and Roberts 2003), confirmed that taste buds do 
not express ADIPOR2 and suggest that the presence of ADIPOR2 
in the RNA-seq database was due to contamination of the taste bud 
samples with surrounding nontaste tissue.

Mammalian taste buds are composed of multiple TRC types, 
each of which plays different roles in the detection and transmis-
sion of taste information (Chaudhari and Roper 2010). To gain in-
sight into the roles of adiponectin signaling in TRCs, we co-localized 
T-cadherin with established markers for the three main subtypes of 

taste bud cells (Figures 3 and 4): NTPDase2 (Type 1 TRCs, which 
are thought to play a supporting role; Vandenbeuch et  al. 2013), 
PLCβ2 and the G protein α-subunit gustducin (sweet, bitter, and/
or umami-responsive TRCs; (Ming et al. 1999; Miyoshi et al. 2001), 
and 5-HT and NCAM (sour-sensitive Type 3 TRCs; (Yee et al. 2001; 
Huang et al. 2008)). Host species antibody constraints made dual 
staining difficult for ADIPOR1. T-cadherin immunostaining largely 
colocalized with both PLCβ2 and gustducin, suggesting expression 
of this adiponectin receptor primarily in a major subset of Type 2 
TRCs (Figure 3). T-cadherin was not co-expressed with Type 3 TRC 
markers 5-HT or NCAM, although a small subset of NTPDase2-
expressing Type 1 TRCs showed some T-cadherin staining (Figure 4). 
We also measured the co-localization of T-cadherin and these TRC 
markers by correlation analysis (Costes et al. 2004). Consistent with 
the visual analysis of the IHC co-staining, calculated Pearson’s cor-
relation coefficients (Table 3) indicate that T-cadherin is primarily 
expressed in Type 2 TRCs.

We next asked whether adiponectin signaling impacts taste be-
haviors. We first assessed taste responses in APN KO mice, and their 
WT controls (B6:129 SF2/J mice) using brief-access lick testing. No 
significant differences in lick responses to sucrose, QHCL, NaCl, 
CA, or Intralipid were observed between APN KO and control mice 
(Figure 5). We suspect the lack of observed change in response may 
be due to an inherent compensatory mechanism supplementing for 
the complete loss of adiponectin, a theory proposed by the creators 
of this mouse line (Ma et  al. 2002). Because the specifics of this 
potential compensatory pathway are unknown, and no global in-
ducible APN KO mouse lines are available, we decided to use recom-
binant AAV vectors to modulate the levels of salivary and circulating 
adiponectin in adult APN KO mice.

To test the effects of both salivary and circulating adiponectin on 
tastant lick response, we developed two mouse models with supple-
mented adiponectin expression: one expressing adiponectin solely 
in the saliva and the other expressing adiponectin throughout the 
periphery. We used AAV as our gene delivery vector because it con-
fers robust, long-term gene expression in a variety of tissues types 
and has been used previously to ectopically express adiponectin in 
the liver of rats (Shklyaev et al. 2003). Since the tissue tropism and 
transduction of AAV serotypes is highly dependent on the promoter, 
vector dose and delivery pathway, we performed several pilot studies 
to determine the optimal AAV vectors for our purpose. We chose to 
focus on AAV serotypes 2, 5, and 8 because AAV2 and AAV5 report-
edly transduce the salivary gland (Katano et  al. 2006; Voutetakis 
et  al. 2010; Gao et al. 2011; Di Pasquale et  al. 2012), and AAV8 
is a robust, liver tropic vector (Zincarelli et al. 2008; Sands 2011; 
Markusic and Herzog 2012). To assess the transduction efficiency 
of vectors in the salivary gland, mice received a total of 1 × 1012 vg 
of either AAV 2, 5, or 8 (each expressing a GFP reporter under the 
chicken β-actin promoter) bilaterally in each submandibular gland 
(Figure 6).

Both AAV5 and AAV8 displayed high salivary gland transduc-
tion (Figure 6B,C). However, as anticipated because of its known 
tropism (Zincarelli et al. 2008; Chen et al. 2013), AAV8 had high 
transduction in the liver, even when delivered directly to the salivary 
gland (Figure 6E). Because GFP expression was largely restricted to 
the salivary gland using AAV5 vectors, we determined this to be the 
ideal serotype to supplement adiponectin in the saliva. To restore 
adiponectin expression to the circulation, AAV8 vectors are more 
suitable because of their general widespread transduction in mice 
(Zincarelli et  al. 2008; Chen et  al. 2013). To further increase the 
specificity of AAV5 transduction in the salivary gland, we included 

Figure 1. Gene expression levels of metabolic hormone and peptide recep-
tors in WT TRCs. Expression levels for select receptors as determined by 
RNA-seq of WT murine CV taste buds. The three highest expressing tran-
scripts in the queried list—Adipor1, Cdh13, and Adipor2—are all receptors 
for adiponectin. A  total of six biological replicates were used for analysis. 
Supplementary Table S2 contains a key and brief description of the queried 
receptors.
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micro-RNA target sites for miR122 and miR206, which are liver 
and skeletal muscle-specific, respectively (Geisler et al. 2013). Using 
this microRNA target site containing AAV5 vector, we were able to 
abolish the already minimal off-target liver transduction (Figure 7).

Salivary adiponectin expression in APN KO mice was supple-
mented by administering 1  × 1012 vg of AAV5-APN-miR directly 
to each submandibular salivary gland of APN KO mice via ductile 
cannulation. This allows for adiponectin to be expressed in and se-
creted from salivary gland cells (most likely ductile cells), which 
endogenously express adiponectin in WT animals (Katsiougiannis 
et al. 2006; Ding et al. 2013). AAV5-GFP-miR was administered to 
the salivary glands of APN KO mice as a negative control. Systemic 
adiponectin expression was supplemented in APN KO mice by ad-
ministering 1 × 1012 vg of AAV8-APN via tail vein injection. This 
allows for adiponectin to be expressed ectopically throughout the 
periphery, primarily in the liver where it is secreted into the blood-
stream, a method demonstrated with adiponectin (Shklyaev et  al. 
2003) and other proteins previously (Conlon et  al. 2005; Manno 
et al. 2006; Puzzo et al. 2017).

One month after vector administration, we performed brief-
access lick response testing for Intralipid, sucrose, and QHCL 
(Figure 8; see legend for statistics). We observed a modest, yet signifi-
cant increase in the behavioral responses to Intralipid (Figure 8A), 
but not sucrose (Figure 8B), or QHCL (Figure 8C), in mice with 
supplemented salivary adiponectin compared with APN KO control 

mice. Interestingly, the response of mice with systemic adiponectin 
supplementation was not significantly different from APN KO mice 
for Intralipid (Figure 8D), sucrose (Figure 8E), or QHCL (Figure 8F). 
A post hoc Holm–Sidak t-test was used to compare the mean SLR 
values of each group if the two-way repeat-measure ANOVA was 
significant. Mean SLR values were significantly increased in salivary 
adiponectin supplemented mice relative to APN KO controls (Figure 
8A) at 2.5%, 5%, 10%, and 20% Intralipid emulsion. Mean SLR 
values were not significantly different at the lowest Intralipid dose.

Upon completion of brief-access lick testing, saliva and blood 
samples were drawn for quantification of adiponectin by ELISA 
(Figure 9). A two-tailed Student’s t-test was used to determine stat-
istical differences in adiponectin levels between groups. As expected, 
plasma and saliva samples from APN KO mice which received the 
AAV5-GFP-miR vector were negative for adiponectin (Figure 9A,B; 
see legend for statistics). Mice which received the AAV5-APN-miR 
vector did indeed have levels of salivary adiponectin (2.98 ± 2.23 ng/
mL; Figure 9B) comparable with those of WT C57BL/6J mice (1.06 ± 
0.39 ng/mL; Figure 9B). These AAV5-APN-miR injected mice also 
expressed minor amounts of circulating adiponectin (9.50 ± 6.67 ng/
mL; Figure 9A) though this is 1,000-fold lower than the adiponectin 
levels of WT C57BL/6J mice (9,675.89 ± 3742.28 ng/mL; Figure 9A) 
and less likely to have a biological impact (Frühbeck et al. 2017). 
In contrast, mice which received systemic AAV8-APN had levels of 
circulating adiponectin (744,519.61  ± 365,670.59  ng/mL; Figure 

Figure 2. Expression of ADIPOR1 and T-cadherin in CV  TRCs. IHC staining of WT murine CV sections for all three adiponectin receptors, ADIPOR1 (A, D), ADIPOR2 
(B, E), and T-cadherin (C, F). ADIPOR1 (A, D) and T-cadherin (C, F) are expressed in CV taste buds (e.g., white dotted oval) while ADIPOR2 (B, E) is expressed in 
surrounding tissue. ADIPOR2 sections contain KRT8 (B, E), a general taste cell marker. Scale bar is 20 μm.
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9A) significantly higher than those of both WT mice and salivary 
adiponectin supplemented mice (1.80  ± 0.83  ng/mL; Figure 9B) 
which were not significantly different from WT.

Discussion

TRCs and associated taste nerves express a diversity of receptors 
for peptide hormones related to the control of metabolism and sa-
tiety. The expression of two adiponectin receptors—ADIPOR1 and 
T-cadherin—in TRCs suggests an additional degree of complexity 
for modulation of TRC function by peptides acting as autocrine, 
paracrine, and/or endocrine factors. The expression patterns of dif-
ferent peptide receptors (as well as their peptide ligands) can vary 
significantly. For example, glucagon receptors are expressed in 
PLCβ2-positive Type 2 TRCs (Elson et  al. 2010); oxytocin recep-
tors are found in glial-like Type 1 cells (Sinclair et  al. 2010); and 
the receptor for GLP-1 is localized to afferent nerve terminals in-
nervating taste buds (Shin et  al. 2008). We immunolocalized 
T-cadherin to a subset of PLCβ2-positive, Gα-gustducin-positive 
TRCs, suggesting that adiponectin might affect responses to taste 
stimuli transduced by these signaling proteins. We also noted some 
T-cadherin-expressing cells that lacked immunostaining for PLCβ2, 
but also for markers of Type 1 and Type 3 TRCs. One possibility is 
that PLCβ2-negative, T-cadherin-positive TRCs represent an earlier 

stage of Type 2 cell differentiation and have not yet begun to express 
PLCβ2. Due to multiple antibody constraints (e.g., species compati-
bility), we were not able to fully resolve the exact expression pat-
terns of each adiponectin receptor in taste buds using IHC alone. 
Transcriptomic analyses of individual TRCs would be very useful 
for fully elucidating the expression profile of adiponectin receptors 
in TRCs.

While transcriptomic analysis of CV taste buds indicated that 
all three genes encoding canonical adiponectin receptors—Adipor1, 
Adipor2, and Cdh13—are expressed in TRCs, IHC staining showed 
that ADIPOR2 is excluded from TRCs and is instead localized to 
surrounding nontaste tissue. The discrepancy between the two tech-
niques is not wholly surprising, as the taste buds used in the RNA-
seq study were collected by manual dissection making low-level 
contamination with nontaste tissue likely. Furthermore, differential 
localization of ADIPOR1 and ADIPOR2 in lingual tissue is con-
sistent with observations in other tissues (Beylot et al. 2006).

Several peptides that affect blood glucose homeostasis, sati-
ation, gastric emptying and secretion of digestive enzymes, in-
cluding PYY, GLP-1, and glucagon (Kieffer and Habener 1999; 
Batterham et al. 2002, 2006; Hellström et al. 2004; Nadkarni et al. 
2014), are produced in the oral cavity and impact taste respon-
siveness (Shin et al. 2008; Martin et al. 2009; Elson et al. 2010; 
Dotson et al. 2013; La Sala et al. 2013; Takai et al. 2015). While 

Figure 3. IHC staining of T-cadherin with established markers for sweet-, bitter-, and/or umami-responsive TRCs. T-cadherin localizes to cells expressing PLCβ2 
(C), and cells expressing gustducin (F). Single channel images of T-cadherin (A) and PLCβ2 (B) as well as T-cadherin (D) and gustducin (E) are shown for refer-
ence. Scale bar is 20 μm.
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the majority of these peptides are produced in taste buds (Dotson 
et  al. 2013), a few including leptin (Kawai et  al. 2000), PYY 
(Acosta et  al. 2011; La Sala et  al. 2013), and oxytocin (Sinclair 
et  al. 2010) are produced in distant tissues and likely reach the 
taste buds through saliva or the bloodstream. Adiponectin appears 
to fit this category as well. This peptide has been widely studied 
because it plays critical roles in adipocyte metabolism, fatty acid 

oxidation, and insulin sensitivity (Lihn et al. 2005). Animal studies 
have shown that exogenous adiponectin administration leads to 
weight loss and insulin sensitization, and low levels of circulating 
adiponectin are correlated with metabolic syndrome in obese hu-
mans (Shklyaev et al. 2003; Lin et al. 2007; Matafome et al. 2014). 
However, adiponectin was not previously known to target the gus-
tatory system.

Figure 4. IHC staining of T-cadherin with established markers for supporting and sour-responsive taste bud cells. T-cadherin does not localize to sour-responsive 
TRCs (F, I) and has minimal localization to supporting taste bud cells (C). Single channel images of T-cadherin (A) and NTPDase2 (B), T-cadherin (D) and 5-HT (E), 
and T-cadherin (G) and NCAM (H) are shown for reference. Scale bar is 20 μm.
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Because the primary function of TRCs is to detect tastants 
and transduce this information to afferent gustatory nerve fibers, 
we reasoned that adiponectin may modulate taste responsiveness. 
Surprisingly, APN KO mice and their WT controls showed equiva-
lent behavior responses to prototypical taste stimuli in a brief-access 
lick response paradigm. Brief-access lick tests assess gustatory re-
sponsiveness and minimize post-ingestive contributions (Nelson 
et al. 2003), but we cannot eliminate the potential influence of olfac-
tory or nongustatory orosensory factors. It is also possible that abla-
tion of adiponectin could alter gustatory responses to lower tastant 
concentrations than those tested here. It would be interesting to ex-
plore the impact of adiponectin signaling on other sensory systems 
or on threshold gustatory responses in future studies.

We also cannot exclude the possibility that unknown compensa-
tory mechanisms are able to supplement for the lack of adiponectin 
(Ma et al. 2002). To address this issue, we performed the same brief-
access lick testing in APN KO mice that had been supplemented with 
recombinant AAV-mediated expression of adiponectin in the saliva 

or circulation. Mice with supplemented salivary adiponectin (but 
not supplemented systemic adiponectin or control APN KO mice) 
showed a modest but significant increase in behavioral responsive-
ness to Intralipid. Whether lipids elicit a distinct taste perceptual 
quality remains controversial, but they clearly can impact gustatory 
responses (Ozdener et al. 2014). Several putative “fat taste” recep-
tors have been suggested in rodent taste buds, including the fatty 
acid translocase CD36 and the fatty acid-sensitive G protein-coupled 
receptor GPR120 (Cartoni et  al. 2010). Interestingly, adiponectin 
has been reported to upregulate CD36 expression in cardiomyocytes 
via activation of the AMPK pathway (Chabowski et al. 2006; Fang 
et al. 2010). It is unclear whether a similar response may be present 
in TRCs.

Viral-mediated expression of peptide hormones may be a useful 
strategy for modulating taste in a clinical context. By targeting ex-
pression to just the salivary glands, salivary adiponectin expression 
reached WT levels while circulating adiponectin levels were 1,000-
fold less than those found in WT mice (Frühbeck et al. 2017). Despite 
this, we were unable to completely limit adiponectin expression to 
either blood or saliva in either supplementation mouse model. Since 
pilocarpine was used to stimulate saliva secretion for analysis, it 
is possible that steady-state or food evoked salivations of animals 
may have varying levels of adiponectin expression throughout the 
day (Dawes 1966). However, pilocarpine-induced salivation was 
necessary to collect sufficient amounts of saliva for adiponectin 
quantification. To limit off-target expression in AAV tropic tissues 
with supplementation of salivary adiponectin, we both directly 
administered AAV vectors into the salivary gland and included 
microRNAs for miR122 and miR206 which are liver and skel-
etal muscle specific, respectively. Even so, it was obvious that viral 

Table 3.   Co-localization analysis of T-cadherin and TRC markers 
assessed by Pearson’s correlation

Adiponectin 
receptor

TRC marker Taste buds  
counted

Pearson’s correlation  
coefficient 

T-cadherin NTPDase2 12 0.136
T-cadherin PLCβ2 11 0.461
T-cadherin Gustducin 8 0.451
T-cadherin 5-HT 2 −0.012
T-cadherin NCAM 4 0.052

Figure 5. Brief-access lick response testing of APN KO (red) and WT control (black) mice for citric acid, NaCl, quinine hydrochloride, sucrose, and Intralipid. No 
significant difference (P > 0.05) was observed between groups for any of the stimuli tested as determined by a two-way repeat-measure ANOVA with a signifi-
cance threshold of α = 0.05. A total of 8 mice were used in each group.
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particles were still entering the circulation. Circulating adiponectin 
seen in this model could also be due to limited off-target transduc-
tion of nonsalivary tissue, or the transduced salivary cells themselves 
may secrete adiponectin nonspecifically into both the blood and the 
saliva. In the systemic adiponectin supplementation model, circu-
lating adiponectin is likely transferred into saliva (Wang et al. 2013). 

Altogether, however, the salivary supplementation model provided 
an impressive degree of expression control.

In summary, we have shown that adiponectin receptors ADIPOR1 
and T-cadherin are expressed in subpopulations of TRCs and that 
saliva-derived adiponectin can positively modulate lick behavioral 
responsiveness to Intralipid under certain conditions. A  clearer 

Figure 6. Salivary gland tropism of AAVs 2, 8, and 5 when administered directly to the submandibular salivary gland. Transduction of WT murine salivary glands 
(A, B, C) represented by GFP expression 1 month after AAV2 (A), AAV8 (B), or AAV5 (C) administration. Off-target liver expression (D, E, F) was observed for AAV2 
(D), AAV8 (E), and AAV5 (F) vectors, with AAV8 being the most liver tropic. Scale bar (bottom left corner F) is 50 μm.

Figure 7. Ablation of off-target AAV5 liver tropism achieved by inclusion of miR122 and miR206 target sites into vector construct. Transduction of WT murine 
salivary glands (A), represented by GFP expression, is unaffected by the inclusion of miR122/miR206 TS in the vector. However, off-target GFP expression in the 
liver (B) is completely abolished. Transduction was measured 1 month after vector administration and the scale bar (bottom left B) is 100 μm.
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Figure 8. Brief-access lick response testing of APN KO mice with supplemented salivary or systemic adiponectin relative to untreated APN KO littermates. Brief-
access lick response testing results of APN KO mice with supplemented salivary adiponectin (AAV5-APN-miR SG, red) compared with untreated APN KO (AAV5-
GFP-miR SG, black) mice are shown in panels A, B, and C. Of the tastants tested, mice with supplemented salivary APN had a significantly increased (F1,22 = 8.247; 
P = 0.009) response to Intralipid (A) relative to APN KO mice, as determined by two-way repeat-measure ANOVA (α = 0.05). In the case of a significant ANOVA, a 
post hoc Holm–Sidak t-test (α = 0.05) was applied to compare the significance of the lick response for each tastant concentration (NSP > 0.05, *P ≤ 0.05, **P < 0.01). 
Mice with supplemented salivary adiponectin (A, red) had a significantly increased lick response relative to APN KO mice (A, black) at each concentration of 
Intralipid except the lowest (1.25% Intralipid, P > 0.05). Salivary adiponectin supplementation mice did not display significantly altered lick behavior from APN 
KO mice for sucrose (F1,22 = 0.872; P = 0.361; B) or QHCL (F1,22 = 0.134; P=0.718; C). APN KO mice with systemically supplemented adiponectin (AAV8-APN TV, 
blue) did not display a significant difference in lick behavior from APN KO mice (black) for Intralipid (F1,15 = 1.722; P = 0.209; D), sucrose (F1,15 = 3.452; P=0.083; E), 
or QHCL (F1,16 = 0.295; P = 0.595; F).

Figure 9. Quantification of adiponectin levels in plasma and saliva of recombinant AAV-treated APN KO mice. After completion of brief-access lick testing, 
plasma (A) and saliva (B) adiponectin levels for each treatment group were measured by ELISA. Mean adiponectin levels were statistically compared in a pair-
wise fashion using a Student’s t-test (α = 0.05), significance is indicated in the figure by an *. Salivary adiponectin supplemented mice (red; A) had significantly 
lower levels of circulating adiponectin (P < 0.001) compared with C57BL/6J mice (black; A). Systemic adiponectin supplemented mice (blue; A) expressed sig-
nificantly higher (P < 0.001), supraphysiological levels of circulating adiponectin relative to C57BL/6J mice (black; A). In the saliva however, neither the salivary 
(red; P = 0.08; B) nor systemically (blue; P = 0.09; B) supplemented mice had significantly different levels of salivary adiponectin than C57BL/6J mice (black; B). 
As expected, APN KO mice had no detectable levels of adiponectin in either the saliva or plasma.
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understanding of the mechanisms by which adiponectin impacts 
TRC function awaits further studies of both oral lipid sensing and 
adiponectin-dependent signaling in the peripheral gustatory system.

Supplementary material

Supplementary data are available at Chemical Senses online.
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