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Abstract

Background: Previous studies indicate that taste dysfunction occurs early in the development of 

Alzheimer’s Disease. It is debatable whether the deficit in taste is due primarily to peripheral 

sensory mechanisms or to central processing, or a combination of the two.

Objective: The aim of our current study is to combine behavior and histological data in APP/PS1 

transgenic mice to determine whether APP/PS1 transgenic mice show deficits in unconditioned 

taste preference and avoidance behaviors and whether taste impairments are due to defects in the 

peripheral taste system and/or problems with central processing of taste information.

Methods: The APP/PS1 transgenic mutant mice were used as a model of Alzheimer’s Disease. 

We employed a brief-access gustometer test to assess immediate orosensory taste responses of 

APP/PS1 mice. We used immunohistochemistry to examine tongue, gustatory ganglion, and brain 

tissues to determine a cytological basis for behavioral deficits.

Results: There is a significant, selective reduction of bitter taste sensitivity in APP/PS1 mice. 

These mice also have a loss of TRPM5-expressing taste receptor cells in the circumvallate papillae 

of the tongue. While we observed no overt loss of neuron cell bodies within the primary gustatory 

sensory neurons, degeneration of the neurons’ peripheral axons innervating the taste bud may play 

a role in the observed loss of TRPM5-expressing taste receptor cells.

Conclusion: This data supports a potential role for peripheral taste dysfunction in AD through 

the selective loss of taste receptor cells. Further study is necessary to delineate the mechanisms 

and pathological significance of this deficit in AD.

Keywords

Taste dysfunction; taste receptor cells; APP/PS1 mutant

*Correspondence to: Lindsey J. Macpherson, PhD, The University of Texas at San Antonio, Department of Biology, One UTSA Circle, 
San Antonio, Texas 78249, USA, Phone: 210-458-7845 Lindsey.macpherson@utsa.edu. 

Conflict of Interest:
The authors have no conflict of interest to report.

HHS Public Access
Author manuscript
J Alzheimers Dis. Author manuscript; available in PMC 2020 November 05.

Published in final edited form as:
J Alzheimers Dis. 2020 ; 76(2): 613–621. doi:10.3233/JAD-200376.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction:

Sensory dysfunction such as gustatory deficit often precedes the cognitive symptoms of 

Alzheimer’s disease (AD) and other neurodegenerative diseases [1–4]. It is not clear whether 

such sensory deficits are directly linked to the pathogenic development of AD. Examining 

the deterioration in sensory function may help to understand the progression of AD and 

develop methods for early detection that may improve patient outcomes. A significant loss in 

taste has been reported in AD patients [5–9]. Specifically, both taste recognition and 

detection thresholds of specific tastants have been reported in AD patients [2–4, 10]. 

Although studies have postulated that these deficits are due to the deterioration of central 

processing related to AD pathology [4, 10], others indicate that peripheral sensory and other 

non-cognitive impairments may also play a role [1, 11]. To our knowledge, there has been no 

study that directly tests whether this defect is caused primarily by central processing, 

peripheral sensory mechanisms, or a combination of the two.

The mammalian taste system detects nutrients (salts, carbohydrates, and amino acids) and 

warns of potentially harmful substances (acids, toxins) within a meal. Specialized taste 

receptor cells (TRCs) housed within the fungiform and circumvallate papilla structures on 

the surface of the tongue express specific taste receptors to detect the chemicals within food. 

TRCs are neuroepithelial cells, which have a finite lifespan of ~7–14 days and continually 

turn over within the taste bud. When a tastant is detected on the tongue, the TRCs signal to 

the peripheral gustatory sensory neurons that innervate the taste buds. The cell bodies of 

these neurons are located within the geniculate and petrosal ganglia; their peripheral axons 

innervate TRCs and their central axons terminate within the brainstem. Within the CNS, 

taste information is processed in a series of relays from the brainstem, to the thalamus, and 

then to the gustatory cortex [12].

The aim of our current study is to combine behavior and histological data in APP/PS1 

transgenic mice to determine two key points. First, determine whether APP/PS1 transgenic 

mice show deficits in unconditioned taste preference and avoidance behaviors. The APP/PS1 

transgenic mouse model [13, 14] expresses chimeric mouse/human mutant amyloid 

precursor protein (Mo/HuAPP695swe) and the PS1-dE9 mutant human presenilin 1 (PS1) 

and develops multiple AD-related pathologies including the accumulation of amyloid-β 
(Aβ). We employed a brief-access gustometer test to assess immediate orosensory taste 

responses of APP/PS1 mice and age matched controls to sweet, bitter, salty, and sour 

tastants. Second, we wanted to determine whether taste impairments are due to defects in the 

peripheral taste system and/or problems with central processing of taste information. For 

this, we used immunohistochemistry to examine tongue, geniculate ganglion, and brain 

tissues to determine a cytological basis for the behavioral deficit.

Methods:

Animals:

We used APP/PS1 double transgenic mice that express a chimeric mouse/human amyloid 

precursor protein and a mutant human presenilin [14] (JAX Stock #004462). We tested 

APP/PS1 mice ranging from 12-14 months of age (four males, one female), and compared 
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them with five age-matched control littermates (four males, one female). These transgenic 

mice develop Aβ deposits in the hippocampus and cerebral cortex starting at 6 months of 

age.

Behavior Tests:

Brief-access lickometer taste tests on the APP/PS1 and control mice were performed using a 

multichannel gustometer (Davis MS160-Mouse gustometer; MedAssociates). Mice were 

water deprived for 24 hours before training. Initially mice were acclimated to receiving 

water from the gustometer spouts, trained twice a day for 1 week prior to testing. The mice 

were tested with four tastants (Sweet = Sucrose; Bitter = Quinine; Sour = Citric Acid; Salty 

= NaCl) within a two week period after training. Mice were placed into the chamber for 10 

minutes duration. The test consisted of one tastant at five different concentrations presented 

in pseudo-random order. A shutter opens and presents the mouse with one spout, the mouse 

has a 60 second window to lick this, otherwise it will proceed to the next trial. Upon the first 

lick, the mouse was allowed to continue licking for 10 seconds. Number of licks, inter-lick 

interval and lick latency were recorded in each trial. Each experimental day, the mice were 

given an aversive taste (quinine or citric acid) in the morning session and an attractive taste 

(sucrose or NaCl) in the afternoon session. The first two seconds were removed from each 

session to account for thirst. The remaining licks from each session were averaged for each 

mouse (N=5). The percentage of licks for a tastant concentration were calculated by taking 

the remaining licks for a specific tastant concentration over the total remaining licks for that 

tastant. These percentages were then averaged for each genotype (APP/PS1 versus control).

Tissue Preparation:

Both APP/PS1 and control mice were euthanized by CO2 inhalation and perfused with 15 ml 

PBS followed with 15 ml 4% paraformaldehyde solution. The brain, geniculate ganglion, 

and tongue tissues were collected The brain was stored in 4% paraformaldehyde solution 

and the geniculate ganglion, nodose and tongue was stored in 30% sucrose solution 

overnight at 4°C for cryoprotection. Brains were then sectioned at 100 μm with a vibratome 

apparatus (TPI). Brain slices were collected at the coordinates for the sweet and bitter cortex 

(around bregma 1.6 and −0.3) and were used for immunohistochemical analysis. The 

geniculate ganglion and tongue were embedded in OCT compound and sectioned at 15 μm 

thickness on a cryostat.

Immunohistochemistry:

Sections of tongue, nodose/petrosal, and geniculate ganglion were washed with blocking 

buffer (10% donkey serum in 1xPBS). Primary antibodies for TRPM5 and Car4 in 10% 

donkey serum in 1xPBS were added to the tongue circumvallate papillae (CV) sections. 

Primary antibodies for Phox2B and P2X3 in 10% donkey serum in 1xPBS; 0.3% triton were 

added to the geniculate sections. Slides were stored overnight at 4 °C. Sections were then 

washed with 1xPBS three times, 5 minutes each. Secondary antibodies were diluted in 10% 

donkey serum in 1xPBS were added to Tongue sections (1:1000 dilution). 1:500 Nissl 

(NeuroTrace 640/660 deep-red fluorescent Nissl stain from Invitrogen) were added to 

geniculate sections during the secondary antibody incubation period. Brain sections were 

washed with blocking buffer (10% donkey serum in 1xPBS, 0.1% Triton X-100 ) for 1 hour 
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at 4°C in a 24 well plate. The sections were then stained with 1:500 anti- Aβ primary 

antibody in blocking buffer overnight at 4°C then washed with 1xPBS three times, 15 

minutes each. Secondary antibody staining was done with 1:500 Nissl in blocking buffer for 

1 hour at 4°C. Sections were then washed with 1xPBS three times, 15 minutes each. Stained 

brain sections were then transferred to slides. All slides were coverslipped and mounted with 

hard set mounting media (Vectashield hard set H-1400 from Vector Laboratories). Primary 

antibodies used were: anti-TRPM5 (Zuker Lab, 1:500 dilution [15]), anti-Car4 (R&D 

Systems AF2414, 1:200 dilution), anti-P2X3 (Neuromics GP10108, 1:1000) anti-Aβ (82E1, 

IBL, 1:500 dilution). Secondary antibodies used were from Jackson Immuno Research, 

1:1000 dilution.

Imaging and Quantification:

Zeiss 710 confocal microscope was used to image brain, tongue, nodose/petrosal, and 

geniculate sections. For image analysis ImageJ was used. 203 taste buds across 10 mice 

were examined by looking for TRPM5 and Car4 expression. Each cell labeled were counted 

in the CV sections of the tongue. For geniculate and nodose sections, Image-pro’s cell count 

function was used to count the Phox2B, P2X3 and Nissl stained cells. Two-way Student’s t-

Test were used for statistical analysis.

Results:

APP/PS1 mice show a deficit in bitter taste response.

In order to see if there were any taste deficits in APP/PS1 mice, we used a brief-access 

lickometer taste test. We placed both APP/PS1 and control mice individually into a Davis 

multichannel gustometer with a single tastant (sweet, sour, bitter, or salty) serially diluted in 

five concentrations. These concentrations were presented in pseudo-random order while we 

recorded the number of licks for each presentation (Figure 1A). We used quinine for bitter 

taste, citric acid for sour, sucrose for sweet, and sodium chloride for salty.

The majority of the dose-dependent lick responses did not differ significantly between 

APP/PS1 mice and age matched control littermates (Figure 1B–E). However, the APP/PS1 

mice did show a decreased aversion to the bitter compound quinine compared to controls 

(Figure 1B). The APP/PS1 licked 2 mM quinine at a significantly higher percentage than the 

controls (Student’s T-test, p<0.05). Even at this high concentration, the APP/PS1 mice 

showed only a moderate decrease in licking while the control mice showed almost complete 

aversion to this concentration of bitter.

The APP/PS1 and control mice displayed similar responses to sucrose, NaCl, and citric acid, 

showing a dose-dependent increase in licking to higher concentrations of sucrose, and a 

dose-dependent decrease in licking to higher concentrations of NaCl and citric acid (Figure 

1C–E). We note that both cohorts of mice show a less defined dose-dependent response to 

sucrose than is usually observed [16]. This could possibly be due to the levels of thirst of the 

mice.
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Loss of TRPM5-expressing cells in the circumvallate papillae of the tongue in APP/PS1 
mice

What might cause this specific deficit in bitter taste sensitivity in APP/PS1 mice? Starting 

with the peripheral taste system, we examined the circumvallate papillae of the tongue. We 

quantified the numbers of TRPM5 and Car4 expressing cells to see if there were any 

changes within these populations in the tongue. TRPM5 is expressed within the bitter, sweet 

and umami populations of taste receptor cells [15], whereas Car4 is expressed within the 

sour taste receptor cell population [17]. Using these two markers allows us to assess the 

majority of the taste receptor cells within the taste bud, with the exception of salty cells.

We used immunofluorescence staining of both TRPM5 and Car4 in the taste buds in 

circumvallate papillae of the APP/PS1 and control mice (Figure 2A–B). We quantified 109 

taste buds in the APP/PS1 group, and 94 taste buds in the age-matched controls. An average 

of 20 taste buds were analyzed per mouse. There was a significant decrease in TRPM5 cells 

in the APP/PS1 model (p<0.05, Figure 2C). The reduction of TRPM5 cells may be due to a 

selective loss of the bitter TRCs, which may explain the bitter behavior deficit observed in 

the APP/PS1 mice. We did not find any significant difference in the Car4-expressing cells 

(p>0.05, Figure 2C), which agrees with our behavioral test showing no deficits in sour taste.

Quantification of sensory neurons responsible for taste in the geniculate ganglion

After noticing a loss of TRPM5-expressing cells in the APP/PS1 mice, we wanted to 

determine if cell loss also occurred in the neurons of the geniculate and nodose/petrosal 

ganglion. The geniculate ganglion houses the cell bodies of the sensory neurons that relay 

taste information from the anterior tongue to the brainstem. Neurons of the nodose/petrosal 

complex of the vagal ganglion innervate the CV. Innervation of the taste buds by these 

sensory afferent fibers provides trophic factors that are necessary to maintain taste buds [18, 

19]. In order to look specifically at the population of sensory neurons related to taste, we 

used immunostaining for Phox2b. Phox2b is a marker for the population of geniculate 

ganglion neurons that project to the taste buds [20]. In addition, we stained for P2rx3 which 

is expressed in subpopulations of both gustatory and somatosensory neurons within the 

geniculate [21], and Nissl stain was used to quantify the total numbers of neurons within the 

ganglion (Figure 3A).

We were unable to detect a significant difference in the relative percentage of Phox2b 

labeled cells within the geniculate ganglion between the APP/PS1 and control mice (Figure 

3B). There also does not appear to be a difference in the proportion of gustatory neuron and 

somatosensory neuron cell populations in the geniculate ganglion in these mice. Similarly, 

no significant differences were observed in the Phox2b populations in the nodose/petrosal 

ganglion (Control, 81% +/− 13.5% n=3; APP/PS1, 70% +/− 9.7% n=4; p>.05, Student’s T-

test). This suggests that there is no overt loss of gustatory ganglion neurons in APP/PS1 

mice.

Accumulation of Aβ in sweet and bitter gustatory cortical areas

Next, we examined if there was overt pathology in the gustatory cortex of APP/PS1 mice 

that may contribute to the decrease in bitter taste sensitivity. It has been demonstrated that 
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olfactory deficits in APP/PS1 are associated with increased Aβ deposits in the olfactory 

bulb, which contributes to neuronal atrophy and results in an impairment of dendrodendritic 

inhibition [5, 22, 23]. We analyzed APP/PS1 mutant and control brains specifically in the 

areas responsible for sweet and bitter taste in the gustatory cortex (Figure 4A, B) [24]. We 

stained for both Aβ and Nissl to see if these areas had an accumulation of Aβ that could 

affect taste perception. We compared the pattern of Aβ deposits in the gustatory cortex to the 

anterior insula (Figure 4C), which is known to have more severe Aβ accumulation in 

APP/PS1 transgenic mice [25].

We were able to see an even distribution of Aβ deposits within both sweet and bitter regions 

of the gustatory cortex, but not to the extent of Aβ deposits as seen in the anterior insula. 

The accumulation of Aβ deposits is similar in both sweet and bitter areas, which would be 

unlikely to cause a specific bitter cortical taste deficit in the APP/PS1 mice. These findings 

lead us to believe that the selective deficit in bitter taste aversion is unlikely due to the 

insoluble Aβ deposits within the gustatory cortex, but rather caused by the selective 

degeneration of peripheral sensory cells.

Discussion:

Overall, our study shows the loss of bitter taste sensitivity in APP/PS1 mutant mice is likely 

caused by peripheral loss of taste receptor cells. While we cannot completely rule out the 

contribution of a central processing deficit in the APP/PS1 mice, the striking selective loss 

of TRPM5-expressing TRCs within the taste buds point to a peripheral sensory deficit. Since 

no distinct neuropathology was observed between the sweet and bitter regions of the 

gustatory cortex, this supports the idea that the origin of the deficit in bitter taste aversion is 

likely the degeneration of peripheral gustatory sensory cells in the tongue.

A significant loss of bitter taste receptor cells within this TRPM5 population correlates with 

the behavioral deficit seen in the APP/PS1 mice. Given what we know about the 

development and maintenance of TRCs within taste buds, there are several potential causes 

for the taste receptor cell loss we observe in APP/PS1 mice. These mechanisms include: 1) 

premature TRC cell death, 2) loss or decline of the taste stem cell population, and 3) loss or 

degeneration of sensory afferent nerve fibers innervating the taste buds.

Loss of taste sensitivity and the loss of taste receptor cells within the taste bud is associated 

with normal ageing [26, 27], and it is possible that the loss seen in the APP/PS1 mice could 

be accelerating the mechanisms of ageing in the tongue. Typically, age-related taste receptor 

cell loss and behavioral deficits are noticeable in ≥ 18 month-old mice. Also, it has been 

reported that in aged mice, sweet taste perception, not bitter, is the most affected [27]. Thus, 

at the ages we tested our cohort (12-14 months), no significant age-related taste dysfunction 

is typically observed [27].

Interestingly, there is evidence in humans that gustatory nerve innervation to the taste buds is 

reduced in AD patients [11]. This observation supports the hypothesis that AD leads to 

peripheral gustatory nerve degeneration which in turn reduces the trophic factors needed for 

taste receptor cell maintenance [18, 19]. While we did not observe a loss of gustatory neuron 
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cell bodies within the geniculate or nodose/petrosal ganglion of APP/PS1 mice, there may 

be deterioration of the nerve terminals within the taste buds. Future study will be able to 

address this possibility.

APP/PS1 transgenic mice allow us to test whether the accumulation of Aβ is associated with 

taste dysfunction and detect it at each anatomical relay within the gustatory sensory system. 

In our experiment, the accumulation of Aβ is evident in both the sweet and bitter gustatory 

cortex, but not in either the tongue or the geniculate ganglion. Since only bitter, not sweet 

taste, was affected in APP/PS1 mice, this result suggests that the accumulation of Aβ in the 

gustatory cortex may not be the primary mechanism causing such specific taste deficit in 

APP/PS1 mice. Expression of the APP/PS1 transgene is dependent on the Prion Promoter, 

prnp. The transgenes are expressed at high levels in the CNS, but also in the PNS and other 

tissues including muscle [14]. In future work, we plan to investigate the levels of Aβ 
accumulation and soluble oligomeric Aβ in tongue and gustatory ganglion tissues that might 

cause sensory cell loss. In the APP/PS1 transgenic mouse line, amyloid accumulation 

progresses with age, and interestingly, female mice show increased amyloid burden and 

plaque formation compared to males [28]. It will be important in future studies to determine 

the age of taste deficit onset, and the relationship to amyloid accumulation in both male and 

female mice.

The deficit in bitter taste perception in APP/PS1 mice was observed using a brief-access 

behavioral assay. Even though this assay is meant to test immediate orosensory behaviors, 

the CNS is required to process the taste signals from the periphery and to coordinate a 

response such as licking or suppression of licking in the gustometer assay. There may also 

be more subtle deficits that are not significant enough to be detected by behavioral 

assessments. These subtle deficits may be examined by measuring the responses of the 

primary taste ganglion neurons by electrophysiological recordings or calcium imaging 

assays. In addition, since TRPM5 is also expressed in sweet and umami taste receptor cells, 

a specific label for bitter taste receptor can be used in future studies to further validate 

specific loss of the bitter TRC population. It will also be important to assess the chronology 

of taste dysfunction to uncover if taste deficits precede the pathological development in 

hippocampus and cerebral cortex in AD. If taste dysfunction occurs early in the progression 

of disease, taste tests could be developed for early diagnosis and intervention.

Collectively, we found a significant loss in bitter taste sensitivity in APP/PS1 mice. This 

deficit is associated with the loss of TRPM5-expressing cells in the tongue. We were unable 

to detect significant pathology in either the geniculate ganglion or gustatory cortices in the 

brain that would have contributed to this specific loss in bitter taste. This indicates that the 

taste dysfunction is likely due to a deficit in the peripheral taste system. Further studies into 

taste dysfunction in AD will help to determine the cause of this dysfunction and functional 

implications for the pathogenesis of AD, and also provide insights into developing taste-

based assays that may improve early diagnosis of AD.
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Figure 1: Behavioral analysis of gustatory sensation in APP/PS1 and control mice.
(A) Illustration of experimental setup. Animals were tested using a brief-access lick assay 

with pseudo-random presentation of each tastant concentration. (B-E) Dose response to the 

tastants in control and APP/PS1 mice. Shown are the relative fraction of licks to each 

concentration of tastant. (B) Bitter, Quinine (0.125 mM, 0.25 mM, 0.5 mM, 1 mM, 2mM). 

(C) Sweet, sucrose (37.5 mM, 75 mM, 150 mM, 300 mM, 600 mM). (D) Salty, Sodium 

Chloride (15 mM, 30 mM, 60 mM, 120 mM, 240 mM). (E) Sour, Citric Acid (5 mM, 10 

mM, 20 mM, 40 mM, 80 mM). (*p<0.05, n=5/group).
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Figure 2: Quantification of TRPM5- and Car4- expressing TRCs within the circumvallate 
papillae in APP/PS1 and control mice.
(A-B) Confocal microscopy images of circumvallate papilla (CV) taste buds from APP/PS1 

and control mice demonstrating expression of TRPM5 (a marker of sweet, bitter, and umami 

TRCs, green) and Car4 (expressed in sour TRCs, blue). (A) 10x images, scale bar = 20 μm. 

(B) 20x images, scale bar = 20 μm (C) The average number of TRPM5 and Car4-expressing 

cells per taste bud in APP/PS1 and controls. A total of 203 taste buds were analyzed for each 

group (12-22 Taste buds per mouse). (*p<0.05, n=5 /group).
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Figure 3: Geniculate ganglion phenotype of (APP/PS1) and C57 (Control) mice.
(A) Confocal microscopy images of geniculate ganglion immunostains illustrating the 

expression of Phox2b (Green), P2X3 (Red) and Nissl (Blue) in APP/PS1 and control mice. 

40x images, scale bar = 60 μm. (B) Quantification of the average number of Phox2b + 

labeled neurons within the total number of neurons in the field (determined by Nissl staining 

of neuronal nuclei) in APP/PS1 and control tissues (p>0.05, n=5 for APP/PS1, n=3 for 

control).
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Figure 4: Aβ pathology in the sweet and bitter areas of the gustatory cortex.
(A-C) Confocal images of coronal brain sections immunostained with Nissl (blue) and anti-

Aβ (82E1) antibody (green). (A) Whole section (5x) and magnified field (10x) of the sweet 

cortical field (bregma 1.6mm; lateral 3.1mm; ventral 1.8mm) in the gustatory cortex. (B) 

Whole section (5x) and magnified view (10x) of the Bitter cortical field (bregma −0.3mm; 

lateral 4.2mm; ventral 2.8mm) in the gustatory cortex. (C) Whole section (Allen Brain Atlas 

Images) and magnified view (10x) of rostral frontal cortex (bregma 2.745) highlighting 
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strong positive and negative phenotype for APP/PS1 and control brain sections. 5x images 

scale bars are 1000um. 10x images scale bars are 200 μm.
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