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Although the brain can discriminate between various sweet substances, the underlying neural mechanisms of this
complex behavior remain elusive. This study examines the role of the anterior paraventricular nucleus of the
thalamus (aPVT) in governing sweet preference in mice. We fed the mice six different diets with equal sweetness
for six weeks: control diet (CD), high sucrose diet (HSD), high stevioside diet (HSSD), high xylitol diet (HXD),
high glycyrrhizin diet (HGD), and high mogroside diet (HMD). The mice exhibited a marked preference spe-
cifically for the HSD and HSSD. Following consumption of these diets, c-Fos expression levels in the aPVT were

significantly higher in these two groups compared to the others. Utilizing fiber photometry calcium imaging, we
observed rapid activation of aPVT neurons in response to sucrose and stevioside intake, but not to xylitol or
water. Our findings suggest that aPVT activity aligns with sweet preference in mice, and notably, stevioside is the
sole plant-based sweetener that elicits an aPVT response comparable to that of sucrose.

1. Introduction

The development of sweeteners has undergone a significant evolu-
tion since the 19th century (Belloir et al., 2017). Despite the low-calorie
properties and cost advantages of artificial sweeteners, human con-
sumption of added sugar remains high (Lim et al., 2010). This obser-
vation suggests that many sweeteners may not stimulate the same
consumption motivation as refined sugars. Animals show discrimination
in their consumption of different sweeteners, influenced by factors such
as environmental conditions, energy needs, and perceived reward effects
(Begg and Woods, 2013). Yet, the neural mechanisms underpinning
these decision-making processes in the central nervous system remain
largely unexplored.

Within the central nervous system, the PVT is posited as a critical
relay in complex neural circuits that integrate appetite-related
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information. Specifically, the PVT integrates signals from orexin-
expressing hypothalamic energy-sensing neurons and neurons regu-
lating behavioral states, thereby influencing feeding behavior in animals
(Kelley and Pratt, 2005). Recent research indicated that the aPVT glu-
tamatergic inputs to the nucleus accumbens (NAc) are instrumental in
driving sucrose-seeking behavior (Labouebe et al., 2016). Zhu et al.
(2018) demonstrated that PVT neurons are adept at tracking the
context-dependent dynamics of salient information, responding in
accordance with the perceived importance of the event. This leads to an
intriguing question: Do the responses of PVT neurons mirror the pref-
erences of mice for various sweeteners?

In light of safety concerns associated with artificial synthetic
sweeteners (Goran et al., 2018; Mishra et al., 2015), this study focuses
on four separate plant-based sweeteners administered to mice. These
sweeteners include stevioside (Kujur et al., 2010), xylitol (Borgo et al.,
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Table 1
The detailed ingredient list of various sweet feeds.
Product D10012M RD18012501 RD18012503 RD18012504 RD18012505 RD18012506
AIN-93 M 24% sucrose 25.05% xylitol 0.12% stevioside 0.08% mogroside 0.48% glycyrrhizin
10% sucrose
gm % Kcal % gm % Kcal % gm % Kcal %  gm % Kcal % gm % Kcal %  gm % Kcal %
Protein 14 15 14 15 13 15 14 15 14 15 14 15
Carbohydrate 73 76 73 76 75 76 73 76 73 76 73 76
Fat 4 9 4 9 4 9 4 9 4 9 4 9
Total 100 100 100 100 100 100
Kcal/gm 3.8 3.8 3.5 3.8 3.8 3.8
Material gm kcal gm kcal gm kcal gm kcal gm kcal gm kcal
Casein 140 560 140 560 140 560 140 560 140 560 140 560
L- cysteine 1.8 7.2 1.8 7.2 1.8 7.2 1.8 7.2 1.8 7.2 1.8 7.2
Corn starch 495.692 1982.768 355.7 1422.8 438 1752 595.7 2382.8 595.7 2382.8 595.7 2382.8
Maltodextrin 125 500 125 500 125 500 125 500 125 500 125 500
Xylitol 0 0 0 0 250.5 631.26 0 0 0 0 0 0
Stevioside 0 0 0 0 0 0 1.2 0 0 0 0 0
Mogroside 0 0 0 0 0 0 0 0 0.8 0 0 0
Glycyrrhizin 0 0 0 0 0 0 0 0 0 0 1.2 0
Sucrose 100 400 240 960 0 0 0 0 0 0 0 0
Cellulose, BW200 50 0 50 0 50 0 50 0 50 0 50 0
Soybean oil 40 360 40 360 40 360 40 360 40 360 40 360
Tert-butyl hydroquinone 0.008 0 0.008 0 0.008 0 0.008 0 0.008 0 0.008 0
Compound minerals 35 0 35 0 35 0 35 0 35 0 35 0
$10022M
Compound vitamin 10 40 10 40 10 40 10 40 10 40 10 40
V10037
Choline bitartrate 2.5 0 2.5 0 2.5 0 2.5 0 2.5 0 2.5 0
Lemon yellow 0 0 0.05 0 0 0 0.025 0 0.025 0 0 0
Ttemptation red 0 0 0 0 0 0 0.025 0 0 0 0 0
Edible brilliant blue 0 0 0 0 0.05 0 0 0 0.025 0 0 0
Total 1000 3850 1000.058 3850 1092.858 3850 1001.258 3850 1000.858 3850 1001.208 3850

2021), glycyrrhizin (Somayajulu et al., 2021), and mogroside (Wang
et al., 2022). To measure the activity of PVT neurons in mice consuming
these sweeteners, we utilized c-Fos immunohistochemical staining and
fiber photometry techniques. The results revealed a consistent correla-
tion between the activity of PVT neurons and the sweetener preference
behaviors exhibited by the mice.

2. Materials and methods
2.1. Animals

Male C57BL/6 J mice, 8 weeks old, obtained from Charles River
Laboratories (Beijing, China), were utilized in these experiments. The
mice were housed in an environment with controlled temperature
(22-25°C) and humidity (45 + 5%), and had ad libitum access to food
and water, except during experimental sessions. A 12-hour light-dark
cycle was rigorously maintained, with lights on from 7:00 am to
7:00 pm. All experimental procedures received approval from the Ani-
mal Care and Use Committee of the Shenzhen Institute of Advanced
Technology (SIAT), Chinese Academy of Sciences (CAS).

2.2. Solid food intake assays

The high-sweetness diets were prepared and supplied by Shenzhen
Ready Biological Medicine Co., Ltd. (Shenzhen, China). Based on the
results of molecular simulation or sensory evaluation, we selected the
appropriate ratio of sweetness between various sweeteners and sucrose
for feed formulation. At 8 weeks of age, 150 mice were randomly
assigned to one of 6 groups, with each group containing 25 mice (5 /
cage). Data for consumption was shown as the number of cages per
group: the HSD group (n = 5) received an HSD containing 9% fat, 15%
protein, 76% carbohydrate (kcal), and 24% sucrose; the HSSD group (n
= 5) received an HSSD containing 9% fat, 15% protein, 76% carbohy-
drate (kcal) and 1.2% stevioside (with a sweetness ratio of 1:200
compared to sucrose) (Cardello and Damasio, 1999); HXD group (n = 5)

received an HXD containing 9% fat, 15% protein, 76% carbohydrate
(kcal) and 25.05% xylitol (with a sweetness ratio of 1:0.9 compared to
sucrose) (Park et al., 2017); HGD group (n = 5) received an HGD con-
taining 9% fat, 15% protein, 76% carbohydrate (kcal) and 0.8% gly-
cyrrhizin (with a sweetness ratio of 1:200 compared to sucrose) (Yang
et al., 2019); HMD group (n = 5) received an HMD containing 9% fat,
15% protein, 76% carbohydrate (kcal) and 1.2% mogroside (with a
sweetness ratio of 1:300 compared to sucrose) (Kasai et al., 1989); The
control diet (CD) group (n = 5) was fed a standard laboratory chow diet
supplied by Beijing Keao Xieli Feed Co., Ltd. (Beijing, China), consisting
of 9% fat, 15% protein, and 76% carbohydrate (kcal). Both the
high-sweetness and standard diets were supplemented with essential
vitamins and minerals. All diets were formulated to have the same en-
ergy density. The detailed composition of these diets is presented in
Table 1.

All mice were provided unrestricted access to the control diet. Each
mouse cage was equipped with two food boxes, initially both containing
standard feed. Following a one-week acclimation period, from
19:00-21:00, one of the boxes in each cage was filled with either CD,
HSD, HXD, HSSD, HGD, or HMD, corresponding to the respective
groups. The other food box in each cage continued to contain the control
diet. At 21:00, the access to the high-sweetness diets was withdrawn for
all groups. Subsequently, both food boxes in each cage were refilled with
the control diet. The consumption of the CD during the other 22 hours
was also recorded. The average food intake and body weight of the mice
were calculated based on the mean values for the five mice in each cage.
Consequently, the numbers of data for statistical analysis in each group
were 5. This procedure lasted for 6 weeks. On the final day, two mice
from each cage in the CD, HSD, HXD, and HSSD groups (totaling 10
mice, as there were 5 cages) were randomly selected and anesthetized
with pentobarbital sodium 80 mg/kg for immunofluorescence staining
at 20:30. Additionally, one mouse from each cage in the CD and HSD
groups (5 mice in total) were chosen for light stimulation and then
anesthetized with a mixture of ketamine (100 mg/kg) and pelltobarbi-
talum natricum (60 mg/kg) for c-Fos immunohistochemical staining
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Fig. 1. The consumption of various sweet diets and body weight of mice. (a). The mice underwent intermittent exposure to high-sweetness food for six weeks.
(b) Consumption of diets added with different sweeteners from 19:00-21:00 daily for six weeks. The data was presented as an average value of 2 weeks. Cage in CD
group, HSD group, HSSD group, HXD group, HGD group, HMD group: n =5, 5, 5, 5, 5, 5. Two-way ANOVA (F(5 24) = 260.8, p < 0.0001), Post-hoc Tukey’s test, ** p
< 0.01, ns, no significant difference. (c) Composition of food intake in each group of mice within 19:00-21:00. The bar graphs of food intake for the other groups of
mice, except the CD group, were divided into two parts. The upper was the consumption of a high-sweetness diet, and the lower was the consumption of CD. (d) Mean
24-hour energy intake of mice for six weeks, with the baseline of each group also calculated (Week 0). Two-way ANOVA (Fs, 24) = 2.227, p = 0.0846), Post-hoc
Tukey’s test, ns, no significant difference. (e) Body weight changes of mice in each group, with the baseline of each group also calculated (Week 0). Two-way
ANOVA (Fs, 24) = 0.3667, p = 0.8708), Post-hoc Tukey’s test, ns, no significant difference. For all graphs, error bars represent the standard error of the mean.

See also in Table 2.

(Hristovska et al., 2020; Yang et al., 2022).

In addition, a new batch of 24 mice was randomly allocated into four
groups, each comprising six mice. Each mouse was housed in an indi-
vidual cage. Following the dual feeding box strategy mentioned earlier,
from 19:00-21:00, each group of mice was provided with CD, HSD,
HXD, or HSSD, respectively. This feeding procedure was conducted over
a period of 1 week. On the last day at 20:30, all the mice were anes-
thetized with a mixture of ketamine (100 mg/kg) and pelltobarbitalum
natricum (60 mg/kg) for c-Fos immunohistochemical staining.

To test the differential c-Fos stainability between animals, a LED
light controlled by Arduino boards was installed above each cage in a
dark environment. This setup provided light flashes at a frequency of
5 Hz for a duration of 30 minutes. The light intensity at the bottom of the

cage was maintained at 130 lux (Szatko et al., 2020). One mouse from
each of the five cages in both the CD and HSD groups (totaling 5 mice)
was selected for light stimulation. Additionally, one mouse from each
cage in the CD and HSD groups was kept in a dark environment for at
least 90 minutes prior to anesthesia.

2.3. Liquid food intake assays

In this study, sweetener solutions of equivalent sweetness were
administered to mice during specific experimental phases. Specifically,
we prepared solutions of sucrose, xylitol, and stevioside at concentra-
tions of 24%, 25.05%, and 0.12%, respectively, to ensure equivalent
sweetness levels. These solutions were created by dissolving the



S. Jiang et al.

Neuroscience Research xxx (xxxx) xxx

Table 2

The consumption of different diets by mice in six weeks.
Week 2 4 6

Adjusted P Value Summary Adjusted P Value Summary Adjusted P Value Summary

CD VS HSD <0.0001 0.0006 0.0003
CD VS HXD 0.0046 0.046 0.0462 *
CD VS HSSD 0.0005 ok 0.0018 o 0.0019 o
CD VS HGD 0.7822 ns 0.3751 ns 0.0055 o
CD VS HMD 0.9836 ns 0.9916 ns 0.0033
HSD VS HXD <0.0001 i <0.0001 ek <0.0001 el
HSD VS HSSD 0.0033 e 0.7181 0.3691 ns
HSD VS HGD <0.0001 0.0005 0.0043 wx
HSD VS HMD <0.0001 0.0003 0.0009 Hrk
HXD VS HSSD <0.0001 0.0003 0.0005 ok
HXD VS HGD 0.0009 s 0.0144 0.0007
HXD VS HMD 0.0845 ns 0.0563 ns 0.0002
HSSD VS HGD 0.0012 o 0.0024 o 0.1077 ns
HSSD VS HMD 0.0005 0.0011 ek 0.0092 o
HGD VS HMD 0.6456 ns 0.7192 ns 0.1206 ns

predetermined quantities of each sweetener in distilled water.
2.4. C-Fos histology

Mice were deeply anesthetized and transcardially perfused with PBS
followed by 4% paraformaldehyde (PFA) in PBS. The brains were
removed and postfixed in 4% PFA overnight at 4°C, then cryoprotected
in 15% and 30% sucrose solutions until they sank. Coronal brain sec-
tions (50 pm) were cut on a cryostat (Leica). For immunostaining, brain
sections were rinsed with PBS (3 x 10 min) and then blocked with 10%
normal goat serum and 0.3% TritonX-100 in PBS for 2 h at room tem-
perature. Next, sections were incubated with primary antibody (mouse
anti-c-Fos, 1:500, Abcam, ab208942, monoclonal) diluted in 5% normal
goat serum and 0.3% TritonX-100 in PBS for 24-48 h at 4°C. After
washing with PBS (3 x 10 min), sections were incubated with a sec-
ondary antibody (Alexa Fluor 488 goat anti-mouse, 1:1000) diluted in
5% normal goat serum and 0.3% Triton X-100 in PBS at room temper-
ature for 2 h and then counterstained with 6-diamidino-2-phenylindole
(DAPI).

2.5. Fos distribution and quantification

Fluorescent images were acquired using a slide scanner (Olympus,
VS120). The brain slices were aligned and registered to the Allen Mouse
Brain Common Coordinate Framework version 3 (CCFv3) (Wang et al.,
2020). From each mouse, a brain slice corresponding to the same
anteroposterior (AP) axis was obtained. Images with the same brain
regions were captured using imaging software (ImageJ). Subsequently,
MATLAB (2020b) converted the images into grayscale values, auto-
matically detected the contours of each fluorescent signal, and labeled
them. Finally, MATLAB was utilized to automatically count the number
of c-Fos positive neurons.

2.6. Surgery

Twenty-eight naive juvenile mice, previously unexposed to sugar,
were randomly allocated into four groups CD, HSD, HSSD, and HXD
with seven mice per group. Stereotaxic injections were performed on 8-
week-old mice anesthetized with pelltobarbitalum natricum (80 mg/kg,
i.p.) or a mixture of ketamine (100 mg/kg) and pelltobarbitalum natri-
cum (60 mg/kg), using a stereotaxic device (BenchMARK Digital, Lecia).
A glass capillary, pulled to a fine point and attached to a Micro 4 pres-
sure nanoinjector (World Precision Instruments), delivered 200 nl of
AAV virus solution into the aPVT (coordinates: bregma —1.2 mm, lateral
0.15 mm, ventral 3.0 mm, with a 5° angle toward the midline) at a rate
of 60 nl/min. After completing the injection, the needle was left in place
for an additional 5 minutes to ensure proper diffusion of the solution.

Subsequently, a plastic fiber-optic cannula (OD., 200 um , NA = 0.37)
was inserted 200-400 pm above the injection site and secured to the
skull using dental cement (Lang Dental Manufacturing). The mice were
allowed a recovery period of at least three weeks for virus expression
before commencing behavioral training. The adeno-associated viruses
(AAVs) utilized in this study were sourced from Shanghai Taitool
Bioscience Co., Ltd.

2.7. Fiber photometry

Three weeks post-infection with the AAV virus, the mice commenced
behavioral training. All the mice were provided with a CD. The mice
were placed in a behavioral box equipped with a hole in one wall, into
which a metal tube was inserted. Mice underwent water deprivation for
24 hours prior to the training session. When they entered the box, they
naturally explored the hole and bit the metal tube. When their tongue
contacted the tip of the tube, a sweet solution was delivered. Subse-
quently, mice in the CD, HSD, HXD, and HSSD groups were provided
with water, sucrose solution, and stevioside solution, respectively. After
three days of continuous training, mice learned to obtain fluid by licking
the tip of the tube, and water was restored after each session. Behavioral
tests were subsequently conducted, allowing mice to freely move and
lick the tube without restriction, with the system recording the timing of
each lick. Following multiple training sessions, freely moving mice
received 6 ul of liquid each time they licked the tip of the metal tube. The
first lick by the mouse triggers the start of a trial, during which the
mouse can lick the metal spout unlimitedly. The trial will end when
there is no further lick action within 6 seconds. And the subsequent licks
immediately trigger new trials. The number of licking actions of the
mouse in each trial will be calculated. Calcium signals within the time
window of 6 s before and 8 s after the start of each trial will be
segmented and extracted for analysis (Chen et al., 2022). Calcium sig-
nals were measured using a fiber photometry system (Thinker Tech
Nanjing Biotech Co., Ltd, China). Calcium-dependent fluorescence sig-
nals were obtained by stimulating cells expressing GCaMP6s with a
470 nm laser (40 pW at fiber tip). Photometry data were normalized
(Z-score) using MATLAB. We extracted and plotted the calcium signal
data for each trial. Baseline normalization was performed on the original
AF/F signals. Thus, Z-scores accurately reflect the number of standard
deviations from the mean, and the baseline may not be at zero. The area
under the curve (AUC) was employed as a measure of neuronal activity
(Yoshida et al., 2023). The AUC within the —1 s to 2 s following time
windows of the first lick action in each trial is extracted for inter-group
comparisons in mice.
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Fig. 2. The c-Fos expression of the brain in mice exposed to an intermittent high-sweetness diet for 6 weeks. (a) C-Fos immunoreactivity results of aPVT of
mice in each group. (b) Number of c-Fos positive neurons in aPVT of mice in each group, symbols reflect individual subject values and error bars reflect the standard
error of the mean. Mice in CD group, HSD group, HXD group, HSSD group: n = 10,10,10,10; One-way ANOVA (F3,36) = 20.09, p < 0.0001), Post-hoc Tukey’s test, * p
< 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns, no significant difference]. (¢) Number of c-Fos positive neurons in lateral septum (LS), One-way ANOVA
(F3,36) = 30.12, p < 0.0001); hippocampal CA3 (CA3), One-way ANOVA (F(336) = 39.41, p < 0.0001); dentate gyrus (DG), One-way ANOVA (F(3 36) = 40.18, p <
0.0001); central medial nucleus of the thalamus (CM), One-way ANOVA (F(336) = 35.93, p < 0.0001); dosomedial nucleu of the hypothalamus (DM), One-way
ANOVA (F336) = 82.77, p < 0.0001); ventral medial nucleus of hypothalamus (VM), One-way ANOVA (F(336) = 79.98, p < 0.0001) posterior hypothalamus
(PH), One-way ANOVA (F (3 36) = 35.37, p < 0.0001); ventral lateral geniculate nucleus, magnocellular part (VLGMC), One-way ANOVA (F(3 36y = 75.43, p < 0.0001);
and rostral linear nucleus of raphe (RLI), One-way ANOVA (F(3 36) = 3.518, p = 0.0246). Post-hoc Tukey’s test, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p <
0.0001, ns, no significant difference. (d) The expression of c-Fos in the LGN of mice is induced by light stimulation. (¢) Number of c-Fos positive neurons in LGN [CD
group (n = 5) VS HSD group (n = 5). Light stimulation factors: Two-way ANOVA (F(1,16) = 40.61, p < 0.0001). Diet factors: Two-way ANOVA (F(; 1) = 0.0029, p =

0.9580)]. See also in Table 3.

2.8. Statistical analysis

Statistical analysis was performed using GraphPad Prism 8.0. Two-
way ANOVA followed by the post hoc Tukey’s test was used to
compare more than two experimental groups with time variables. One-
way ANOVA followed by post hoc Tukey’s test was used to compare
more than two experimental groups without time variables. Data are
presented as means + s.e.m. Statistical significance levels are indicated
as follows: * p < 0.05, *** p < 0.001, **** p < 0.0001.

3. Results
3.1. Preference patterns in mice exposed to various high-sweetness diets

Following six weeks of intermittent exposure to high-sweetness feed,
the mice developed a stable preference phenotype (Fig. 1a). Mice
exhibited a preference for HSD and HSSD (Fig. 1b). During the
19:00-21:00 feeding period, their consumption averaged 0.62 + 0.07 g
for HSD and 0.43 + 0.09 g for HSSD, significantly exceeding that of the
CD group. However, the intake of HSSD was lower compared to HSD. In
contrast, mice did not prefer HXD, HGD, and HMD, consuming 0.12 +
0.03 g HXD, and 0.2 + 0.09 g HMD respectively in this period, which
was even lower than that of the CD group. The consumption of HMD was
similar to that of CD. After four weeks, the preference for HSSD signif-
icantly increased, while interest in HXD and HMD remained negligible.
The consumption of HGD by mice increased, but it was still significantly
lower than that of HSSD. The detailed statistical results are presented in
Table 2.

In addition to the high-sweetness diet, mice also consumed varying
amounts of the CD during this period. During the 19:00-21:00 feeding
window, the mice consumed predominantly of HSD and HSSD, ac-
counting for 97% and 92%, in these two groups. In the HGD and HMD
groups, mice consumed 69% and 75% of their diet as the sweetened diet,
respectively (Fig. 1c).

Overeating and being overweight due to the palatability of high-
sweetness foods is a sensitive issue related to sugar consumption.
Therefore, we calculated the average total daily energy intake
throughout the experiment (Fig. 1d), and also monitored the weight
changes in each mouse group (Fig. le). The data showed that the
average 24-hour energy intake of mice in each group was similar. While
mice on a high sucrose diet acutely consumed substantial amounts of
HSD, they compensated by reducing their CD intake at other times,
thereby maintaining a balance in total energy intake and avoiding
overweight, consistent with previous reports (Mungarndee and Norgren,
2008).

These data indicate that the preference of mice for sucrose, stevio-
side, and xylitol differed significantly at the concentration we used,
while the preference for glycyrrhizin and mogroside was intermediate
between the two groups (stevioside and xylitol).

3.2. C-Fos expression in aPVT linked to sweetener preferences

We next performed immunostaining for c-Fos, a marker of recent

neuronal activity, to examine the feeding-activated neurons across the
entire brain. Given the notable differences in preference for stevioside
and xylitol, we focused on these two groups, along with the HSD group.
We observed c-Fos immunofluorescent signals in numerous brain re-
gions. Among them, the abundance of fluorescence signals in the aPVT
showed potential consistency with the mice’s food consumption.
Initially, we observed significant differences in c-Fos expression levels
within the aPVT among the various groups (Fig. 2a). The HSD group had
198.5 + 18.77c-Fos* neurons in aPVT, which was significantly higher
than the CD and HXD groups. the HSSD group exhibited 141.4 +17.19¢-
Fos™ neurons, a count comparable to the HSD group and significantly
greater than both the CD and HXD groups (Fig. 2b). Mice in the HXD
group demonstrated a level of c-Fos expression similar to that of the
control group. There were also c-Fos™ neurons in other brain regions
(Fig. 2¢), such as lateral septum (LS), hippocampal CA3, and dorsome-
dial Hypothalamic Nucleus (DM), ventromedial hypothalamus (VM),
and posterior hypothalamus (PH). This observation indicates that the
consumption of different sweeteners led to varying degrees of neuronal
activation in these brain regions across the different groups. The sta-
tistical results are presented in Table 3. Additionally, we verified the
stainability of c-Fos across different animals. Upon comparing c-Fos
expression levels in the lateral geniculate body (LGN), a crucial brain
structure for processing visual information (Hooks and Chen, 2020;
Mirochnik and Pezaris, 2019), no significant difference was observed
between the CD and HSD group mice after exposure to identical light
stimulation (Fig. 2d, e).

During the final stage of intermittent exposure to high-sweetness
diets, mice exhibited no significant difference in consumption of HSSD
and HSD. And there was no significant difference in c-Fos expression in
the aPVT between these two groups. Initially, HSD was significantly
more attractive to the mice, as evidenced by their notably higher con-
sumption of HSD compared to the HSSD group (Fig. 1b). To establish a
more precise correlation between aPVT activity and the mice’s food
preferences, a new batch of mice was subjected to a brief 1-week high-
sweetness diet exposure, followed by c-Fos immunohistochemical
staining on the final day. Over the 1-week period of intermittent high-
sweetness diet exposure (Fig. 3a), mice consumed 0.62 + 0.05 g HSD
(Fig. 3b), which was significantly more than the HSSD group. Further-
more, the number of c-Fos positive neurons in the aPVT of the HSD
group was significantly surpassing that in the HSSD group (Fig. 3c, d).
The c-Fos expression in the aPVT of the HSSD group was also higher than
the CD and HXD group. One week exposure to various sweet diets led to
a consistent pattern of c-Fos expression in the aPVT, corresponding with
their respective food intake levels.

3.3. aPVT neurons activity responding to different sweeteners

We then proceeded to examine the real-time responses of aPVT
neurons to various sweeteners consumed by the mice, using fiber
photometry calcium imaging methods. For this purpose, mice expressing
the GCaMP6s calcium indicator in the aPVT were selected for in vivo
calcium imaging. (Fig. 4a, b). Upon presentation of sucrose solutions,
mice performed 88.9 &+ 13.2 licks (Fig. 4c), resulting in the consumption
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Table 3
C-Fos positive neurons in the whole brain.

LS Mean 1 Mean 2 sig p value
CD VS HSD 36.14+4.27 194.74+19.91 ok <0.0001
CD VS HXD 36.1+4.27 82.3+9.95 ns <0.0562
CD VS HSSD 36.1+4.27 130.54+9.89 el <0.0001
HSD VS HXD 194.74+19.91 82.34+9.95 ok <0.0001
HSD VS HSSD 194.74+19.91 130.54+9.89 * <0.0041
HXD VS HSSD 82.34+9.95 130.54+9.89 0.0432
DG Mean 1 Mean 2 sig p value
CD VS HSD 8.4+0.76 26.44+2.10 ok <0.0001
CD VS HXD 8.4+0.76 12.2+0.9 ns 0.1708
CD VS HSSD 8.4+0.76 11+0.83 ns 0.4832
HSD VS HXD 26.4+£2.10 12.2+0.9 ek <0.0001
HSD VS HSSD 26.44+2.10 11+0.83 # <0.0001
HXD VS HSSD 12.2+0.9 11+0.83 ns 0.9096
DM Mean 1 Mean 2 sig p value
CD VS HSD 10.1+1.25 66+3.90 kil <0.0001
CD VS HXD 10.1+1.25 38.9+2.31 kel <0.0001
CD VS HSSD 10.1£1.25 24.74+2.31 wx 0.0019
HSD VS HXD 66+3.90 38.9+2.31 <0.0001
HSD VS HSSD 66+3.90 24.7+2.31 <0.0001
HXD VS HSSD 38.94+2.31 24.74+2.31 0.0026
PH Mean 1 Mean 2 sig p value
CD VS HSD 12.8+2.2 107.9+13.37 kel <0.0001
CD VS HXD 12.8+2.2 36.61+2.94 ns 0.102
CD VS HSSD 12.8+2.2 27.5+3.13 ns 0.4704
HSD VS HXD 107.94+13.37 36.6+2.94 ko <0.0001
HSD VS HSSD 107.94+13.37 27.54+3.13 * <0.0001
HXD VS HSSD 36.64+2.94 27.54+3.13 ns 0.8023
RLI Mean 1 Mean 2 sig p value
CD VS HSD 9.6+1.44 20.4+2.84 * 0.0297
CD VS HXD 9.6+1.44 18.5£3.16 ns 0.095
CD VS HSSD 9.6+1.44 19+2.72 ns 0.0712
HSD VS HXD 20.4+2.84 18.5+3.16 ns 0.9556
HSD VS HSSD 20.4+2.84 19+2.72 ns 0.9814
HXD VS HSSD 18.5+£3.16 19+2.72 ns 0.9991
CA3 Mean 1 Mean 2 sig p value
CD VS HSD 1.44+0.45 23.54+2.64 el <0.0001
CD VS HXD 1.44+0.45 7.2£1.13 ns 0.0541
CD VS HSSD 1.44+0.45 5.7£1.02 ns 0.2177
HSD VS HXD 23.54+2.64 7.2£1.13 kR <0.0001
HSD VS HSSD 23.5+2.64 5.7£1.02 <0.0001
HXD VS HSSD 7.241.13 5.7+1.02 ns 0.9012
CM Mean 1 Mean 2 sig p value
CD VS HSD 22.74+3.51 63.94+4.85 <0.0001
CD VS HXD 22.7+3.51 34.24£3.07 ns 0.1074
CD VS HSSD 22.743.51 17.3£1.74 ns 0.692
HSD VS HXD 63.9+4.85 34.24+3.07 ? <0.0001
HSD VS HSSD 63.94+4.85 17.3£1.74 <0.0001
HXD VS HSSD 34.2+3.07 17.3+£1.74 e 0.0077
VM Mean 1 Mean 2 sig p value
CD VS HSD 9+1.01 35.24+1.60 kel <0.0001
CD VS HXD 9+1.01 174+2.23 e 0.0039
CD VS HSSD 9+1.01 4+0.91 ns 0.1147
HSD VS HXD 35.24+1.60 17+2.23 kel <0.0001
HSD VS HSSD 35.24+1.60 4+0.91 el <0.0001
HXD VS HSSD 17+2.23 440.91 ok <0.0001
VLGMC Mean 1 Mean 2 sig p value
CD VS HSD 8.7£1.76 40.7+2.24 el <0.0001
CD VS HXD 8.7+1.76 11.942.50 ns 0.6483
CD VS HSSD 8.7£1.76 3.2+£0.76 ns 0.2019
HSD VS HXD 40.7+2.24 11.9£2.50 el <0.0001
HSD VS HSSD 40.74+2.24 3.2+£0.76 ke <0.0001
HXD VS HSSD 11.94+2.50 3.2+0.76 * 0.0151

of 533.1 + 79.3 ul of sucrose solution (Fig. 4d). Conversely, the mice
consumed 184.3 £ 36.1 pl of water, 526.3 + 114.3 pl of stevioside so-
lution (87.7 + 19.0 licks), and 163.7 + 50.9 pl of xylitol solution (27.3
+ 8.5 licks), respectively. The consumption of sucrose and stevioside
was significantly greater than that of the other liquids. There was no
significant difference in the frequency of licking actions per trial among
mice in these groups (Fig. 4e).

In the HSD and HSSD groups, calcium signals in the aPVT began to
rapidly increase prior to the consumption of the liquid, peaking at the
moment the sweetener was tasted, and subsequently declined (Fig. 4f).
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Conversely, calcium signals in the aPVT of mice in the CD and HXD
groups did not exhibit significant fluctuations during this behavior. The
area under the curve (AUC) of the calcium signals revealed that the
aPVT activity in mice of the HSSD group while licking stevioside was
comparable to that in the HSD group (Fig. 4g), and significantly higher
than that observed in the CD and HXD groups.

4. Discussion

Sweet-tasting foods, particularly those with added sugars, have been
shown to stimulate human appetite (Venditti et al., 2020). Previously,
many researchers have investigated the neural mechanism of sweetness
preference behavior (Frank et al., 2008). Magnetic resonance imaging
(MRI) studies have revealed that sucrose intake induces significantly
more global brain activation than the artificial sweetener saccharin,
including in regions such as the insula, thalamus, and substantia nigra
(Haase and Murphy, 2008). (Tellez et al., 2016) also reported that
dopamine release in the dorsal striatum increased above baseline only
when sucralose intake was paired with intragastric infusions of glucose,
but not when sucralose was consumed alone. Contrastingly, certain
brain nuclei, such as the right amygdala, exhibited greater activation
with non-caloric beverages compared to caloric ones prior to con-
sumption (Smeets et al., 2011). Additionally, the activity in well-known
central taste relays, including the nucleus of the solitary tract (NTS) and
the parabrachial nucleus (PBN), has been extensively studied in relation
to visceral nutritional signals. (Loney and Eckel, 2021) found that
ingestion of the non-caloric sweetener sucralose solution also activated
c-Fos expression in the NTS. Mungarndee, Norgren, (Mungarndee and
Norgren, 2008) showed that sham ingestion of sucrose, i.e., ingested
sucrose was drained through a gastric fistula, also induced high c-Fos
expression in the PBN. Taken together, this collection of findings sug-
gests that the central nervous system differentiates between sucrose and
other sweeteners by eliciting distinct responses. These variations in
neural activation across different brain regions highlight the complexity
of how the brain perceives and processes the sweetness of various
substances.

Measuring animal preferences and correlating them with real-time
brain responses seems to be a reliable approach, as evidenced by the
results of this study. In our experiments, we provided mice with sweet
diets of equal energy density thereby minimizing the impact of visceral
sensory stimulation on central nervous feedback signals, which could
influence aPVT neuron activity (Rogers and Blundell, 1989). Of course,
in the initial stages of encountering high-sweetness diet, mice did indeed
show a stronger preference for sucrose feed, which perhaps could be
driven by the unique nutritional signals from sucrose. Notably, among
the liquid foods offered, only the sucrose solution had significant caloric
content. Given that nutrient constituents transmit feedback signals to
the central nervous system, which in turn regulate feeding behavior
through visceral organs (Tellez et al., 2016), we anticipated specific
aPVT neuron responses when mice licked the sucrose solution. Contrary
to expectations, our results demonstrated similar real-time aPVT neuron
responses to both stevioside and sucrose solutions. Nevertheless, we
observed subtle differences between the mice in the HSD and HSSD
groups. After licking the sucrose solution, the calcium signals remained
stably elevated, while mice licking the stevioside solution showed a
return of calcium signals to baseline levels with mild periodic fluctua-
tions similar to the baseline. These observed differences might be
attributed to variations in the nutritional values of the sweeteners. This
suggests that aPVT neurons may inevitably engage in the perception of
nutritional signals. However, when licking different sweet liquids,
nutritional value is not the sole factor provoking a robust response in the
aPVT. However, the current study does not fully elucidate the visceral
stimulation effects caused by the six sweeteners, nor does it explore how
visceral signals might interfere with PVT responses. This gap in under-
standing presents a direction for our future research. Finally, our find-
ings corroborate previous observations by (Mungarndee and Norgren,
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Fig. 3. he c-Fos expression of the brain in mice exposed to an intermittent high-sweetness diet for 1 week. (a) The mice underwent intermittent exposure to
high-sweetness food for one week. (b) Consumption of diets added with different sweeteners from 19:00-21:00 daily for 1 week. (c) Number of c-Fos positive neurons
in aPVT of mice in each group; symbols reflect individual subject values, and error bars reflect the standard error of the mean. (d) C-Fos immunoreactivity results of
aPVT of mice in each group. Mice in CD group, HSD group, HSSD group, HXD group: n = 10, 10, 10, 10; One-way ANOVA (F(3 36) = 20.09, p < 0.0001), Post-hoc
Tukey’s test, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns, no significant difference.

2008), indicating that although mice exhibited significant overeating
when exposed to HSD and HSSD, they compensated by reducing their
intake of regular food at other times, thereby avoiding overweight.

In this study, our focus was exclusively on the correlation between
aPVT neuron activity and sweetener consumption in male animals.
However, it is crucial to acknowledge that behavioral differences be-
tween male and female animals do exist in hedonic feeding models.
Notably, female animals have been observed to be more prone to binge-
eating symptoms. This sex-specific disparity underscores the importance
of considering sex differences in future research to obtain a more
comprehensive understanding of hedonic feeding behaviors and the
underlying neural mechanisms (Mitchell and Shaw, 2015). (Parsons
et al., 2022) reported a notable finding where postprandial female rats
exhibited a significant increase in fos expression in the posterior para-
ventricular thalamus (pPVT) after consuming high-sugar solid food, a
response that was not as pronounced in male rats. This observation
suggests potential differences in aPVT responses between male and fe-
male rodents when consuming various sweetened feeds. Such sex-based
differences in neural response patterns underscore the necessity for
further experimental validation to better understand these variations
and their implications in the broader context of nutritional neurosci-
ence. Contrasting with Parsons’ experimental setup, our study involved
mice entering the dark phase of their light-dark cycle at 19:00. This
timing could introduce varying degrees of appetite among the mice due
to potential awakening mechanisms. Such circadian influences are
critical to consider, as they may significantly affect feeding behavior and
neural responses. This aspect of our experimental design highlights the
complexity of studying animal behavior and the necessity of accounting
for environmental factors like the light-dark cycle, which could modu-
late the animals’ natural behaviors and responses (Chen et al., 2022).
This may explain the presence of c-Fos expression in aPVT across all
mice.

The aPVT is known to play a significant role in regulating food-
seeking behavior (Cheng et al., 2022). It receives orexigenic signals
from the hypothalamus, participating in the regulation of sleep-wake
cycles and maintaining heightened neuronal excitability during wake-
fulness (Ren et al., 2018). Furthermore, this pathway is implicated in
energy sensing and behavioral state regulation, transmitting signals to
cholinergic interneurons in the downstream striatum, thereby extending
feeding-related motivational states beyond immediate energy needs
(Kelley and Pratt, 2005). Consistently, the activation of orexin receptors
in the PVT implicates its involvement in regulating hedonic feeding
behavior (Choi et al., 2012). Additionally, the PVT receives dense
y-aminobutyric acid (GABA) projections from the zona incerta (ZI),
which play a crucial role in the regulation of feeding behavior (Zhang
and van den Pol, 2017). In addition to internal signals related to energy
balance, the aPVT also integrates prominent visceral sensory informa-
tion, including gustatory inputs, to modulate appetite (Millan et al.,
2017). The aPVT exerts its functions by connecting to downstream brain
regions through multiple pathways, Christoffel, et al. (Christoffel et al.,
2021) demonstrated that the aPVT—NAc projection plays a pivotal role
in reward-seeking behavior, acting as an interface for reward processing
by integrating various inputs. And the repeated exposure to palatable
food leads to specific strengthening of synaptic connections within this
neural circuit (Christoffel et al., 2021). Consequently, after six weeks of
providing mice with high-sweetness food, it is plausible that neurons in
the PVT may undergo synaptic plasticity changes, an area warranting
further research. During intermittent exposure to high-sweetness diets,
mice display increased consumption of both HSD and HSSD, accompa-
nied by elevated c-Fos expression in the aPVT. This process involves
energy balance, reward effects, learning, and memory, with the PVT
effectively integrating these signals to make feeding decisions (Petro-
vich, 2018). Cheng, et al. (Cheng et al., 2022) also reported that the
intake of high-fat food induced heightened c-Fos expression in the aPVT.
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Fig. 4. The calcium signals of neurons in aPVT. (a)Viral targeting of AAV2/9-hSyn-GCaMP6s-WPRE-pA into the aPVT, the tip of fiber optic above the aPVT, and
the viral expression of GCaMP6s in aPVT. (b) The training paradigm for mice involves freely moving subjects that lick metal tubes to obtain corresponding sweet
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group, HSD group, HSSD group, HXD group: n = 7,7,7,7; One-way ANOVA (F(324) = 7.436, p = 0.0011), Post-hoc Tukey’s test, * p < 0.05, ** p < 0.01, ns, no
significant difference. (d) Intake of corresponding sweet liquid for mice in each group, One-way ANOVA (F(3 24y = 7.277, p = 0.0012). (e) Licking numbers per trial of
the mice when they consumed the corresponding sweet liquid, One-way ANOVA (F (3 24) = 5.378, p = 0.0056). (f) Calcium signals of aPVT neurons when mice in each
group consumed the corresponding sweet liquid. (g) The AUC of calcium signals in aPVT when mice in each group consumed the corresponding sweet liquid, One-
way ANOVA (F(3 24y = 7.277, p = 0.0012. Post-hoc Tukey’s test, * p < 0.05, ** p < 0.01, ns, no significant difference. For all graphs, symbols reflect individual subject
values and error bars reflect the standard error of the mean. AUC, the area under the curve (see methods). For all graphs, symbols reflect individual subject values and
error bars reflect the standard error of the mean.
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We also observed notable c-Fos expression in the LS. Given the LS’s
involvement in feeding behavior and reward processing (Chen et al.,
2022; Sternson and FEiselt, 2017), the activity within this nucleus likely
plays a significant role in animals’ preference for sweeteners within the
broader neural circuit. Additionally, in other brain regions like the DM
(Knightetal., 2017), VM (Chao et al., 2011), and PH (Inada et al., 2022),
we found that c-Fos expression induced by sucrose intake was signifi-
cantly higher compared to other sweeteners. These regions are closely
related to the energy homeostasis regulation of the animal body.
Compared with other sweet feeds whose carbohydrate sources are
almost entirely starch, sucrose in HSD can directly provide energy. More
importantly, compared with starch, intake of equal or even less caloric
value of sucrose can increase blood glucose to a greater extent and
maintain a sustained relatively high blood glucose level (Kienzle, 1994;
Koytchev, et al., 2009). Under the conditions of nutrient-rich and energy
storage excess, these hypothalamic regions will be activated to regulate
energy intake and reduce nutrient availability (reduce endogenous
glucose production) (Morton, 2007). This observation suggests a series
of energy homeostasis signals potentially triggered by the mice’s more
pronounced consumption response to HSD.

The correlation between the real-time activity of neurons in the brain
and the preference of animals for sweeteners has also been examined.
(Otis et al.,, 2019) demonstrated that during the early stages of
cue-paired reward-seeking behavior training, head-fixed mice passively
receiving a sucrose solution exhibited a rise in calcium signals within the
PVT only after initiating licking. After multiple training sessions, the
calcium signals in PVT would begin to rise sharply as soon as cues were
presented, peak at the instant of licking, and then return to baseline
levels. In our experiment, we observed an upward trajectory in calcium
signals even before the mice licked the metal spout, a response often
indicative of reward anticipation in mice (Choi and McNally, 2017; Hsu
et al., 2014), and the rewarding value is largely provided by the palat-
able flavors of sucrose solution and stevioside solution. Therefore, the
PVT region may integrate multiple sources of information, such as taste,
hedonic value, and nutritional value, and ultimately participate in
decision-making. To accurately assess potential differences in calcium
signaling of PVT neurons during these periods, this study meticulously
controlled the licking behavior across different groups of mice, ensuring
uniformity in the number and frequency of licks. This approach further
contributes to elucidating the relationship between PVT response in
mice and their preference for sucrose and stevioside.

In summary, our study demonstrates that the aPVT neurons are
selectively activated by preferred sweeteners, namely sucrose and ste-
vioside, but not by less preferred options. Furthermore, we observed a
positive correlation between the activity of these neurons and the intake
of sweeteners by mice. These findings shed light on the neural un-
derpinnings of sweet taste preferences in animals and offer valuable
insights for the development of new sweetener products.
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