10

11

12

13

14

15

16

17

18

19

20

21

22

ACCEPTED VERSION

Chronic exposure to cafeteria-style diet in rats alters sweet taste preference and reduces

motivation for, but not ‘liking’ of sucrose

Justine Fam?, Kelly J. Clemens?, R. Fred Westbrook?!, Margaret J. Morris?, & Michael D. Kendig?*

1. School of Psychology, UNSW Sydney, NSW, 2052, Australia.

2. School of Medical Sciences, UNSW Sydney, NSW, 2052, Australia.

*corresponding author: m.kendig@unsw.edu.au

Declarations of interest: none

Funding: work supported by a UNSW Sydney School of Medical Sciences Accelerator grant to
MDK, a National Health & Medical Research Council Project grant to MJM and RFW
(APP1126929) and an Australian Research Council Distinguished Early Career Research award to JF
(DE200100856).

Data availability statement: data are available on request from the corresponding author

(m.kendig@unsw.edu.au)

Acknowledgements: the authors thank Ms. Lily Peng, Ms. Lucy Koh, Ms. Katarina Kikas and Mr.

Nick Kennedy for assistance with feeding during the diet intervention.


mailto:m.kendig@unsw.edu.au
mailto:m.kendig@unsw.edu.au

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

ACCEPTED VERSION

Abstract

Obesity is associated with changes to taste perception and brain reward circuitry. It is important to
understand how these effects alter the preference for palatable foods and drinks, given that these are
widely consumed, and leading risk factors for obesity. This study examined the effects of diet-induced
obesity on sweet taste preference by analysing the microstructure of licking for sugar solutions and
assessing pERK expression in the nucleus accumbens shell and insula. Adult male Sprague-Dawley
rats were fed standard chow (Control; n=16) or a varied, palatable cafeteria diet (Caf; n=16) for 12
weeks. Two-choice preference tests between 2%, 8% and 32% sucrose solutions were conducted at
baseline and inweeks 11-12 of the diet. Rats in the Caf group trebled energy intake and doubled weight
gain relative to controls. In tests held under water restriction after 11 weeks of diet, the Control group
reliably preferred higher sucrose concentrations (i.e., 32% > 8% > 2%). Relative to controls, the Caf
group showed a stronger preference for 32% vs. 2% sucrose, lower preference for 32% vs. 8% sucrose,
and were indifferent to 8% vs. 2% sucrose. Testing without water restriction increased preference for
higher sucrose concentrations in both groups. Chronic Caf diet increased the latency to lick, decreased
total licks and reduced alternations between spouts, but did not alter lick cluster size, a measure of
hedonic appraisal, on any test. Following a final exposure to a novel sucrose concentration, neuronal
activity (pERK) in the insula and nucleus accumbens shell was significantly reduced in the Caf group.
Results indicate that differences in ‘liking’ do not underlie obesity-induced changes to sweet taste
preference.

269 words
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1. Introduction

The widespread availability and consumption of palatable processed foods rich in fat and sugar
contributes to high rates of obesity and metabolic disease around the world (Morris et al., 2015).
Obesity in humans is associated with cognitive and neurological changes (O’Brien et al., 2017; Raji et
al., 2010), such as impairments in forms of short-term memory and executive function (Prickett,
Brennan & Stolwyk, 2015), decreased hippocampal volume (Yau et al., 2012; Jagust et al., 2005),
increased brain inflammation (Thaler et al., 2012) and reduced availability of dopamine D2 (Wang et
al., 2001) and mu-opioid receptors (Karlsson et al., 2015). However, evidence for effects of obesity on
behaviour towards food-associated stimuli is mixed. On the one hand, recent meta-analyses of human
data have failed to detect any association between obesity and attentional biases towards food cues
measured in the dot-probe, Stroop, and eye-tracking tasks (19 studies; Hagan et al., 2020) or with
neural responses to pictures of food (13 studies; Morys, Garcia-Garcia & Dagher, 2020). On the other
hand, neuroimaging studies suggest that striatal activation and other neural responses to the sight
and/or taste of palatable food predict prospective weight gain (Stice et al. 2010; Stice & Burger, 2019).
More research is needed to understand how diet-induced obesity influences reward seeking and the

neural correlates of these changes.

The effects of obesity on the rewarding properties of food can be studied by analysing sweet
taste perception and preference. Understanding changes in sweet taste is important given that
consumption of sugar-sweetened beverages is associated with an increased risk of obesity and
metabolic and cognitive impairment in people and rodents (Hu, 2013; Maersk et al., 2012; Kendig,
2014). Notably, a stronger preference for sweeter solutions has been associated with prospective
weight gain in populations genetically prone to developing obesity (Salbe et al., 2004). Evidence for
an association between sweetness preference and obesity is also mixed: some studies have found
increased sweet preference in people with obesity (Berthoud & Zheng, 2012; Bartoshuk et al., 2006;

Nishihara et al., 2019), but others have found no differences (e.g., Drewnowski, Kurth, & Rahaim,
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1991; Wooley, Wooley, & Dunham, 1972; Bobowski & Mennella, 2017). One reason for such
conflicting evidence is the use of rating scales which may obscure differences in taste sensitivity due
to between-subject variability in how sweetness is perceived (Bartoshuk et al., 2006). It is therefore

key to develop alternative methods of taste measurement that can be linked to neural changes.

Animal models permit changes in sweet taste preference to be linked to neural substrates. The
microstructure of rodents’ licking behaviour provides information about the motivational value and
palatability of the solution ingested. Rodents ingest fluids in clusters of licks, with increasing cluster
size taken to reflect palatability of the solution (Davis, 1973; Davis & Smith, 1992; Dwyer, 2012).
Lick cluster size increases monotonically for more concentrated sucrose solutions (Davis & Smith,
1992) and decreases with stronger concentrations of quinine (Hsiao & Fan, 1993). Higher sucrose
concentrations also produce monotonic increases in orofacial responses indicative of liking (Grill &
Norgren, 1978; Wilmouth & Spear, 2009), activity of the taste-sensitive chorda tympani nerve
(Hagstrom & Pfaffmann, 1959) and the number of licks in brief (10-30s) exposure tests (Davis, 1973;
Shin et al., 2011; Spector, Klumpp & Kaplan, 1998). Together, these data suggest that cluster size is
closely related to the construct of ‘liking” (Dwyer, 2012). Total intake of sucrose, however, is highest
at 8-12% (w/v) concentrations (Richter & Campbell, 1940; Spector & Smith, 1983; Collier & Bolles,
1968) because satiety signals inhibit intake at higher concentrations. Removing such signals by
implanting a gastric fistula results in higher intake of more concentrated solutions (Mook, 1963;
Nissenbaum & Sclafani, 1987). Thus, the parameters of sucrose intake in rodents have been well
characterised, making this a useful measure with which to examine the influence of diet and obesity

on the perception of sweetness.

Obesogenic diets have produced mixed effects on sweet taste preference in studies employing
rodent models. Shin et al. (2011) found that 16 weeks access to a purified high-fat, high-sugar diet
increased ‘liking’ (measured by taste reactivity tests and the number of licks per 10s) for sucrose

concentrations above 0.06M, and decreased liking for low sucrose concentrations (0.01M — 0.03M) in
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rats, but increased the time taken to traverse a runway for a sweet reward (Froot Loops cereal). By
contrast, 12 weeks access to a purified high-fat diet reduced total intake, burst size and burst number
in mice exposed to 5, 10 or 20% sucrose solutions (Johnson, 2012). Ducrocq et al. (2019) also found
that relative to chow-fed controls, mice fed a purified high-fat diet for 13 weeks exhibited fewer licks,
fewer lick bursts, and longer latency to lick when drinking 10% sweetened condensed milk. However,
no differences in burst size were observed. Obese-prone and obese-resistant rat strains fed a purified
high-fat, high-sugar diet exhibited lower preference for a range of sucrose concentrations (0.0342 —
34.2%) versus water in preference tests conducted in the home-cage (Duca et al., 2014). Finally,
Treesukosol et al. (2014) reported decreased sham-feeding (where ingested food bypasses the stomach)
of 34.2% sucrose in rats given 7 weeks exposure to a purified high-fat, high-sugar diet supplemented
with liquid Ensure relative to groups fed purified high-fat or control diets. Thus, past work indicates
that diets high in fat and/or sugar reliably decrease consumption of sucrose solutions but have been

variously shown to increase, decrease or have no effect on hedonic measures.

Few studies have explored the neural correlates of diet-induced changes to sweet taste
preference. Sub-regions of the nucleus accumbens mediate both the incentive motivational properties
(‘wanting’) and the hedonic properties (‘liking’) of rewards (Berridge, Robinson & Aldridge, 2009)
and diets high in fat and sugar reduce evoked dopamine release (Geiger et al., 2009; Ducrocq et al.,
2019), dopamine turnover (Davis et al., 2008) and expression of dopamine D1 (Alsio et al., 2010) and
D2 receptors (Johnson & Kenny, 2010) in these regions. Naneix et al. (2016) reported that young adult
rats chronically exposed to a 5% sucrose solution in early adolescence (postnatal day 30-46) drank less
sucrose or saccharin and exhibited fewer orofacial ‘liking’ reactions than control rats. This study also
reported that these consummatory effects of chronic sucrose consumption were accompanied by
reduced c-fos expression in the nucleus accumbens shell and core, but not in brain regions involved in

taste processing, such as the insula.
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Previous studies examining dietary effects on sweet taste preference have used homogeneous
diets high in fat (Johnson, 2012; Ducrocq et al., 2017), fat and sugar (Duca et al., 2014; Treesukosol
et al., 2015; Shin et al., 2011) or sugar alone (Naneix et al., 2016), which have yielded mixed effects
on body weight gain. Here we examined sweet taste preference and neuronal activity in rats given
chronic exposure to a cafeteria-style (Caf) diet containing chow and a range of commercially available,
processed foods rich in fat and sugar. Two-choice preference tests between low, moderate and highly
concentrated sucrose solutions at baseline and in weeks 11-12 of Caf diet exposure. We first tested rats
under mild water restriction and then repeated the tests without restriction to examine whether any
effect of the diet manipulation would be specific to deprivation state. Further, we tested under both
restricted and unrestricted conditions in light of recent evidence in people that a liquid meal and water
satiation had a greater effect on reducing ‘wanting’ for sugar-sweetened beverages than reducing
‘liking’ for these beverages (Pender, Stevenson, Francis & Oaten, 2019). Finally, we used
phosphorylated extracellular-regulated kinase (PERK) as a marker of neuronal activity in the insula, a
region involved in taste processing (Small, 2010) and the nucleus accumbens shell, a key hedonic

‘hotspot’ that regulates palatable food intake (Pecina & Berridge, 2005).

2. Materials and Methods

2.1 Subjects

Thirty-two experimentally naive, adult, male Sprague Dawley rats were obtained from Animal
Resources Centre (Perth, Western Australia) and were housed in groups of four in plastic boxes (67
cm depth x 40 cm width x 22 cm height) in an air-conditioned colony room maintained on a 12-hour
reverse light cycle (lights on 7pm — 7am) at 22°C and 40-60% humidity. Rats were acclimated for 7
days, handled and weighed daily for a further 7 days, when mean body weight was 405g (SEM: 4.0,

range 365-471g). Experimental procedures were conducted in accordance with the Australian code for
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the care and use of animals for scientific purposes 8t edition (2013) and were approved by the Animal

Care and Ethics Committee at UNSW Sydney (approval #19/114B).

2.2 Apparatus

Drinking tests were conducted in four identical Perspex chambers (30 x 30 x 30 cm) with floors
of stainless-steel rods (1.5 mm diameter, spaced 10 mm apart). Two stainless steel drinking spouts
were located on the front wall of the chamber (50 mm apart, 20 mm from the floor). Each spout was
connected via silicon tubing to its own peristaltic pump which delivered sucrose from a beaker when
activated. An electrical sensor on each spout detected licking to the nearest 1ms and activated fluid
delivery. Two plastic shields were mounted to the left and right of each spout to prevent rats grasping
the spout and triggering the electrical sensor. Chambers were located in separate compartments of a
sound-attenuating cabinet. Data were recorded using custom-written programs in MATLAB (The

MathWorks, Inc.).

2.3 Procedures

Drinking tests were 15 minutes in duration and were held once daily between 0900-1300h.
Water restriction was implemented to induce a mild deprivation state to ensure appreciable amounts
of licking in the drinking chambers. Food access was never restricted. Rats were adapted to 2h per day
of water access in the home cages for 5 days and maintained on this fluid schedule across testing unless
otherwise specified. Access to water occurred approximately 2 hours after each test. During the 11-

week diet exposure between pre- and post-diet testing, water was available ad-libitum.

2.3.1 Spout training (4 sessions): Prior to baseline preference tests, rats were acclimated to the
apparatus and sucrose solutions in 4 consecutive daily sessions where spouts delivered water (day 1),
2% sucrose (day 2), 8% sucrose (day 3) and 32% sucrose (day 4). Sucrose solutions consisted in sugar
dissolved in tap water (w/v). We chose to test 2%, 8% and 32% sucrose solutions because these

concentrations are linearly related by a factor of 4 (i.e., 2% x 4 = 8%, 8% X 4 = 32%) and have been
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used extensively to study sweet taste preference in rats through one- and two-bottle preference tests,
sham-feeding experiments, instrumental response tests and runway mazes (see Sclafani, Hertwig,

Vigorito & Feigen, 1987; Sclafani, 1987, for review).

2.3.2 Baseline preference testing (3 sessions): Rats received two 2-choice preference tests
between 8% and 32% sucrose on consecutive days under water restriction, where the location of 8%
and 32% was swapped from day 1 to day 2. To assess whether preference was affected by water-
restriction, rats were provided with ad-libitum access to water in their home cages and tested again on

day 3.

2.3.3 Group allocation: Rats were matched on baseline body weight, licks during spout
training, and baseline preference for 8 vs. 32% sucrose solution, then allocated to groups fed chow
(Control, n = 16 rats) or Cafeteria diet (Caf, n = 16 rats). Matching was successful as there were no
significant group differences in baseline measures of sucrose preference or intake (all teo) < 1, all p >

0.40).

2.3 Cafeteria diet (12 weeks): Both groups received ad-libitum access to chow (Specialty
Feeds, 14 kJ/g) and water, except during water-restricted tests. Caf diet comprised chow plus 4-5
commercially available savoury and sweet foods each day, including meat pies, dim sims, chips, cakes,
and cookies. Caf diet was replenished daily, with no food presented on more than 2 consecutive days
(see Leigh, Kendig & Morris, 2019). Food intake was measured once per week by weighing individual
food items (to the nearest 0.1g) for each cage; 24-h later, all remnants were carefully collected from
the bedding, sorted, and re-weighed. Total energy intake was estimated by calculating the difference

in weights for each food and converting to kJ using manufacturers’ information.

2.3.5 Post-diet water re-training (2 sessions; week 11): Post-diet testing began after 10 weeks

of dietary exposure. To re-acclimate rats to the drinking chambers, rats were placed on the water
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restriction schedule for 3 days prior to 2 re-training sessions where water was available from both

spouts.

2.3.6 Post-diet preference testing (6 sessions; week 11-12): Three sucrose preference tests were
conducted under water restriction comparing 2% vs. 8%, 8% vs. 32%, and 2% vs. 32% sucrose
concentrations. Test order was counterbalanced within each group, and the spout containing the higher
concentration alternated across tests. Results were not significantly altered by test order. Home-cage
water access was then provided ad libitum, and the three preference tests were repeated in the manner

described.

2.3.7 Final consumption test and transcardial perfusion: At the time of the final test, total
intake of the 2%, 8% and 32% sucrose solutions differed widely between rats, and using one of these
would have complicated interpretation of the pERK data. Therefore, we presented a novel 20% sucrose
solution at the midpoint of the two most-preferred concentrations (8% and 32% sucrose). Immediately
after this test, rats were anesthetized via intraperitoneal injection of sodium pentobarbital (Lethabarb)
and transcardially perfused with ice-cold 4% paraformaldehyde in 0.1M sodium phosphate buffer
(PFA). Perfusions began 5-8 min after the test to coincide with peak induction of pERK (Gao & Ji,
2009). Brains were extracted, post-fixed overnight in PFA solution at 4°C and placed in 30% sucrose
solution for 48-72 hours. Brains were then embedded in OCT compound, frozen, and sectioned
coronally at 40 pum using a cryostat (Leica Microsystems CM1950). Sections were stored in
cryoprotective solution (30% ethylene glycol, 30% glycerol, 0.1M sodium phosphate buffer) at -20°C

until processing.

2.3.8 Immunofluorescence: Sections were rinsed in Tris-buffered saline (TBS) three times (10
min each) and incubated for 2 h at room temperature in TBS with 0.2% Triton X-100 for membrane
permeabilization. Sections were then rinsed 3 times in TBS (10 min) and then incubated in monoclonal

rabbit anti-phospho-p44/42MAPK(Erk1/2) primary antibody (1:300, #4370 Cell Signaling
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Technology, diluted in TBS) for 24 h at 4°C on a rocking platform. Next, sections were rinsed three
times with TBS (10 min) and incubated in donkey anti-rabbit Alexa Fluor-488 secondary antibody
(1:400, #A21206, Invitrogen, diluted in TBS) for 1 h at room temperature. Finally, sections were rinsed
three times in TBS (10 min), mounted onto Superfrost Plus-coated slides (Thermo Fisher Scientific),

dried and cover-slipped with Vectashield Hardset mounting medium (Vector Laboratories).

2.3.9 Cellular quantification: Fluorescent imaging was acquired with a confocal microscope
(Olympus FV1200) using a 10x objective. For each rat, 4 sections were selected to encompass the
insular cortex and rostral nucleus accumbens shell along the anterior-posterior axis according to
boundaries defined by Paxinos and Watson (2006). Open Source ImageJ software (MacBiophotonics
upgrade v. 1.43u, Wayne Rasband, National Institutes of Health, Bethesda, MD) was used to determine
cell counts, which were performed by a trained observer who was blind to group allocation. Regions
of interest (ROI) were first manually selected corresponding to the brain region of interest, and then
the number of pERK-immunoreactive cells within the ROl were quantified. Cell counts were taken

from a single confocal plane and were expressed relative to the size of the ROI (mm?).

2.4 Data analysis

Licks during preference tests were expressed as a proportion, calculated as the number of licks
on the spout delivering the higher sucrose concentration divided by the sum of licks on both spouts.
The inter-lick interval criteria used to define lick cluster size was determined by examining the
frequency distributions of inter-lick intervals during pre-diet testing. A criterion of 0.5s was chosen,
as this captured > 92% of inter-lick intervals (Supplementary Table 1). Varying this criterion did not
alter any results (Supplementary Figure S3). We also explored whether the distribution of inter-lick
intervals varied between groups. As shown in Supplementary Figure S4, the distributions of inter-lick

intervals were comparable for Chow and Caf groups for every test, suggesting that the diet did not
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alter oromotor behaviour related to fluid intake. Finally, the pattern of differences in the number of

lick clusters was closely related to the pattern of differences in total licks, as shown in Figure S5.

Data were analysed using SPSS (IBM, v26). Body weight, energy intake and preference test
data were analysed in mixed-model analyses of variance (ANOVA) with group (chow or Caf) as the
between-subjects factor and ‘test’, ‘spout’ or ‘time’ as the repeated measures factor, as appropriate.
One rat inthe Caf group did not lick on two of the unrestricted preference tests, thus degrees of freedom
differ slightly for measures collected on these tests. Mann-Whitney U-tests were used for latency data,
which violated assumptions of normality. The cage was the unit of analysis for energy intake data
across the experiment. Post-hoc pairwise comparisons controlled with the Bonferroni correction were
used to determine the source(s) of significant interactions. The criterion for rejection of the null

hypothesis was set at .05 (two-tailed). All data are shown as mean = SEM.

3. Results
3.1 Sucrose exposure and baseline preferences

As shown in Supplementary Figure S1, total licks increased significantly across sessions with
2%, 8% and 32% sucrose (Fe, 60) = 31.22, p < .001). Relative to 2%, rats licked significantly more for
8% (F(1,30) = 63.75, p <.001) and 32% (F(1, 30 = 43.96, p < .001) with no difference between total licks
for 8% and 32% (F < 1). Lick cluster size differed significantly between concentrations (F, s0)= 5.90,
p = .005), with larger clusters for 32% than 8% sucrose (F,30) = 4.34, p = .046) or 2% (F, 30) = 7.41,
p = .011) and a trend towards larger clusters for 8% than 2% sucrose (F, 30) = 4.03, p = .054). These
effects did not differ between rats subsequently allocated to chow and Caf groups (F < 1 for all group

X test interactions).

Supplementary Figure S2 shows results from pre-diet preference tests between 8% and 32%

sucrose solution. On average, there was no preference for 32% over 8% sucrose in tests under water
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restriction (mean preference for 32% sucrose = 50.1 + 3.3%); tz1) < 1, p=.99), but there was significant
preference for 32% over 8% sucrose when rats were tested with ad libitum home-cage water access
(mean preference = 82.0 £ 2.6%; t@1) = 12.54, p < .01). This difference was statistically significant
(F@,30)=100.43, p<.001) and did not differ between rats allocated to chow and Caf groups (preference

X group interaction, F < 1).
3.3 Diet intervention

Energy intake and body weight during the diet intervention are shown in Figure 1. Energy
intake was significantly higher in the Caf group (F,6) = 214.87, p < .001) with no significant changes
over time (Fy,66) = 1.35, p = .22) and no group x time interaction (Fq1,66) = 1.28, p = .26). Body
weight significantly increased across time (linear trend: F(1, 30) = 357.01, p < .001) with a significantly
greater increase in the Caf than chow group (group x time linear interaction trend: F, 30) = 248.65, p
<.001). Mean body weight was approximately 30% greater in the Caf than the chow group at endpoint

(Caf: 810.2 + 30.2g; Chow: 621.2 £ 15.89; F(,30) = 30.80, p < .001).

2000 --- Chow 900
— CAF
L 1500+ __ 8009
= ol
2 WH = 700
5 10004 <
_;g g 600 -
-~ 500-‘--—*'5_4“’\’*\_,0 500+
O 1 | L 1 1 I 1 I | B 1 1 400
1234567 8 9101112
Week

Figure 1. Energy intake and body weight across the diet intervention. Energy intake (left) was doubled
by Cafeteria diet exposure and remained stable across the 12-week diet intervention, with a
corresponding increase in body weight gain (right panel). n = 16/group. Data show mean + SEM.

3.4 Post-diet preference tests
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Sweet taste preference was assessed in weeks 11 and 12 of the diet intervention with daily tests
of 2% vs. 8%, 8% vs. 32%, and 2% vs. 32% sucrose solutions, held first under water restriction and
then repeated with ad libitum access to water in the home cage. The order of tests and the left/right

position of the solutions was counterbalanced within each group.

3.4.1 Restricted preference tests

Figure 2 shows data from the three preference tests held under water restriction. The primary
measure was the proportion of total licks of the higher concentration of sucrose in each test, shown in
Figure 2A. Preference for the higher concentration of sucrose differed significantly between the three
restricted tests (F, ss) = 10.85, p < .001), with trends towards a test x group interaction (F, ss) = 2.47,
p =.09) and a group main effect (F,29) = 3.28, p = .08). Pairwise comparisons applying the Bonferroni
correction indicated that relative to controls, the Caf group exhibited higher preference for 32% over
2% sucrose (F(, 290 = 4.89, p = .035) and lower preference for 32% over 8% sucrose (F, 20) = 4.93, p
= .034). Preference for 8% versus 2% sucrose did not differ between groups (F, 29) = 1.39, p = .25).
One-sample t-tests were then run to evaluate whether the preference for the higher sucrose
concentration was statistically significant within each group (i.e., vs. no preference or 0.5). These
showed that the Caf group showed no preference in the 8% vs. 2% sucrose test (tu4) = 0.57, p = .58),
but that both groups significantly preferred the higher concentration in the 32% vs. 8% and 32% vs.

2% tests (all tas) > 2.35, p <.05).

In all three tests, the Caf group exhibited longer latencies to first lick (Fig. 2B, Mann-Whitney
U-tests; all p <.01), alternated less frequently between spouts (Fig. 2C, all F, 30> 6.96, p <.013) and
made fewer licks (Fig. 2D, all F, 29) > 6.22, p < .019) than the chow group. Lick cluster size in each
test is shown in Figure 2E and was analysed in a mixed ANOVA (concentration x group). In the 8%
vs. 2% test, cluster size did not differ significantly between concentrations, groups, or by the group x

concentration interaction (all F < 1). Cluster size was significantly larger for 32% in the test against
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8% sucrose (F(, 28y = 30.06, p <.001) and in the test against 2% sucrose (F(1, 28) = 26.81, p < .001) but

did not differ between groups on either test (all F < 1).
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Figure 2. Sucrose preference and liking during three preference tests held under water restriction.
Panel A shows the proportion of total licks made on the spout delivering the higher sucrose
concentration. Caf diet decreased the preference for 32% vs. 8% and increased preference for 32% vs.
2% sucrose. Caf diet also increased the latency to engage in licking (B), reduced alternations between
spouts (C) and decreased total licks (D) relative to group Chow. Lick cluster size did not vary between
groups on any test but was higher for 32% vs. both 8% and 2% sucrose (E). *p < .05, **p < .01 vs.
Chow group; #p < .01, main effect of sucrose concentration. Figures show mean + SEM.

3.4.2 Unrestricted preference tests

Licking for sucrose in the three unrestricted preference tests is shown in Figure 3. Sucrose
preference differed between the three tests (Fig. 3A; F,s6) = 3.82, p = .028) with a significant group
X test interaction: F(, s8) = 3.48, p = .038) but no group main effect (F, 290 = 2.81, p = .11). The
significant interaction was driven by significantly lower preference for 8% over 2% sucrose in the Caf

group (F, 2090 = 4.25, p = .049). Preference for 32% vs. 8% and for 32% vs. 2% sucrose did not differ
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between groups (both F < 1). One-sample t-tests confirmed that both chow and Caf groups showed
significant preferences for the higher concentration in all three tests (smallest t13) = 4.97, p < .01). As
in the restricted tests, Caf diet increased the latency to lick in each test (Fig. 3B; Mann-Whitney U-
tests; all p < .01) and reduced alternations between spouts on the 8% vs. 2% test (Fig. 3C; F, 30 =
9.26, p <.01), 8% vs. 32% test (F(1, 30 = 4.44, p = .044) but not on the 2% vs. 32% test (F, 30 = 1.18,
p =.29). Total licks (Fig. 3D) were significantly reduced in the Caf group in tests between 2% vs. 8%
(F@, 28=19.36, p<.01), 8% vs. 32% (F(1,28) = 5.94, p = .021) and 2% vs. 32% sucrose (F, 28) = 6.58,
p = .016). Cluster size (Fig. 3E) was significantly larger for the high sucrose concentration in every
test (8% > 2%: F, 20 = 28.06, p < .001; 32% > 8%: F 20 = 56.02, p < .001); 32% > 2%: F, 28 =

45.49, p < .001), but there were no differences between chow and Caf groups (all F < 1).

A B C
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B E 30 ok 8 6 I CAF
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S 054 - Ec; 60 ** c 4 * *k
S @ 40 T
+ = 2
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1000 #* 10009 1000 *
]
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@ 40 4 o 2 40 i = s 40 4 o
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Figure 3. Licking during the three unrestricted preference tests. Caf diet significantly reduced the
preference for 8% over 2% sucrose (A). Latency to lick (B) and alternations between spouts (C) were
significantly reduced and increased, respectively, in the chow relative to Caf group. Cluster size was
significantly greater for the higher concentration in each test (E) and did not differ between groups. *p
<.05, **p < .01 vs. Chow group; #p < .01, main effect of sucrose concentration. All bars indicate mean
+ SEM.
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3.4.3 Contrast effects in sucrose ‘liking’

The response to a reward can be influenced by the available alternatives, so-called
simultaneous incentive contrast (Flaherty, 1982). Here, each sucrose concentration was tested twice;
for example, 8% sucrose was presented with 2% and, separately, 32% sucrose. Thus, we examined
whether cluster size for each solution differed according to the alternative and whether this was
modulated by diet history. Figure 4 shows cluster sizes for 2%, 8% and 32% sucrose averaged across
restricted and unrestricted tests, with cluster size for each concentration analysed ina 2 x (2) ANOVA
(group x [alternative]). Cluster size for 2% sucrose tended to be higher when 8% sucrose was the
alternative, relative to 32% sucrose (‘test’ main effect; F, 2090 = 3.37, p = .076. Cluster size for 8%
sucrose was significantly higher in the test against 2% sucrose than in the test against 32% sucrose
(F@, 2090 = 14.68, p = .001), while cluster size for 32% sucrose did not differ between tests where 2%
and 8% sucrose were the alternatives (F < 1). There were no significant group main effects or group x

test interactions for any concentration (largest F(1, 290 = 3.38, p = .08).

40 2% sucrose 40 8% sucrose 40 32% sucrose
(5}
~N
5 30 = 30 il 30 3 Chow
2 p=.076 - CAF
g 20 _— 20 20
wvy
S 10 ﬁ 10 10
o 1% Fa | .

vs8% vs32% vs2% vs32% vs2% vs8%

Figure 4. Comparing lick cluster size to evaluate incentive contrast. Rats licked in larger clusters for
8% sucrose when presented with a weaker alternative (2% sucrose) than a stronger alternative (32%
sucrose) (middle, **p < .01, test main effect). The alternative solution did not significantly change
cluster size for the weakest (2%; left) and strongest concentration (32%; right) and there were no
significant group differences in sensitivity to contrast. All bars indicate mean £ SEM.
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3.4.4 Final test

Figure 5 shows data from the final 15-min consumption test, where a novel 20% sucrose
solution was presented immediately prior to euthanasia. The Caf group exhibited a similar pattern of
licking as in preference tests, with fewer total licks (Fig. 5A, F, 30) = 20.93, p < .01), higher latency
to lick (Fig. 5B, Mann-Whitney U: p =.014), and no group difference in cluster size relative to controls
(Fig. 5C, F < 1). Notably, cluster size appeared significantly higher for this novel 20% sucrose solution
than for the 32% solution presented in previous tests (Fig. 5C, cf. Fig. 2 & 3). Neuronal activation in
the insula and nucleus accumbens shell, as indexed by immunofluorescent staining for pERK, is shown
in Figure 5D, with representative images shown in Figure 5E. Cell counts (# positive cellssymm?) in
both regions were compared between groups using a 2 x (2) ANOVA (group by [region]), with total
licks entered as a covariate to control for the group difference in this variable. pERK expression was
significantly lower in the Caf than chow group (F, 20 = 5.15, p = .03) with no effect of total licks (F
< 1). The region main effect, region x total licks and region x group interactions were not significant
(largest F, 2090 = 2.94, p = .10). Subsequent analyses confirmed that Caf diet significantly reduced
PERK expression in both the insula (F(1, 30) = 5.20, p = .03; Figure 5D) and accumbens shell (F(1,
30) = 12.35, p = .001; Figure 5D). Finally, we examined partial correlations between insula and shell
PERK, cluster size, latency to first lick, and terminal body weight, controlling for total licks.
Expression in the insula and nucleus accumbens shell correlated positively (Spearman’s rho (p) = 0.54.
p = .002) but neither was associated with cluster size, latency, or body weight (largest p = -0.31, p =

10).
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Figure 5. Final test data. Rats were perfused immediately following exposure to a novel 20% sucrose
solution for pERK immunofluorescent quantification in the insula and nucleus accumbens shell. Total
licks were halved in the Caf group (A) and latency to lick was almost trebled (B), with no difference
in cluster size (C). Neuronal activity was significantly reduced by Caf in the insula and accumbens
shell (D). Grey regions indicate areas where pERK was quantified (E). *p < .05, **p < .01 vs. Chow
group. All bars indicate mean + SEM.

4. Discussion

4.1. Cafeteria diet shifted preference and reduced motivation for sucrose

Obesity-associated changes to brain reward circuitry are thought to foster increased
consumption of palatable foods rich in sugar and fat, but evidence for this hypothesis is mixed. Most
studies in rats and mice have used homogeneous purified diets that do not encapsulate the variety of
foods characteristic of the modern human diet. To our knowledge this is the first study to characterise
changes in sweet taste preference and neuronal activity with a diet-induced, rodent obesity model
involving a range of highly palatable, processed foods eaten by people. Chronic exposure to this Caf
diet increased preference for higher sucrose concentrations over weak alternatives (i.e., 32% vs. 2%)

and reduced preference against moderately concentrated alternatives (i.e., 32% vs. 8%) relative to



407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

ACCEPTED VERSION

chow-fed controls. In tests between the two lower concentrations (8% vs. 2%), Caf-fed rats showed no
preference under water restriction and a weaker preference than controls when tested without water
restriction. Our results are analogous to those reported by Shin et al. (2011), who observed higher lick
rates for concentrated sucrose solutions and lower lick rates for weak sucrose solutions in diet-induced
obese rats, relative to controls. If confirmed in people, this shift in preference towards highly
concentrated sucrose solutions could manifest as the selection of unhealthy food options in day-to-day

life.

In addition to the effects of diet, our preference test data showed that removing water restriction
increased preference for the higher sucrose concentration available. This result is analogous to prior
work showing that non-deprived rats exhibit a preference for sucrose solution over water at lower
concentrations than water-restricted rats (0.43% vs. 1.28% sucrose solution; Beck et al., 1965).
Overall, a preference for higher sucrose concentrations was still evident under water restriction, as
shown previously in two-choice preference tests (Beck & Nash, 1969) and two-choice discrimination

tasks (Cohen & Hachey, 1980).

Our use of two-choice preference tests, where rats could freely switch between spouts, enabled
the temporal components of licking behaviour to be analysed alongside overall preference and lick
microstructure. This approach revealed that Caf diet-induced changes to sweet taste preference
occurred against a backdrop of substantial changes in the motivation to seek out and consume sucrose.
Latency to lick was tripled and total licks were halved in the Caf group in both restricted and
unrestricted tests. The use of two-choice preference tests also permitted analysis of how frequently rats
alternated between spouts, a measure which, like total licks, was approximately halved in rats fed Caf
diet in all tests. Thus, we believe that in this case, fewer alternations in Caf rats was a function of their
fewer licks overall, reflecting similar underlying motivational changes. However, differences in
alternation when groups are matched on total licks could be interpreted in other ways (e.g. the tendency

to explore vs. exploit reward locations). Our results are consistent with previous studies of sweet taste
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preference in obese rats and mice (Ducrocq et al., 2019; Duca et al., 2014; Johnson, 2012) and agrees
with past work showing decreased motivation following diet-induced obesity, such as reduced
progressive ratio breakpoints (Tracy et al., 2015; Tantot et al., 2017), increased runway transit time
(Shin et al., 2011) and reduced conditioned place preference (Lesser et al., 2017) for food reward. The
effects of obesogenic diets on progressive ratio tests of motivation appear to be biphasic, with
breakpoints for food reward increased after short diet durations (3-5 weeks; la Fleur et al., 2007;
Figlewicz et al., 2013) and decreased after longer diet durations (~12 weeks; Davis et al., 2008; Finger
et al., 2012). These results are in line with the blunted motivation for sucrose observed in the present
study, which extends prior work by demonstrating that these effects hold when a cafeteria diet is used

(vs. purified diets) and in tests where rewards are freely available.

Here we observed pronounced reductions in motivation to consume sucrose in Caf-fed rats
despite pre-diet exposure to 2%, 8% and 32% sucrose. This is noteworthy in light of prior work
showing that pre-exposing rats to reward pellets prior to 10 weeks’ access to a purified high-fat diet
prevented the diet-induced reduction in progressive ratio breakpoints for these pellets (Tracy et al,
2015). Our data may imply that this pre-exposure effect applies only in instrumental tasks where effort
must be expended to obtain rewards. Differences in diet palatability may also explain the absence of a
pre-exposure effect in the present study: while Tracy et al. (2015) used a purified high-fat diet that
may have been less palatable than the sucrose-sweetened reward pellets used in tests, the Caf diet used

here likely matched or exceeded the palatability of the sucrose solutions tested.

4.2. Caf diet reduces neuronal activity in response to novel sucrose concentrations

Chronic Caf diet reduced neuronal activity in the nucleus accumbens shell and insula following
consumption of a novel 20% sucrose solution. Few previous studies have directly compared neuronal
activity in these regions, which are key components of brain ‘wanting’ and ‘liking’ circuitries

(Berridge et al., 2009). Fry et al. (2020) found that cluster size for a flavour previously paired with
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sucrose correlated with activity in the insula, but not in the nucleus accumbens. The insula is thought
to encode the sensory properties of flavours (Fry et al., 2020; Yamamoto et al., 1989) and is activated
by sucrose and other taste modalities, as indexed by in vivo optical imaging (Accolla, Bathellier,
Petersen & Carleton, 2007). Naneix et al. (2016) showed that adolescent exposure to sucrose reduced
c-fos activation in response to sucrose in the nucleus accumbens shell and core, but not insular cortex
(Naneix et al., 2016). The longer diet exposure and robust obesity produced by Caf diet exposure may
explain the reduced expression in the insula observed here. Clarifying the time-course of dietary effects
on neuronal activity isan important future direction. While our focus here was on acute neural response
to sweet taste, long-term exposure to high-fat diets has also been shown to downregulate dopamine D1

and cannabinoid CB1 receptor expression in the nucleus accumbens of rats (Arcego et al., 2020).

In this study access to Caf diet continued throughout preference tests and the final exposure to
a novel sucrose concentration. Given that acutely switching from an obesogenic diet to regular chow
can normalise measures of sucrose preference in obese ratsand mice (Johnson, 2012; Shinetal., 2011),
future work should evaluate whether the substantial reduction in neuronal activity observed under the

present conditions is maintained after withdrawal of the Caf diet.

4.3. Caf diet did not alter lick cluster size for sucrose

In contrast to the marked effects observed on sucrose consumption and preference, chronic Caf
diet did not alter lick cluster size, which reflects palatability of the tastant, and has been used to infer
changes in ‘liking’ (Dwyer, 2012). Rats licked in larger clusters for more concentrated sucrose
solutions, consistent with past work (Davis, 1973, Smith & Davis, 1992) but diet history did not
modulate cluster size for any concentration in either the restricted or unrestricted tests. Thus, long-
term exposure to palatable foods high in fat and sugar did not alter the palatability of sucrose, implying
that this variable is unrelated to the changes in sweet taste preference and consumption produced by

Caf diet. Cluster size was unaffected by deprivation state, except for the 8% vs. 2% test, where testing
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under restricted water access revealed no difference between concentrations but testing unrestricted
conditions did reveal a clear increase in the size of the preference for 8% over 2%. Importantly, our
results were robust to manipulating the criterion for defining cluster size (Supplementary Figure S3).
While our data imply that control and Caf rats ‘liked’ sucrose solutions comparably, this hypothesis

should be assessed by examining taste reactivity measures.

Therefore, our results do not support the notion that diet-induced obesity is accompanied by
greater hedonic value of sweetness. This is consistent with prior work in rodents showing obesogenic
diet-induced changes in motivational but not hedonic measures. A recent study in rats found that 10
weeks access to high-fat diet beginning at weaning did not alter hedonic orofacial responses to
percentage 0.1M or 1.0M sucrose, but reduced motivation to work for sweet food rewards (Arcego et
al., 2020). Similarly, Lesser et al. (2017) showed that chronic exposure to a high-fat, high-sugar ‘junk-
food’ diet (a purified mix of cookies, potato chips, peanut butter, chocolate powder and rat chow)
suppressed approach behaviour to a food-paired cue but did not alter hedonic orofacial responses to 1,
3 and 9% sucrose in Sprague-Dawley rats. An intriguing strain difference was observed, with junk-
food reducing both ‘wanting’ and ‘liking’ in Long-Evans, relative to Sprague-Dawley rats. Ducrocq
et al. (2019) found reduced instrumental response rates but no difference in burst size in high-fat diet-
fed rats licking for dilute sweetened condensed milk. Finally, rats fed isocaloric high-fat, high-sugar
or control diets exhibited comparable ‘liking’ of fat and sugar, despite high-fat and high-sugar groups
preferring their respective nutrient in choice preference tests between fat and sugar (Steele etal., 2019).
These data and the present results are consistent with a recent study in humans showing that liking and
wanting of a palatable milkshake was unrelated to participants’ adiposity (Wall et al., 2020) and direct

future research to interrogate other parameters related to food-seeking and consumption in obesity.

Although lick cluster size was unaffected by diet history, analyses indicated that the alternative
provided in each test modulated the palatability of each concentration. Lick cluster size for 8% sucrose

was significantly higher in the test against 2% sucrose than in the test against 32% sucrose. A non-
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significant effect was observed for 2% sucrose, with a trend toward lower cluster size when pitted
against the strongly-preferred 32% sucrose than the moderately-preferred 8% sucrose solution. Past
work in mice has shown analogous contrast effects using successive contrast procedures (Austen,
Strickland & Sanderson, 2016). These results demonstrate the ability of the surrounding environment
to modulate the appraisal of rewards. Under these conditions, however, sensitivity to contrast was not

altered by Caf diet exposure.

4.4. Future directions & conclusions

Exposure to Caf diet increased body weight by ~30% relative to chow-fed controls, and our
past work has shown that Caf diet induces metabolic impairments that include increased adiposity,
glucose intolerance, and elevated plasma insulin, leptin and triglycerides (e.g., Hossain et al., 2020).
Future work should clarify whether diet-induced changes to sweet taste preference are driven by excess
weight gain or to direct effects of the diet per se. Previous work has found dissociations between
weight gain and the hedonic responses to palatable food. For example, in rats given restricted
(2.5h/day) or continuous access to a high-fat, high-sugar solution, initial lick rate and burst size
increased in the restricted but not continuous group, while body weight was significantly greater in the
continuous group (Lardeux, Kim & Nicola, 2013). Finally, given recent evidence that long-term
consumption of diets high in fat and sugar induces pronounced changes to the mouse tongue proteome
(Dutt et al., 2021), future work should identify the molecular changes associated with the behavioural

changes in sucrose preference observed here.

In summary, our results show that chronic consumption of a cafeteria-style diet alters sweet
taste preference and exerts pronounced motivational effects in the absence of changes to sweet taste
processing. The effects of our highly palatable and varied Caf diet on behavioural indices of

consumption and measures of neuronal activity extend prior work using purified diets high in fat and/or
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sugar. The effects of chronic exposure seen here call for further work to characterise the onset of these

changes across diet exposure and the contribution of diet-induced weight gain per se.
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549  Supplementary Figure S4. Distributions of inter-lick intervals (ILI) in sucrose preference tests. Chow
550 and Caf groups exhibited similar distributions, with most ILIs less than 0.1s. ILIs were grouped into
551  bins of 0.05s and plotted to the lick cluster criterion of 0.5s. Approximately 85% of all inter-lick

552 intervals fell within this criterion; this proportion did not vary significantly between chow and Caf
553  groups.
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565  Supplementary Figure S5. The number of lick clusters in sucrose preference tests matched the
566  pattern of total licks (cf. Figures 2-3), with more lick clusters for more concentrated sucrose
567  solutions, and fewer lick clusters in Caf than chow rats.

568

569  Supplementary Table S1. Frequency distribution of inter-lick intervals during pre-exposures to 2%,
570 8% and 32% sucrose solution. Over 90% of inter-lick intervals were less than 0.5s.

571
2% pre-diet 8% pre-diet 32% pre-diet
Ir'\';;f\r/;:c(‘;) Chow CAF  Chow CAF  Chow  CAF
0-1 56.31 o4.47 48.38 52.59 54.03 57.77
1-2 81.76 78.53 80.61 79.49 86.01 83.93
2-.3 88.53 86.35 88.56 87.96 92.14 91.43
3-4 91.67 89.72 91.59 91.57 94.43 94.05
- 4-.5 93.35 92.05 93.18 93.63 95.49 95.40
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