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Abstract
Obesity has been associated with multiple chronic pain disorders, including migraine. We
hypothesized that diet-induced obesity would be associated with a reduced threshold for thermal
nociception in the trigeminal system. In this study, we sought to examine the effect of diet-induced
obesity on facial pain behavior. Mice of two different strains were fed high-fat or regular diet and
tested using a well-established operant facial pain assay. We found that the effects of diet on
behavior in this assay were strain and reward dependent. Obesity prone C57BL/6J mice fed high-
fat diet display lower number of licks of a caloric, palatable reward (33% sweetened condensed
milk or 30% sucrose) than control mice. This occurred at all temperatures, in both sexes, and was
evident even before the onset of obesity. This diminished reward-seeking behavior was not
observed in obesity resistant SKH1E mice. These findings suggest that diet and strain interact to
modulate reward-seeking behavior. Furthermore, we observed a difference between diet groups in
operant behavior with caloric, palatable rewards, but not with a non-caloric neutral reward (water).
Importantly, we found no effect of diet-induced obesity on acute thermal nociception in the
absence of inflammation or injury. This indicates that thermal sensation in the face is not affected
by obesity-associated peripheral neuropathy as it occurs when studying pain behaviors in the
rodent hindpaw. Future studies using this model may reveal whether obesity facilitates the
development of chronic pain after injury or inflammation.
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1. Introduction
Obesity has been associated with multiple chronic pain disorders (Hitt et al., 2007, Wright et
al., 2010, Stone and Broderick, 2012). The mechanisms that link obesity to chronic pain
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conditions are not known and may vary depending on the specific pain condition being
examined. These pain conditions are not limited to weight bearing structures like the lower
back or knee joints. Several population-based studies have found that obesity is associated
with higher frequency and severity of migraine attacks (Bigal et al., 2006, Bigal and Lipton,
2006, Bigal et al., 2007b, Winter et al., 2009). While a number of mechanisms explaining
this relationship have been proposed (Bigal et al., 2007a, Bigal and Lipton, 2008, Peterlin et
al., 2010, Recober and Goadsby, 2010), these hypotheses have not been tested.

Animal studies can provide important information regarding the role of molecular mediators
shared by migraine and obesity. Ideally, such studies would include behavioral end points
that can be measured in the same animal multiple times, before and after pharmacological or
molecular manipulation (Olesen and Jansen-Olesen, 2012). While most studies have
examined sensation in the rodent hindpaw, this approach has some limitations. Importantly,
diabetic peripheral neuropathy is typically present in models of obesity and results in
abnormal sensation in the extremities. Furthermore, head pain may be distinct from pain in
other parts of the body, so it is important to specifically examine the trigeminal system in the
context of obesity. The measurement of “headache” in rodents remains elusive, but
cutaneous allodynia occurs in most migraineurs (Lipton et al., 2008, Schwedt et al., 2011)
and is frequently used to study headache-related pain in rodent models (Oshinsky and
Gomonchareonsiri, 2007, Edelmayer et al., 2009, Stucky et al., 2011).

Neubert and colleagues have developed and validated an operant assay to measure
cutaneous thermal sensitivity of the face in rodents (Neubert et al., 2005, Neubert et al.,
2008). In this assay, the animal chooses between experiencing a painful facial stimulus in
order to obtain a reward or to avoid the painful stimulation forgoing the reward. Thus,
higher order processing of nociception is directly evaluated. This may provide advantage
over the use of spinally-driven withdrawal measures that have been questioned for their
translatability to the human condition (Vierck et al., 2008, Mogil, 2009). This assay
represents a valid, objective, and automated method to assess trigeminal nociception, which
is otherwise challenging in mice. However, this operant pain assay uses a highly palatable
and calorically rich substance (sweetened condensed milk) as reward (Nolan et al., 2011a),
which needs to be tested and validated in the context of dietary manipulation and obesity.
Both diet and obesity can modulate sensitivity to appetitive reward (Kenny, 2011). Leknes
and colleagues have shown that relief from pain, a non-appetitive reward, engages much of
the same circuitry as responses to appetitive reward (Leknes et al., 2011). Moreover, it has
been suggested that the effect of pain on the reward-aversion circuitry may contribute to the
development of chronic pain (Becker et al., 2012). Therefore, the effect of diet and obesity
on the reward circuitry is likely to have implications for pain processing and assessment of
nociception.

In this study, we sought to determine what effect diet-induced obesity has on trigeminal
nociception in mice. Additionally, we wanted to establish the behavioral profile of mice with
diet-induced obesity in this operant facial pain assay. Our findings suggest that the reward
circuitry should be considered when studying the interaction between obesity and pain.

2. Experimental Procedures
2.1 Animals

We used male and female C57BL/6J (C57) mice purchased from The Jackson Laboratory
(Bar Harbor, ME) or bred in our colony from breeders purchased from The Jackson
Laboratory. Male SKH1-E (SK) mice were purchased from Charles River (Charleston, SC).
After weaning, mice were placed either on a high-fat diet (HFD) (45% or 60% fat, Research
Diets® product numbers D12451 or D12492, respectively) or regular diet (RD) (Purina
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rodent chow). A cohort of C57 mice underwent training and testing between 20 and 30
weeks of age (starting after 16 weeks on HFD or RD). Another cohort of C57 mice
underwent training and testing between 6 and 12 weeks of age (starting after 2 weeks on
HFD or RD), before the development of significant weight gain. SK mice were only tested
between 20 and 30 weeks of age because it became evident early on that their weight gain
on high fat diet was slower and less pronounced than C57. Mice were weighed every other
week. Animals were maintained on a 12:12 hour light dark cycle, with food and water
available ad libitum. All procedures were approved by the Animal Care and Use Committee
of University of Iowa and performed in accordance with the standards set by the National
Institutes of Health.

2.2 Operant Facial Pain Assay
2.2.1 Assay description—The operant facial pain assay relies on a reward-conflict
paradigm in which the animal must tolerate thermal stimulation of the face in order to obtain
a liquid reward. In this case, the reward is 33% sweetened condensed milk (Casa Solana,
Sysco Corp.). The concentration of fat in the dilute solution is 3g/45mL. Training and
testing of operant pain-related behaviors were performed as previously described (Neubert et
al., 2008). Mice were always acclimated to the behavioral testing room for one hour prior to
each training or testing session. Mice were trained to lick the reward bottle while placing
their face against the stimulus thermodes, set to a neutral (32 or 37°C) temperature. Training
takes approximately 10 sessions over 2 weeks. At least 24 hours prior to testing, C57 mice
were lightly anesthetized with inhaled isoflurane (2%, in air) and their facial fur between the
vibrissal pad and the angle of the mandible was removed bilaterally using either depilatory
cream or clippers. This was done with care to spare the vibrissae. SK mice do not require
facial fur removal. Mice were fasted overnight (18±3 hrs) with access to water prior to each
testing session to motivate reward acquisition. Fasting was limited to a maximum of three
days per week, with at least one day of recovery between sessions.

2.2.2 Assessment of diet effects on reward-seeking behavior—To evaluate
motivation for the reward solution in the absence of facial stimulation, we tested C57 mice
with free access to the reward bottle. This was done by placing the reward bottle tube all the
way in the chamber so that mice did not have to touch the thermode to access the reward
solution. This was repeated using 30% sucrose as a reward solution, which has been used
previously in this assay (Nolan et al., 2011a) and may produce a different behavioral profile
from the one obtained with the fatty milk reward.

2.2.3 Modification of the assay to use water as reward—To avoid the possible
confounding factor of using a palatable caloric reward in our obesity model, we tested water
as the reward after water deprivation. A cohort of C57 mice was trained as described above,
but with overnight water deprivation, instead of fasting, prior to each training and testing
session.

2.2.4 Outcome measures—For each 20-minute testing session, the number of licks at
the reward bottle, the number of facial contacts with the stimulus, and the total duration of
facial contact with the stimulus were determined using a custom-written routine in Labview
(v.8, Texas Instruments, Inc.). Additionally, the average duration of each facial contact
(“duration/contact”) was calculated by dividing the total duration by the number of facial
contacts made with the stimulus. Outcome measures were collected and summarized offline
following data acquisition. All mice underwent two testing sessions at each temperature, in a
random order, and the two measurements were then averaged.
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2.3 Statistical Analysis
We used two-way Analysis of Variance (ANOVA) to assess weights differences between
diet groups. We used repeated measures two-way ANOVAs with between-subject effects for
operant facial behaviors. In some occasions, the number of animals tested at each
temperature was different and two-way ANOVA was used. All statistical comparisons were
followed by Bonferroni post-hoc tests where applicable. A summary of all statistical
analyses comparing diet, sex, or time on diet is presented in Table 1. Graph Pad Prism (v.5)
was used and p < 0.05 was considered significant.

3. Results
3.1 C57 mice gain more weight on a high-fat diet than SK mice

We sought to determine the effects of diet-induced obesity on trigeminal nociception in C57
and SK mice. We chose these strains because they had been previously characterized in this
operant facial pain assay (Neubert et al., 2008). All mice gained weight from 4 to 10 weeks
of age as part of normal growth, which is indicated by a lack of difference between the diet
groups at those time points (Fig. 1). Significant diet-induced weight gain was seen in all
males starting at 12 weeks of age, and in C57 females starting at 18 weeks of age (Fig. 1).
However, by the end of the study, C57 males on HFD weighed 10g more than their RD
counterparts, while C57 females and SK males on HFD only weighed 5g more than their
respective control groups (Fig. 1).

3.2 Obesity prone C57 mice and obesity resistant SK mice have normal facial thermal
nociception but they display different behavior in the operant assay

Along with this different pattern of weight gain, we also observed different effects of the
diet on operant behavior in the two strains (Fig. 2) (Table 1). For C57 mice fed HFD for 16
weeks, diet had a significant effect on the number of licks (F1,16 = 5.62, p < 0.05) and
duration per facial contact (F1,16 = 4.539, p < 0.05) in the operant assay (Fig 2A, C). These
mice exhibited lower number of licks and duration per facial contact than the RD group at
all temperatures, even with a neutral stimulus (32 °C), although Bonferroni post-tests did not
reach statistical significance (Fig. 2A, C). In contrast, for SK mice we found no effect of diet
on number of licks or duration per facial contact (Fig. 2B, D). Importantly, both strains in
either diet group displayed the expected decrease in number of licks and duration per facial
contact in response to increasing temperature, indicating that facial thermal sensation is
intact regardless of strain and diet (Fig 2).

We tested another cohort of C57 mice (n=20 per diet group) purchased directly from The
Jackson Laboratories after 16 weeks on diet (60% HFD instead of 45% HFD) and found
similar results. The number of licks at 32 °C was significantly lower in the HFD group
(365± 37) compared with the RD group (1417±79) (p<0.001). We observed the expected
decrease in number of licks at 52 °C, but the difference remained between the HFD and the
RD groups (101±16 vs 522±65, respectively) (p<0.001). To assess thermal nociception,
while accounting for the difference observed at neutral temperature, we calculated the
percent change from 32 °C to 52 °C for each diet group. We found that duration per facial
contact at 52 °C decreased in all diet groups similarly (56±6% in the RD group, 65±5% in
the 45% HFD group, and 61±5% in the 60% HFD group) (p>0.05). This confirmed that
facial thermal nociception is normal in high-fat diet-induced obesity in mice. However, we
wanted to ensure that difference in reward-seeking behavior observed in C57 mice on HFD
was not interfering with our assessment of nociception in the operant assay. To that end, we
modified the assay by substituting the caloric reward (33% sweetened condensed milk in
fasted mice) for a non-caloric reward (water in water-deprived mice).
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For the studies using water as reward, we used a new cohort of C57 mice directly purchased
from The Jackson Laboratories after 16 weeks on diet (60% HFD). We found that the
number of licks and duration per facial contact were similar in C57 on HFD and RD (Fig. 3).
There was no significant effect of diet on the number of licks or duration per facial contact.
However, there was still a significant effect of temperature on the number of licks
(F1, 38=17.98, p<0.0001) (Fig. 3A) and duration per facial contact (F1,38=9.151, p<0.0005)
(Fig. 3B). These results support the initial finding of normal facial thermal nociception in
diet induced obesity. This experiment provides an important modification to the operant
facial pain assay that may facilitate the study of chronic pain in obesity.

Taken together, these results demonstrate that acute thermal nociception in the face is not
affected by high-fat diet-induced obesity. Furthermore, our findings suggest that differences
in behavior observed at all temperatures are a consequence of reduced reward-seeking
behavior in the HFD mice rather than an increased sensitivity to thermal stimuli as we
originally hypothesized. To investigate the unexpected HFD effect on C57 mice behavior in
the operant assay, we performed additional experiments to addressed possible influences of
sex, duration of high-fat diet, and type of reward on this behavior.

3.3 High-fat diet decreases operant assay outcomes equally in male and female C57 mice
Since trigeminal pain disorders affect females predominantly, we compared operant facial
pain behavior in male and female C57 mice (Fig. 4). The number of licks was similar in
male and female C57 mice in each diet group (Fig. 4A). Duration per facial contact was also
similar in male and female C57 mice at 46 and 52 °C in each diet group. We only observed a
statistically significant effect of sex at neutral temperature (32 °C) in the high fat diet group
(F1, 16=4.525, p=0.0493) (Fig. 4B).

3.4 High-fat diet decreases operant assay outcomes in C57 mice before they develop
significant weight gain

Next we wanted to determine whether the differences in reward-seeking behavior between
the HFD and RD groups were a consequence of the high-fat diet or the obese state. To
investigate this, we tested C57 mice starting 2 weeks after they had been placed on HFD,
before they developed significant weight gain (see Fig. 1: “behavioral testing” between 6-12
weeks of age). As we observed in the 16-weeks on diet cohort, there was practically no
difference between male and female C57 after 2 weeks on diet. The only statistically
significant sex difference was in the number of licks at neutral temperature in both HFD
(F1, 16= 4.611, p=0.0474) and RD (F1, 14=4.642, p=0.0491) mice. Otherwise, male and
female C57 mice after 2 weeks on either diet displayed similar number of licks at 46 and 52
°C, and similar duration per facial contact at all three temperatures. Thus, we decided it
would be reasonable to pool the sexes for further analysis to minimize the number of
animals used.

Overall, we found that C57 mice had very similar behavior whether they had been on HFD
for 2 or 16 weeks (Fig. 5). After only 2 weeks on the diet, C57 HFD mice displayed lower
number of licks (F1,32 = 39.28, p<0.0001) and duration per contact (F1,32 = 18.9, p=0.0001)
than their RD counterparts (Fig.5). Furthermore, the number of licks was similar after 2 or
16 weeks on diet at all temperatures tested (Fig. 5A). The only significant difference
detected between 2 and 16 weeks on diet was observed for duration per contact within the
HFD group at 46°C (F1, 34=8.938, p=0.0052), but not at 32 and 52 °C (Fig. 5B). These
findings suggest that HFD may be sufficient to cause a decrease in reward-seeking behavior
in C57 mice even before the development of obesity.

Rossi et al. Page 5

Neuroscience. Author manuscript; available in PMC 2014 April 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.5 High-fat diet-related effects persist despite free access to reward and use of a fat-free
rewarding solution

We reasoned that diet-induced obesity may reduce willingness to consume the palatable
reward in the presence of a physical obstacle (i.e. the thermodes) and offer a plausible
explanation for the lower number of licks and duration per facial contact exhibited by C57
mice on HFD. To test this hypothesis, we introduced the reward bottle between the facial
bars allowing free access to the reward without having to press the face against the bars.
Again, we observed lower number of licks in the HFD group (F1, 14=35.68, p<0.0001),
whether we used sweetened condensed milk or 30% sucrose (Fig. 6). There was also a
significant effect of reward solution (F1, 14=31.96, p<0.0001) and a significant interaction
between diet and reward type (F1, 14=7.764, p=0.0146). The RD group exhibited lower
number of licks with 30% sucrose than sweetened condensed milk, but the HFD group did
not show a difference between the two rewarding solutions. Overall, the lower number of
licks in the HFD group compared with the RD group suggests reduced motivation for these
rewards, even when the physical obstacles are removed.

4. Discussion
Our results suggest that high-fat diet-induced obesity in mice is not associated with changes
in thermal nociception in the face. To our knowledge, this is the first study investigating
trigeminal pain behavior in obese mice. Previous studies assessing thermal or mechanical
nociception in rodent models of obesity have been limited to the hindpaw or tail in a variety
of obesity models. In many cases, thermal insensitivity in the hindpaw has been attributed to
advanced diabetic neuropathy that can be concomitant with obesity (Zhang et al., 1994,
Vareniuk et al., 2007, Sugimoto et al., 2008, Davidson et al., 2009). Our findings suggest
that, unlike nerves in the extremities, the trigeminal system does not seem to be affected by
diabetic neuropathy. This is in agreement with human data showing that trigeminal sensation
is spared in patients with diabetic neuropathy (Arap et al., 2010).

Mice provide an important tool for genetic and pharmacological investigation of pathways
that may be involved in the interaction between obesity and pain. However, the study of
head pain in rodents is challenging. Although some have successfully assessed mechanical
allodynia in the trigeminal distribution in rats (Oshinsky and Gomonchareonsiri, 2007,
Edelmayer et al., 2009, Liverman et al., 2009, Wieseler et al., 2012), very few studies have
been published using mice (Krzyzanowska et al., 2011, Yasuda et al., 2012), underscoring
the difficulty in translating traditional methods from rats to mice. The operant assay we used
represents an objective, reproducible, automatized method to assess thermal nociception in
the face of both rats and mice (Neubert et al., 2005, Neubert et al., 2008, Nolan et al.,
2011b). We indicate here that modifying this assay to use water as reward provides a useful
tool to study the interaction between obesity and trigeminal nociception. Our findings
indicate that diet-induced obesity does not affect acute thermal nociception in the face. We
cannot exclude the possibility of abnormal mechanical sensitivity in our model of diet-
induced obesity. This assay can also be modified to evaluate mechanical stimuli (Nolan et
al., 2011b), which we may explore in the future.

While obesity seems to have no effect on acute thermal pain thresholds, it may have effects
on the trigeminal system by facilitating the transition from acute to chronic pain. A large
longitudinal population study has shown that obesity is associated with a 5-fold higher risk
to transition from episodic to chronic headaches (Scher et al., 2003). Furthermore, Bigal et
al. found that obese migraineurs have more severe and frequent attacks than non-obese
migraine sufferers (Bigal et al., 2007b). The mechanisms underlying this process remain
unknown, but several hypotheses have been proposed (Bigal et al., 2007a, Peterlin et al.,
2010, Recober and Goadsby, 2010). Increasing evidence supports the role of adipose tissue
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as a dynamic endocrine organ that secretes a number of factors that contribute to systemic
inflammation (Vachharajani and Granger, 2009). This could influence the activation
threshold of the trigeminal system. We have recently shown that diet-induced obesity in
mice enhances nociceptive activation of the trigeminal system in response to a very low
dose of capsaicin (Rossi et al., 2012). In future studies, we will investigate how diet-induced
obesity may interact with inflammation or injury to affect trigeminal nociception.

In addition to normal trigeminal nociception, we also observed an interesting negative effect
of the diet on reward-seeking behavior in obesity-prone C57 mice. This effect was not
observed in obesity-resistant SK mice despite being fed the same diet for 16 weeks. To our
knowledge, this is the first study to examine the effect of high fat diet on weight and
behavior in SKH1-E hairless mice. Their inefficient weight gain on a high fat diet may be
related to increased brown fat thermogenesis, which is associated with reduced weight gain
(Fisler et al., 1987), but other mechanisms may be involved. This strain of mice may provide
insight into the mechanisms of weight regulation that could be of interest to the obesity
field.

As for the diminished reward-seeking behavior exhibited by C57 mice, we found that this
was present in both sexes, even before significant weight gain had occurred. Additionally,
this effect was observed for sweetened condensed milk and 30% sucrose. In agreement with
our findings, others have shown decreased intake of rewarding solutions (corn oil or
sucrose) in rodent models of obesity using different paradigms (Shin et al., 2011, Johnson,
2012). Moreover, in traditional operant experiments, high-fat diet is associated with reduced
conditioned response (i.e. lever pressing) to palatable rewards (Davis et al., 2008, Shin et al.,
2011, Finger et al., 2012). In a progressive ratio design, the number of times that the animal
has to press the lever to obtain a reward increases within the testing session. Eventually, the
effort required to press the lever will outweigh the reward's incentive. The number of times
that the animal presses the lever to obtain the last reward is referred to as the break point.
This measurement is thought to reflect the reward's strength (Hodos, 1961). High-fat diet
and obesity-propensity are also associated with reduced break points in a progressive ratio
schedule of operant reinforcement, suggesting that the rewarding properties of palatable
food are not as strong for obese animals (Davis et al., 2008, Shin et al., 2011, Finger et al.,
2012). Collectively, this information suggests that high-fat diet coupled with a genetic
predisposition for obesity diminishes motivation for palatable food rewards.

When we switched to water as reward after overnight water deprivation, we no longer
observed a difference in number of licks between the two diet groups. Interestingly, this was
due primarily to a change in the RD group, while the HFD group had similar behavior in
response to water and sweet rewarding solution. The higher number of licks exhibited by
RD mice when a sweet reward was used suggests that sweet solutions are more motivating
than water. This supports the idea that caloric, palatable substances enhance performance in
this assay (Nolan et al., 2011a), at least under normal dietary conditions. These findings may
have implications for potential dietary effects on the interaction between feeding and higher
order nociceptive processing. Mason and Foo have demonstrated that feeding-related
analgesia produced by palatable foods is mediated by the medullary raphe magnus in rats
(Foo and Mason, 2009). It would be interesting to determine what effects dietary
manipulation might have on this process.

The interaction among diet, propensity for weight gain, and reward circuitry has
implications for pain research in the setting of obesity. Both chronic pain (Borsook et al.,
2007, Becker et al., 2012) and obesity (Kenny, 2011) have been associated with diminished
reward sensitivity and changes in reward-related structures. Several groups have found that
high-fat diet-induced obesity alters the rewarding properties of non-foods (Blendy et al.,
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2005, Wellman et al., 2007, Davis et al., 2008, Thanos et al., 2010, Morales et al., 2012).
For example, conditioned place preference induced by drugs of addiction (Blendy et al.,
2005, Davis et al., 2008, Thanos et al., 2010, Morales et al., 2012) and lever pressing for
drug stimulation (Wellman et al., 2007) are attenuated in obese rodents. This may have
implications for the effects that obesity may exert on the rewarding aspects of pain relief. It
is possible that obesity, through its actions on the reward circuitry, could promote a pain-
facilitating state. Further work will be needed to determine the degree to which changes in
the reward system may contribute to the association between obesity and pain.

This study sets the stage for future research that will investigate possible obesity-related
effects on different pain conditions. By establishing that trigeminal thermal nociception is
not affected by diet induced obesity in the uninjured mouse, we provide a model to study
whether obesity facilitates the development of chronic pain after injury.

5. Conclusions
We have demonstrated that diet-induced obesity does not appear to have an effect on basal
nociception in the trigeminal system. However, reward seeking behavior was reduced in
C57 mice that are prone to developing obesity, even before significant weight gain occurred.
Our findings suggest that the water modified trigeminal pain assay may be used to examine
the interaction between obesity and nociception in mice. The impact of diet and genetic
background on reward sensitivity may also have implications for the exacerbation of chronic
pain conditions by obesity. Understanding these relationships may help us develop better
therapies to lessen the impact of obesity and chronic pain.
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• Diet-induced obesity does not alter nociception in the face of uninjured mice

• Diet-induced obesity reduces reward-seeking behavior in obesity prone C57
mice

• This reduced motivation occurs in both sexes even before the onset of obesity

• This reduced motivation is only displayed for palatable caloric rewards, not
water

• Control mice respond more to palatable caloric rewards than water after
deprivation
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Figure 1.
Effect of high-fat diet (HFD) on weight gain in C57 male and female (A) and SK male mice
(B). The line in the lower right of the graphs in A and B corresponds to the time when
training and behavioral testing was conducted. * indicates the first time a significant
difference (p<0.05) occurs between HFD and RD.
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Figure 2.
Effect of diet on number of licks and duration per facial contact in male C57 and SK mice.
HFD had a significant effect on the number of licks in C57 males (A), but not SK males (B).
There was also a significant effect of diet on the duration per facial contact in C57 males
(C), but not SK males (D). However, post-hoc tests did not reveal a statistically significant
effect of diet at each temperature for C57 males. Sample sizes were as follows: for C57
males n = 7 on HFD and n= 11 on RD, at all temperatures. For SK males n=18 per diet at
32°C and 46°C, and n=6 per diet at 52°C.
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Figure 3.
Effect of diet on number of licks (A) and duration per facial contact (B) in C57 males when
water is the reward. When water was used as a reward, we no longer observed a significant
diet effect. There was a significant effect of temperature on the number of licks and on the
duration per facial contact. Sample sizes were as follows: for testing at 37 and 46°C, n = 16
on RD and n = 23 on HFD. For testing at 52°C, n = 8 on RD and n = 15 on HFD.
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Figure 4.
Effect of sex on number of licks (A) and duration per facial contact (B) in HFD or RD C57
mice after 16 weeks on the diet. There was no effect of sex on the number of licks in C57
mice (A). There was only an effect of sex on the duration per facial contact at 32°C in HFD
C57 mice (B). * p<0.05 between sexes at the indicated temperature and diet group. Sample
sizes were as follows: RD Males n = 11, RD Females n = 12, HFD Males n = 7, and HFD
Females n = 11.
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Figure 5.
Effect of diet on number of licks (A) and duration per facial contact (B) after 2 or 16 weeks
on the diet. There was no effect of time on diet, but a significant effect of diet on the number
of licks at all temperatures tested (A). There was only a significant effect of time on diet on
the duration per facial contact in the high fat diet group at 46°C, and a significant effect of
diet on duration per facial contact at 32 and 46°C after either 2 or 16 weeks on the diet (B). #
indicates a significant difference, p<0.05, between mice on HFD for 2 or 16 weeks. *
indicates a significant difference, p<0.05, between diets after either 2 or 16 weeks on diet at
the indicated temperatures. Sample sizes were as follows: C57 mice on RD for 16 weeks n =
23, mice on RD for 2 weeks n = 16, mice on HFD for 16 weeks n = 18, and mice on HFD
for 2 weeks n = 18.
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Figure 6.
Effect of diet on motivation towards reward solutions (milk or 30% sucrose) in the absence
of facial stimulation. The number of licks for either reward were significantly lower in the
HFD mice ( n = 9) than the RD mice (n =7). RD mice also exhibited a significantly lower
number of licks with 30% sucrose than milk reward. Data from these mice (2 weeks on diet)
are also depicted in Fig.5. **p<0.01 and ***p<0.001
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