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Abstract

Migraine affects predominantly women. Furthermore, epidemiological studies suggest that obesity
is a risk factor for migraine and this association is influenced by sex. However, the biological basis
for this bias is unclear. To address this issue, we assessed light avoidant behavior, a surrogate of
photophobia, in female C57BL/6J mice fed regular diet (RD) or high fat diet (HFD, 60% kcal
from fat). We first assessed sex differences in basal photophobia in 20-25 week old mice and
found that both obese and lean females spent significantly less time in light than their male
counterparts. Next, we assessed photophobia evoked by trigeminal stimulation with intradermal
capsaicin. Females at 20-25 weeks of age did not display capsaicin-evoked photophobic behavior
unless they had diet-induced obesity. When we tested 8-11 week old females to determine if the
diet alone could be responsible for this effect, we found that both HFD and RD 8-11 week old
females exhibit capsaicin-evoked photophaobic behavior. This is in contrast to what we have
previously shown in males and indicates a sex difference in the photophobic behavior of mice.
Comparison of 20-25 week old RD mice with 8-11 week old RD mice suggests that age or age-
related weight gain may contribute to capsaicin-evoked photophobic behavior in males, but not in
females. These findings suggest that obesity exacerbates photophobia in both sexes, but additional
work is needed to understand the sex- and age-specific mechanisms that may contribute to
photophobia and trigeminal pain.

Keywords
diet induced obesity; sex; photophobia; trigeminal; migraine; capsaicin

Migraine is a common and debilitating disorder that affects 36 million Americans. The
prevalence of migraine is particularly high, between 20-28%, in women during reproductive
years (Lipton et al., 2001; Buse et al., 2013). Furthermore, women report migraine
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symptoms, such as photophobia, more often than men (Lipton et al., 2001; Buse et al.,
2013). Epidemiological studies have found that obesity increases the odds of having
migraine, with the strongest association among women and individuals of reproductive age
(18-50 years) (Peterlin et al., 2010; Peterlin et al., 2013). Despite these findings, we do not
know how obesity interacts with female sex to influence the manifestation and progression
of migraine.

Overall, the studies addressing sex differences in animal models of migraine have found that
females are more sensitive to stimulation of the trigeminal system, which is critical to
migraine pathophysiology. This has been demonstrated with respect to susceptibility to
cortical spreading depression (Brennan et al., 2007), activation of dural afferents by
inflammatory mediators (Scheff and Gold, 2011), and migraine-like behavior in response to
chronic dural application of inflammatory mediators (Stucky et al., 2011). Sex differences
also exist in the expression levels of signaling molecules thought to be involved in migraine
pathophysiology, including calcitonin gene-related peptide and its receptor components
(Stucky et al., 2011) and serotonin-synthesizing enzymes (Asghari et al., 2011). How
obesity may influence any of these sex differences has not been investigated. Furthermore,
how these differences contribute to aspects of migraine other than headache, like
photophobia, also remains unknown.

Several studies have recently elucidated mechanisms contributing to migraine-related
photophobia using rodent models (Recober et al., 2009; Noseda et al., 2010; Okamoto et al.,
2010; Recober et al., 2010; Dolgonos et al., 2011; Kaiser et al., 2012), but only one study
assessed both sexes (Recober et al., 2009). While no sex differences in photophobic behavior
were found in the human Receptor Activity Modifying Protein 1 (RAMP1) transgenic mice
(Recober et al., 2009), this should be verified in wildtype mice and in other experimental
paradigms. This is especially important since photophobia occurs more frequently in women
than men and seems to change with age among migraine patients (W&ber-Bingol et al.,
2004; Buse et al., 2013; Bolay et al., 2015).

In this study, we sought to characterize light avoidance, a surrogate measure of photophobia,
in female mice, with and without diet-induced obesity, a broadly accepted obesity model.
This builds on our previous work in male mice where we found that obesity enhances basal
photophobic behavior and lowers the stimulus required to evoke photophobia (Rossi et al.,
2016). While light aversion is worsened in both sexes by diet-induced obesity, our current
findings suggest that sex may interact with age to modulate this behavior differently in males
and females across the life span.

Experimental Procedures

Animals

Female C57BL/6J mice bred in our colony were randomly assigned to and maintained on
either a regular chow diet (RD; Teklad) or a 60% high fat diet (HFD; Research Diets Inc.
#D12491) from weaning (3-4 weeks of age). To evaluate photophobic behavior before and
after the induction of obesity, a cohort of mice was tested at 8-11 weeks of age and a
different cohort was tested at 20-25 weeks of age. Females are sexually mature at 8 weeks of
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age, and do not exhibit anestrus until 49 weeks of age (Felicio et al., 1984). The weights of
the mice at weaning and during testing are presented in Table 1. We chose to test two
cohorts rather than one cohort at different ages to limit the injections of capsaicin to one per
whisker pad to avoid desensitization of nociceptors. All mice were maintained on a standard
12-hour light-dark cycle (lights on at 06:00), with food and water available ad /ibitum.

For comparison, we are showing data from male mice derived from the same colony that
have been previously published (Rossi et al., 2016). The 8-11 week old males (RD n =17,
HFD n =17) and females (RD n = 15, HFD n = 17) consisted of three smaller batches (n =
3-8 mice/diet and sex in each batch) tested together each baseline and post-treatment testing
day. The 20-25 week old females (RD n = 49, HFD n = 49) consisted of five smaller batches
used for baseline evaluation in Fig. 1 (RD: n = 6-11 mice/batch; HFD: n = 8-14 mice/
batch). Two of these five batches (RD n = 21; HFD n = 24) also received post-treatment
testing, but were not tested with males in the same day. All protocols were approved by the
University of lowa IACUC and were conducted in accordance with The Guide for the Care
and Use of Laboratory Animals (NIH Publication No. 80-23, revised 1996).

Light Avoidance Assay

Photophobia is a key clinical feature of migraine and light avoidance in mice can be a useful
tool to evaluate mechanisms underlying migraine-related photophobia (Recober et al., 2009;
Recober et al., 2010; Markovics et al., 2011; Kaiser et al., 2012; Chanda et al., 2013). Here
we assessed light avoidance in mice as previously described (Rossi et al., 2016), using a
modified commercially available apparatus (Med Associates) where mice are given a choice
between light and darkness. To avoid the potential anxiety-inducing effects of the clear walls
and open top on the lit side, we covered the walls of the chambers with black opaque foam
panels and the top with clear Plexiglas to allow illumination of that side while being
enclosed like the dark side. The light source in each box was a custom built array of LED
lights affixed to the ceiling over light side of the testing chamber. All the arrays were
controlled by a single dimmer with different settings and we always used the same setting
for the light intensity. For these studies, the intensity was 775 + 27 lux, while the light levels
in the home cage was between 88-110 lux.

Mice were always placed first in the lit compartment and allowed to freely move between
the lit and dark compartments for the duration of the test (20 minutes). Mice acclimated in
the testing room for at least an hour prior to testing, with food available ad /ibitum in their
cages. Six mice could be tested simultaneously in a 20 minute testing session, and a
maximum of 26 mice (range 17-26) were tested in one day between 09:00 and 13:30, during
the light cycle. All mice were tested twice to establish a baseline prior to any treatment.
Baseline and post-treatment tests occurred on different days. Post-treatment tests were
separated by five to eight days (see "Induction of Photophobic Behavior" below). The
second baseline was used to compare with post-treatment behavior tests.

We measured the percentage of time that mice spend in the lit compartment (% time in
light), as well as several locomotor parameters. These parameters included percentage of
time spent resting (“% resting”), percentage of time spent moving (“% moving”), and the
distance travelled divided by the time spent in each compartment (cm/time in zone).
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"Resting" is defined by the Med Associates software as a lack of adjacent beam breaks
detected within 500 ms from the last detected beam break. The program is also capable of
defining time spent in "stereotypic movement", representing smaller movements (e.g.
grooming, sniffing, etc). However, to adequately identify the nature of these movements
video recording would be required. This outcome is not included here because it lacks
sensitivity and we have not found it to be significantly different between diets or after
treatments. Because of the distinction between resting and stereotypic movement, the
percentage of time resting and percentage of time moving are about 1-2% short of 100%
when added together for the indicated zone.

Induction of Photophobic Behavior with Capsaicin

Five to eight days after baseline testing in the light avoidance assay, each mouse was treated
with vehicle (5% each ethanol and Tween80 in phosphate buffered saline, PBS) by injection
into one whisker pad using an injector attached to a Hamilton syringe. The injector is made
from a 30 gauge needle removed from its hub and epoxied to PE 20 tubing, which fits tightly
over the end of the cemented needle on a gastight Hamilton syringe (1701). Unanesthetized
animals were manually restrained to receive whisker pad injections. Mice were tested in the
light avoidance assay 18-20 hours after the treatment. Five to eight days after receiving
vehicle, mice were treated with 0.01% capsaicin in the opposite whisker pad and tested
18-20 hours later. After another waiting period of five to eight days, this process was
repeated with 0.1% capsaicin. Thus, each animal received capsaicin once on each side. All
mice received these treatments in the order indicated (vehicle, 0.01% capsaicin, and 0.1%
capsaicin) between 15:00 and 17:00 in a different location than the testing room. Mice
acclimated in the room 40-60 minutes prior to being handled for injections and were
returned to the housing space once all injections were completed.

We chose to test the mice 18-20 hours after capsaicin for the following reasons: (1) to allow
mice time to recover from the stress of the injection and acute pain, (2) to ensure that
animals would not be actively engaging in acute nocifensive grooming, and (3) to match the
timing of testing and light exposure to morning measurements as done for baseline and
previous studies.

Statistical Analysis

To evaluate the effect of sex and diet on basal light aversion, we used two-way ANOVAs and
post-hoc Tukey's tests. To evaluate the effect of diet and treatment on light aversive behavior
in females, we used two-way ANOVAs with repeated measures and post-hoc Sidak tests. All
treatment post-hoc tests compared all other conditions (baseline, 0.01% and 0.1% capsaicin)
to vehicle. Repeated measures two-way ANOVA was used to assess age and treatment
effects in females but repeated measures could not be used for males. For all tests, p < 0.05
was considered significant and Prism (v.6, Graph Pad) was used to analyze the data.
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Results

Female mice spend less time in light than males

First we sought to characterize light avoidance in female mice and the effects of high-fat diet
induced obesity on this behavior. In this cohort, the average total body weight of the HFD
group was 14.8 g higher than the RD group (Table 1). HFD and RD 20-week old female
mice spent about 7% less time in light than their male counterparts at baseline (Diet: F1 247
=16.91, p < 0.0001; Sex: F1 247 = 17.96, p < 0.0001; Interaction: Fy 247 = 0.009, p = 0.92).
Furthermore, diet-induced obesity in females also produced a 7% decrease in basal time in
light, which trended towards significance (p = 0.0531) (Fig 1A). In contrast with males, a
strong preference for the dark was seen in females in both diet groups (Fig. 1B). Among
obese mice on HFD, 70% of females spent less than a third of the time in the light compared
with 10% of males (Fig. 1B). Among lean mice on RD, 43% of females versus 3% of males
spent less than one third of the time in the light (Fig. 1C). This indicates that females are
more photophobic than males at baseline and that diet-induced obesity in either sex
enhances this behavior.

Obese 20-25 week old females spend less time in light in response to capsaicin

We previously found that HFD induced obesity lowered the threshold of capsaicin-evoked
photophobia in male mice (Rossi et al. 2015). Obese HFD females at 20-25 weeks of age
spent significantly less time in light after 0.1% capsaicin as compared to vehicle (Fig. 2A)
(Treatment: F 3 117 = 7.82, p < 0.0001; Diet: Fq 39 = 7.184, p = 0.0107; Interaction: F 3 117 =
1.919, p = 0.1303). Lean RD females at 20-25 weeks of age did not spend less time in light
after capsaicin. This suggests that obesity increases susceptibility to capsaicin-evoked
photophobic behavior in 20-25 week old female mice.

Lean 8-11 week old females spend less time in the light in response to capsaicin

Next we investigated the possible contribution of the high-fat diet itself independently from
obesity. For this we used a different cohort of female mice that were fed HFD or RD and
were tested at 8-11 weeks of age. At this age, the HFD group was only 5.4 g heavier than the
RD group (Table 1). We found no effect of diet on photophobic behavior at any testing point.
However, both HFD and RD females spent significantly less time in light following
capsaicin injection as compared to vehicle (Fig. 2B) (Treatment: F 3 g9 = 17.24, p < 0.0001,;
Diet: F 1 30 = 0.2385, p = 0.6289; Interaction: F3 oo = 0.9264, p = 0.4314). Taken together,
these findings suggest that young females (8-11 week old) are susceptible to capsaicin-
evoked photophobia and that this is not affected by high-fat diet. This pattern is the opposite
of what we observed in lean males, who did not develop capsaicin-evoked photophobia in
young adulthood, but did at 20-25 weeks of age (Rossi et al., 2016).

Capsaicin-evoked photophobia is associated with decreased locomotor activity in the
dark
Our previous findings in males suggest that capsaicin-evoked photophobia is accompanied
by reduced locomotor activity only in the dark compartment (Rossi et al., 2016). Among
females, we also found that locomotor activity in the dark, but not the light, was significantly
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affected by capsaicin injection (Table 2, Fig. 3). While there were significant overall
treatment effects in the light compartment on % time moving and cm/second in the 20-25
week old females (Table 2), post-hoc tests indicate that there was no difference between
vehicle and either dose of capsaicin. Therefore, capsaicin had no effect on locomotor
parameters in the light compartment. The reduced locomotor activity in the dark after
capsaicin treatment was especially pronounced in the 8-11 week old females, who exhibited
a greater degree of capsaicin-induced photophobia. Post-hoc tests revealed that 8-11 week
old HFD mice moved significantly slower after both 0.01% and 0.1% capsaicin as compared
to vehicle (Fig. 3F), and RD mice rested more, moved less, and slower after 0.1% capsaicin
treatment as compared to vehicle (Fig. 3B,D,F). The only significant effects of treatment and
treatment by diet interactions observed in the light compartment were seen in the 20-25
week old RD females, who spent more time moving and moved faster at baseline than after
vehicle or either dose of capsaicin (Table 2, Fig. 3C,E).

A significant effect of diet on movement in the dark was also present in both age groups
(Table 2). As one might expect, the obese 20-25 week old HFD females move less and
slower than RD females, with post-hoc differences observed at baseline (percent time
moving and distance travelled relative to time in that zone (cm/s), Fig. 3C,E) and after 0.1%
capsaicin treatment (percent time moving, Fig. 3C). However, 8-11 week old HFD females
actually moved slightly more than the RD females, with post-hoc differences observed at
baseline for all parameters (Fig. 3B,D,F), and in percentage of time resting after 0.1%
capsaicin treatment (Fig. 3B). Taken together, these data suggest that not only do female
mice spend more time in the dark compartment after capsaicin treatment, they also move
less while on that side. Furthermore, obesity causes this effect to persist in older female
mice. Importantly, HFD and RD mice move similarly in the light compartment, suggesting
that there are no diet- or obesity-related locomotor deficits driving the photophobic behavior.

Obesity, not ageing, exacerbates photophobic behavior in both sexes

Since we had to allow several months for the development of diet-induced obesity, we felt
that it was important to control for possible effects of ageing. To distinguish the relative
contribution of age and obesity to our findings, we compared the two cohorts of mice (20-25
versus 8-11 weeks of age) on each of the diets. At 20-25 weeks of age, HFD females and
HFD males weighed 12 g and 13 g more than sex-matched 8-11 week old HFD mice,
respectively. In contrast, 20-25 week old RD females and RD males only weighed 3 g and
4.5 g more than sex-matched 8-11 week old RD mice, respectively. In both females and
males, 20-25 week old mice on HFD spent less time in the light than 8-11 week old mice on
HFD (Fig. 4A, Females: significant effect of age, F 1 35 = 12.22, p =0.0013; Fig. 4B, Males:
significant effect of age, F 1 276 = 27.26 p < 0.0001). For HFD females, this was evident
from baseline and after all injections; 20-25 week old HFD females spent 8-12% less time
in light than 8-11 week old HFD females (Fig. 4A). For HFD males, this was evident only
after injections; 20-25 week old HFD males spent 9-14% less time in light than 8-11 week
old HFD males (Fig. 4B). This indicates that both female and male HFD mice at 20-25
weeks old are more photophobic than their 8-11 week old counterparts.
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Among RD mice, age-related effects differed between the sexes. As noted above, RD
females in the 8-11 week old cohort exhibited capsaicin-evoked photophobic behavior, while
20-25 week old RD females did not (Effect of age: F 1 34 = 0.2496, p = 0.6206; age by
treatment interaction: F 3 192 = 3.784, p = 0.0128, Fig. 4C). At 20-25 weeks of age, RD
males spent about 7% less time in light on average than 8-11 week old RD males (Effect of
age: F 1 57 = 14.14 p = 0.0002), but there were no post-hoc differences between the two age
groups at baseline or after injections (Age by treatment interaction: F 3 257 = 0.1613 p =
0.9223, Fig. 4D). As indicated above and previously (Rossi et al 2015), all groups exhibit
significant effects of treatment (HFD females: F 3 105 = 21, p < 0.0001, HFD males: F 3 576 =
3.45p =0.0171, RD females: F 3 192 = 7.148, p = 0.0002, RD males: F 3 257 = 5.067 p =
0.002). Taken together, these findings indicate that among the RD cohort, males and females
have the opposite pattern of age-related response to capsaicin. This may suggest that sex and
age interact to influence photophobic behavior.

Age does not affect decreased locomotor activity associated with capsaicin-induced
photophobia

We also compared locomotor data for the two age cohorts of each diet in females, and found
that 20-25 week old HFD females moved less and slower in the dark compartment as
compared to their younger counterparts (Table 3, Fig. 5, solid lines). There were no
differences between the HFD age groups in the light compartment under any treatment
condition (Table 3, Fig. 5, dotted lines). In contrast, the only difference in dark compartment
locomotion of the RD age groups occurred at baseline for the distance travelled relative to
the time spent in that zone. The 20-25 week old RD mice had higher locomotor activity in
the light compartment than their younger counterparts at baseline and after vehicle treatment
(Fig. 5, dotted lines). As noted previously, a significant effect of capsaicin on locomaotion in
the dark compartment was apparent only in the cohorts that exhibited reduced time in light
after capsaicin (8-11 week old RD and both age cohorts of HFD mice). Specifically, after
0.1% capsaicin 8-11 week old RD females rested more and moved less. This was also true of
HFD 20-25 week old females, who also travelled less distance relative to the time spent in
the dark compartment after 0.1% capsaicin. While 8-11 week old HFD females exhibited a
significant reduction in distance travelled relative to the time spent in the dark compartment,
they did not exhibit significant changes in time spent resting or moving after capsaicin.
Overall, this suggests that obesity, rather than diet or ageing, drive the decreased locomotor
activity in the dark compartment associated with capsaicin-induced photophobia. Obesity
does not affect locomotor behavior in the light compartment.

Capsaicin-evoked photophobia occurs in young females but not males

Our comparison of the age cohorts suggested that there may be some age-dependent
differences between females and males in their response to capsaicin. Therefore, we directly
compared the sexes within each diet and age group (Fig. 6). We found that there was a
significant effect of sex in the RD group in both age cohorts (8-11 weeks: Fq 29 = 7.822, p =
0.0091; 20-25 weeks: F 1 277 = 6.351, p = 0.0123). However, in the HFD group, we only
observed a sex effect in the 20-25 week old cohort (F 1 2gg = 7.847, p = 0.0054) but not in
the 8-11 week cohort (F1 32 = 2.162, p = 0.1512). We found a significant sex by treatment
interaction in both diet groups but only in the 8-11 weeks cohort (HFD: F3 3, = 3.857,p =
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0.0118; RD: F 3 g7 = 3.417, p = 0.0208), not in the 20-25 weeks cohort (HFD: F3 35 =
0.01168, p = 0.9983; RD: F 3 277 = 1.136, p = 0.3349). Overall, this indicates that 8-11
week old females respond to capsaicin, while males do not, which is true for both diets. In
the 20-25 week old cohort, females spend less time in light than males in general, but do not
exhibit an enhanced response to capsaicin. In contrast to males, young female mice in both
diet groups display capsaicin-evoked photophobia.

Discussion

Sex-related differences are well established in migraine. Importantly, sex and age may also
influence the known association between obesity and migraine (Peterlin et al., 2010; Peterlin
et al., 2013). Here we characterized photophobic behavior in obese and lean female mice
and compared them with our findings in males (Rossi et al., 2016). These experiments in
females and males were conducted simultaneously. The main findings of this study are: (1)
Overall, female mice were more photophobic than males, independent of obesity; (2) Young
females were susceptible to capsaicin-evoked photophobic behavior, which did not occur in
age-matched males (Rossi et al., 2016); (3) High fat diet without obesity did not affect
photophobic behavior in either sex; and (4) Capsaicin-evoked photophobia is very
consistently accompanied by reduced locomotor activity in the dark compartment, while
movement in the light compartment remains unchanged. This indicates that obesity-related
locomotor deficits cannot explain the photophobic behavior. Taken together, these findings
suggest that sex plays an important role in photophobic behavior and that obesity is an
exacerbating factor in both sexes.

Overall, these findings are consistent with our previous study examining the acute effect of
capsaicin on the activation of second order neurons in the trigeminal nucleus caudalis (Rossi
et al., 2013). The acute response to a single whisker pad injection with 0.01% capsaicin, was
similar in males and females at 20 weeks of age for both diet groups (Rossi et al., 2013). We
do not have any information regarding c-Fos expression in 8-11 week old males and females
following acute injection of capsaicin to compare with the sex difference seen in
photophobic behavior. Additionally, c-Fos immunoreactivity was measured after a single
capsaicin injection and in the current study we used an alternating and escalating scheme of
treatment. Thus, it is possible that some of the differences reported here could be mediated
by sex-related differences in response to the repeated injections, although we tried to avoid
this by alternating sides and allowing for recovery periods.

Independent of diet and obesity, sex-specific differences in pain processing could explain
our observation that female mice are more photophobic than male mice. A greater degree of
peripheral and central sensitization in females has been suggested in the literature. Human
studies indicate that women have a greater pain response to intradermal capsaicin than men,
indicating greater peripheral sensitization (Gazerani et al., 2005; Gazerani et al., 2007), and
a larger area of secondary hyperalgesia, indicating central sensitization (Jensen and Petersen,
2006; Gazerani et al., 2007). Sex differences in nocifensive responses to intraplantar
capsaicin have also been noted in rats (Lu et al., 2009). Multiple studies have shown
differences in endogenous pain inhibition between males and females (Linnman et al., 2012)
(Craft et al., 2004; Loyd and Murphy, 2014). Future work will determine to what extent
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sensitization versus lack of inhibition may be contributing to capsaicin-evoked photophobic
behavior in mice.

Our findings mirror some clinical observations regarding migraine and photophobia across
the life span of men and women. Adult women experience longer migraines and a greater
incidence of photophobia than men (W&ber-Bingél et al., 2004; Bolay et al., 2015).
Moreover, there is a relationship between age and the occurrence of photophaobia in women.
Photophobia is most prevalent in women during reproductive years (Waober-Bingol et al.,
2004), but seems to decline after the age of 50 (Bolay et al., 2015). We found age-dependent
differences in the lean RD cohorts. Young females are more susceptible to capsaicin-evoked
photophobia than old females. In contrast, young males are less susceptible than old males.
There are several potential explanations for this. Photophobia is assessed 20 hours after the
facial capsaicin injection in our experimental paradigm, which does not allow us to
determine the exact onset and resolution of photophobia. It is possible that the duration of
capsaicin-induced photophobia is shorter in older female mice. It is also possible that older
females require a higher dose of capsaicin. The answer to these questions may provide
insight into the mechanisms involved in initiating and suppressing photophobic behavior.

Clinical studies suggest that obesity specifically increases the odds of having migraine in
adults within a reproductive age range (18-50 years), and that this effect is more pronounced
in women (Peterlin et al., 2010, Peterlin et al., 2013). It is not clear how obesity specifically
impacts the presentation of photophobia, but obese migraineurs report photophobia and
phonophobia more frequently than non-obese migraineurs (Bigal et al., 2006; Winter et al.,
2009). We found that obesity increases photophobic behavior in both sexes. Possible
explanations for the effects of obesity on photophobia include sex hormone abnormalities,
low-grade inflammation, or a combination of these. A limitation of our study is that we did
not measure sex hormones and cannot speculate whether they were abnormal. The
bidirectional influences of obesity and sex hormones in both sexes are well established
(Tchernof and Després, 2000). Thus, obesity-related changes in hormones may have an
impact on their effects on nociception or the neural substrates involved in photophobia. It
will be important to assess sex hormones in future studies investigating the relationship
between obesity and migraine. Obesity is also associated with low-grade inflammation
(Ghigliotti et al., 2014; Vieira-Potter, 2014). It is well established that injury-related
inflammation contributes to peripheral and central sensitization (Ren and Dubner, 2010), so
it is possible that inflammation caused by obesity may alter nociceptive tone in a similar
fashion. Ongoing research in our laboratory is addressing these questions.

Conclusion

In summary, we found sex differences in basal and capsaicin-evoked photophobic behavior
that changed with age. Overall, female mice appear to be more sensitive to light.
Furthermore, obesity enhanced this behavior in both sexes. This study provides a first step
towards a better understanding of how sex, age, and obesity may interact to modulate
trigeminal sensory processing across the life span. Given the current epidemic of obesity and
the high prevalence of migraine and other headache disorders, further research in this area is
crucial for the development of patient-tailored therapies for migraine.
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Female mice are more photophobic than male mice.

Young female but not male mice are susceptible to capsaicin-evoked
photophobia.

Obesity enhances capsaicin-evoked photophobia in female and male mice.
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Fig. 1.
Effects of sex and diet on basal time spent in light in mice at 20-25 weeks of age. (A)

Baseline percentage of time spent in light for HFD (black bars) and RD (white bars) females
(n = 49/diet) and males (n = 74-80/diet). (B) Histogram stratifying the distribution of HFD
female (n = 49, white bars) and male (n = 80, black bars) mice based on the percentage of
time in light at baseline. (C) Histogram stratifying the distribution of RD female (n = 49,
white bars) and male (n = 74, black bars) mice based on the percentage of time in light at
baseline. *p < 0.05 and **p < 0.01 for indicated comparisons. (Male data has been
previously published and is shown here for direct comparison with females (Rossi et al.,
2016))
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Fig. 2.
Effects of obesity and diet on capsaicin-induced photophobic behavior in female mice. (A)

Female mice on HFD (n = 20) and RD (n = 21) tested at 20-25 weeks of age at baseline and
18-20 hours after vehicle, 0.01%, and 0.1% capsaicin in the whisker pad. (B) Female mice
on HFD (n =17) and RD (n = 15) tested at 8—-11 weeks of age at baseline and 18-20 hours
after vehicle, 0.01%, and 0.1% capsaicin in the whisker pad. **p < 0.01 as compared to
vehicle for HFD females. ##p < 0.01 as compared to vehicle for RD females.
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Fig. 3.
Effects of capsaicin and diet on locomotor parameters for HFD and RD females mice.

Locomotor parameters are % time resting (A, B), % time moving (C, D), and distance
travelled relative to time spent in zone (cm/s spent in zone) (E, F). (A, C, E) Locomotor
parameters in females tested at 20-25 weeks of age at baseline and 18-20 hours after vehicle,
0.01%, or 0.1% capsaicin in the whisker pad. (B, D, F) Locomotor parameters in females
tested at 8-11 weeks of age at baseline and 18-20 hours after vehicle, 0.01%, or 0.1%
capsaicin in the whisker pad. For each diet (HFD = triangles and RD = squares) the
locomotor parameters in the dark are indicated by solid lines and in the light are indicated by
dotted lines. HFD: *p < 0.05, **p < 0.01, ***p < 0.0001 as compared to vehicle. RD: #p <
0.05 and ##p < 0.01 as compared to vehicle. Between diet comparison: +p < 0.05 and ++p <
0.01 for indicated treatment.
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Fig. 4.
Effects of obesity, diet, and age on photophobic behavior in females and males. (A) HFD
females tested at 8-11 weeks of age (n = 17) compared with HFD females tested at 20-25
weeks of age (n = 20) at baseline and 18-20 hours after vehicle, 0.01%, and 0.1% capsaicin.
(B) HFD males tested at 8-11 weeks of age (n = 17) compared with HFD males (n = 28-44)
tested at 20-25 weeks of age at baseline and 18-20 hours after vehicle, 0.01%, and 0.1%
capsaicin (n = 44 in 20-25 week old cohort received baseline, vehicle, and 0.01% capsaicin;
n = 28 received baseline, vehicle, and 0.1% capsaicin). (C) RD females tested at 8-11 weeks
of age (n = 15) compared with RD females tested at 20-25 weeks of age (n = 21) at baseline
and 18-20 hours after vehicle, 0.01%, and 0.1% capsaicin. (D) RD males tested at 8-11
weeks of age (n = 16) compared to RD males tested at 20-25 week old males (h = 29-38)
after baseline and 18-20 hours after vehicle, 0.01%, or 0.1% capsaicin in one whisker pad (n
= 38 in 20-25 week old cohort received baseline, vehicle, and 0.01% capsaicin, n = 29
received baseline vehicle and 0.1% capsaicin). For 20-25 weeks old: *p < 0.05 and **p <
0.01 for the indicated dose of capsaicin as compared to vehicle. For 8-11 weeks old: #p <
0.05 and ##p < 0.01 for the indicated dose of capsaicin as compared to vehicle. Between age
comparison: +p < 0.05 and ++p < 0.01 for the indicated treatment. (Male data has been
previously published and is shown here for direct comparison with females (Rossi et al.,
2016)).
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Fig. 5.
Effects of obesity, diet, and age on locomotor parameters of HFD and RD females mice.

Locomotor parameters are % time resting (A, B), % time moving (C, D), and distance
moved relative to time spent in zone (cm/s spent in zone) (E,F). (A, C, E) Locomotor
parameters in RD females tested at 8-11 weeks of age or 20-25 weeks of age at baseline and
18-20 hours after vehicle, 0.01%, or 0.1% capsaicin in one whisker pad. (B, D, F)
Locomotor parameters in HFD females tested at 8-11 weeks of age or 20-25 weeks of age at
baseline and 18-20 hours after vehicle, 0.01%, and 0.1% capsaicin in one whisker pad. In
each age group (20-25 weeks old = squares and 8-11 weeks old = triangles), solid lines
indicate locomotor parameter for the dark zone and dotted lines indicate the locomotor
parameter for the light zone. For 20-25 week old: *p < 0.05 and **p < 0.01 as compared to
vehicle. For 8-11 week old: #p < 0.05, ##p < 0.01, and ###p < 0.0001 as compared to
vehicle. Between age comparison: +p < 0.05 and ++p < 0.01 for the indicated treatment.
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Fig. 6.

Ef%ects of sex and capsaicin treatment on percent time in light for HFD and RD mice in each
age cohort. (A) Percentage of time in light for females (n = 17) compared with males (n =
17) in the 8-11 week old HFD cohort at baseline and 18-20 hours after vehicle, 0.01%, or
0.1% capsaicin in one whisker pad. (B) Percentage of time in light for females (n = 20)
compared with males (n = 28-44) in the 20-25 week old HFD cohort at baseline and 18-20
hours after vehicle, 0.01%, or 0.1% capsaicin in one whisker pad. (C) Percentage of time in
light for females (n = 15) compared with males (n = 16) in the 8-11 week old RD cohort at
baseline and 18-20 hours after vehicle, 0.01%, or 0.1% capsaicin in one whisker pad. (D)
Percentage of time in light for females (n = 21) compared with males (n = 29-38) in the
20-25 week old RD cohort at baseline and 18-20 hours after vehicle, 0.01%, or 0.1%
capsaicin in one whisker pad. For males: *p < 0.05 and **p < 0.01 as compared to vehicle.
For females: #p < 0.05, ##p < 0.01, and ###p < 0.0001 as compared to vehicle. Between sex
comparison: +p < 0.05 and ++p < 0.01 between the sexes for the indicated treatment. (Male
data has been previously published and is shown here for direct comparison with females
(Rossi et al., 2016)).

Neuroscience. Author manuscript; available in PMC 2017 September 07.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Ro

Weights of different age and diet groups of female mice at weaning (3—4 weeks old) and testing.

ssi et al.

Table 1

Weaning Testing
Cohort Age Diet Mean SEM Mean SEM n
8-1lweeks HFD 954 046 o549™** 064 17
RD 8.63 055  20.09 034 15
20-25weeks HFD 1022 028 g37g7*** 085 49
RD 9.78 021 2311 0.44 49

Aok

*
p<0.0001 HFD vs RD
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Effect of diet, treatment and their interaction as determined by 2-way ANOVAs of locomotor parameters for

8-11 and 20-25 week old females analyzed separately (Figure 3). Only overall effects, as calculated by

ANOVA, are reported here. See figure 3 for post-hoc comparisons and specific capsaicin effects compared to

vehicle
Diet effects Treatment effects Interaction
Zone  Parameter 20-25 week (Fy39) 8-11week (F130) 20-25 week 8-11 week (F3g0) 20-25 week 8-11 week (F390)
(F3,117) (F3,117)
Dark % resting 7.064 * 6.298 * 18.91 *AK 37.07 FAE 0.6701 1.55
%moving 1 76™* 65217 10.59 28.927 0.896 216
cm/s in zone 12.71 *x 6.272 * 8.350 xAX 23.06 HAA 1.282 0.6765
Light 9% resting 0.03297 3.301 4.492%" 3.080 % 35137 0.7563
% moving 0.004705 6.051 % 2.502 0.3123 43747 1.319
cm/s in zone 0.1913 7.66 *x 4229** 0.1461 4.641 *x 1.939
*
p <0.05,
Hk
p <0.01,
Ak
p <0.0001
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Table 3

Effect of age, treatment and their interaction as determined by 2-way ANOVASs of locomotor parameters for
RD and HFD females analyzed separately (Figure 5). Only overall effects, as calculated by ANOVA, are
reported here. See figure 5 for post-hoc comparisons and specific capsaicin effects compared to vehicle

Age effects Treatment effects Interaction

Zone Parameter RD (Fi3s) HFD(Fi3s) RD(Fzi02) HFD (F3105) RD (Fz102) HFD (F3105)

Dark % resting 1.409 13.84%% 19.96 30.7377% 0.8416 1.554
%moving  3.422 17.48™ 1028 31.96™*F 0.9473 35397
cm/sinzone 2.839 19.6 7 726" 20.01 1.25 2.685

Light % resting 3.775 0.07309 55517 1.69 4.057% 0.496
% moving 4.4297 0.07209 2.323 0.4251 3.344° 1.451
cm/sinzone 3.729 0.2754 27247 0.9875 4.0267° 1.864

*
p <0.05,
Aok
p <0.01,
Ak
p <0.0001
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