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As cancer progresses, its impact should manifest in the foraging behavior of its
host much like the effects of endo-parasites that hinder foraging aptitudes and risk
management abilities. Furthermore, the lifestyle of the host can impact tumor growth
and quality of life. To approach these questions, we conducted novel experiments
by letting C57BL/6 laboratory mice, with or without oral squamous cell carcinoma,
free range in a large outdoor vivarium. Our goals were to: (1) determine whether
one could conduct experiments with a mouse model under free range conditions,
(2) measure effects of cancer burden on foraging metrics, (3) compare tumor growth
rates with laboratory housed mice, and (4) begin to sort out confounding factors
such as diet. With or without cancer, the C57BL/6 laboratory mice dealt with natural
climatic conditions and illumination, found shelter or dug burrows, sought out food from
experimental food patches, and responded to risk factors associated with microhabitat
by foraging more thoroughly in food patches under bush (safe) than in the open (risky).
We quantified foraging using giving-up densities of food left behind in the food patches.
The mice’s patch use changed over time, and was affected by disease status, sex, and
microhabitat. Males, which were larger, consumed more food and had lower giving-
up densities than females. Relative to cancer-free mice, mice with growing tumors
lost weight, harvested more food, and increasingly relied on patches in the bush
microhabitat. The tumors of free-ranging mice in the vivarium grew slower than those of
their cohort that were housed in mouse cages in animal facilities. Numerous interesting
factors could explain the difference in tumor growth rates: activity levels, stress, weather,
food intake, diet, and more. To tease apart one of these intertwined factors, we found
that tumors grew faster when mice in the laboratory were fed on millet rather than
laboratory mouse chow. While just a start, these novel experiments and framework show
how free-ranging mice provide a model that can test a broader range of hypotheses and
use a broader range of metrics regarding cancer progression and its consequences for
the host.

Keywords: disease ecology, foraging ecology, foraging aptitudes, risk management, cancer, tradeoffs of food
and safety, tumor growth rates, environmental effects
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INTRODUCTION

Cancer experiments with mice invariably involve very small
spaces (laboratory cages), ad lib food, the simplest of lifestyles,
and little to no habitat heterogeneity. Here we explore the
potential for using mouse model experiments in large outdoor
enclosures or vivaria using the inbred laboratory mouse strain
C57BL/6. This strain dates from 1921 and may be the most
widely used mouse model in research (Festing, 1979; Rao et al.,
1988; Song and Hwang, 2017). We offered each of four groups of
C57BL/6 laboratory mice (male vs. female; and cancer vs. cancer-
free) an outdoor space measuring 8.5 m × 17 m. The results are
promising and instructive with respect to insights into foraging
behaviors, tumor growth rates, and diet.

Experiments in large outdoor enclosures have a long history
in ecological studies. Enclosures have ranged in size from a few
square meters in an indoor setting (e.g., Dice, 1945; Clarke, 1983;
Morris et al., 2017; Mowry et al., 2017), somewhat larger semi-
natural outdoor enclosures of one to several hundred square
meters (e.g., Brown et al., 1988; Kotler et al., 1991; Meagher
et al., 2000; Bär et al., 2020), on up to large natural outdoor
enclosures of one to many hectares (e.g., Abramsky et al., 1991,
1997, Rohner and Krebs, 1996). The subject matters of these
studies are diverse and range from ecological questions such
as food-safety trade-offs, locomotion, and territoriality (Morris
et al., 2017) to evolutionary issues such as body mass and sexual
selection (Meagher et al., 2000).

More recently, semi-natural enclosures have been used to
study both wild-caught and laboratory-bred house mice (e.g.,
Ruff et al., 2017; Phifer-Rixey et al., 2018), including various
“rewilding” experiments with C57BL/6 laboratory mice (Leung
et al., 2018; Cope et al., 2019; Bär et al., 2020; Graham, 2021).
Medically related questions with laboratory mice have included
the role of fungi in immune function (Yeung et al., 2020), the
effects of high levels of sugar consumption on mortality (Ruff
et al., 2013), the role of sex and social organization on rates of
pathogen transmission (Cornwall et al., 2021), and the magnitude
of inbreeding effects (Meagher et al., 2000). Such settings can
measure the performance of mice as an assay for the safety of
pharmaceuticals (Gaukler et al., 2016a,b).

Large outdoor vivaria have shown particular utility in foraging
ecology (e.g., Brown et al., 1988; Kotler et al., 1991, 2010; Embar
et al., 2011). In such experiments, rodents respond to predators
(e.g., owls, snakes, and foxes) by foraging less and shifting
foraging toward safer microhabitats. The vivarium used in the
current study also provided the setting for experiments with wild
gerbils and other desert rodents to address issues ranging from
the interplay of state, time allocation, and vigilance in optimal
foraging decisions over the lunar cycle (Kotler et al., 2010), the
role of sight lines (Embar et al., 2011), and the consequences
of compromise-breaking adaptations in understanding limited
convergence between rodents from different continents (Kotler
et al., 2016). With respect to disease burden, wild-caught
gerbils infected with an endoparasitic bacteria (Mycoplasma
haemomuris-like bacteria) harvested less food, exhibited less
effective anti-predator responses, and were more susceptible to
predation by owls (Makin et al., 2020). Cancer burdens in mouse

models might elicit similar responses. Free-range experiments in
large enclosures represent a scaling down of space when using
wild-caught rodents, whereas they represent a scaling up for
laboratory mice that may not have seen a space larger than a
laboratory cage in 100 or more generations.

In the vivarium, as in many field studies of rodents, foraging
behaviors can be measured using experimental food patches in
which a known amount of seeds is mixed into a substrate that
requires the rodent to dig, search for, and harvest seeds. This
creates diminishing returns: as the patch becomes depleted, the
animal’s harvest rate declines. Eventually, the forager abandons
the patch. The seeds remaining in the patch, the giving-up density
(GUD), can be collected and measured to provide data on the
amount of seeds harvested and the willingness of the forager
to work for additional food. The less food left, the more the
animal was willing to work. The giving-up density declines (more
food harvested) in patches perceived as safer from predation risk,
and for animals that have a higher need for food (Brown, 1988,
1992). Giving-up densities in such food patches can provide both
behavioral enrichments and measures of foraging behavior in the
free-ranging C57BL/6 mice.

C57BL/6 mice free-ranging in the vivarium need to contend
with natural fluctuations in temperature and the need to
thermoregulate. There, they are no longer housed under sterile
or near-sterile conditions. They must spend several hours each
night visiting seed trays and digging through the sand to find
and harvest seeds. The mice in the vivarium must seek shelter
and avoid risky locations. In general, studies reveal that wild-
caught rodents perceive greater predation risk away from cover
vs. under cover (open vs. bush microhabitat) (Brown et al., 1988;
Kotler et al., 1991), have lower giving-up densities in the bush
microhabitat (Brown et al., 1988; Kotler et al., 1991; Kotler and
Blaustein, 1995), and have lower giving-up densities when in a
lower body condition or when experiencing a greater need for
food (Kotler, 1997; Kotler et al., 2004; Berger-Tal and Kotler,
2010; Berger-Tal et al., 2010). Under this more complex lifestyle,
we can test hypotheses for how cancer and its progression
influence food harvest, giving-up densities, and use of open and
bush microhabitats.

Exercise (Zielinski et al., 2004; Jones et al., 2012; Betof et al.,
2015; Idorn and Thor Straten, 2017), food limitation (Lee et al.,
2012; Nencioni et al., 2018), and stress (Grimm et al., 1996;
Thaker et al., 2006; Kokolus et al., 2013) all have been shown
to affect tumor growth rates, generally resulting in slower tumor
growth rates. Free-ranging C57BL/6 mice as compared to their
counterparts remaining in the laboratory will likely exercise
more, contend with food limitation, and experience more and
different forms of stress. To explore this, we compared tumor
growth rates of a cohort of mice that were inoculated with the
same batch of cancer cells on the same day, and then split
into those remaining in the laboratory and those transferred
to the vivarium.

Diet is known to influence tumor growth rates (e.g., Wang
et al., 1995; Rose et al., 1999; O’Neill et al., 2016). To measure
patch use and for consistency with other studies with wild-caught
rodents, we used millet seeds. To initiate this novel and unusual
experiment, the animal care committee allowed us to use millet
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for the free-range mice, but not for those housed in the laboratory
(thus confounding free-range with diet regarding tumor growth
rates). With the successful application of this approach to the
free-range mice, we subsequently received permission to compare
tumor growth rates of laboratory mice fed on mouse chow pellets
or fed on just millet. Millet is lower in protein than the mouse
chow pellets, and high protein diets have been shown to slow
tumor growth in mouse models (Ho et al., 2011) and associated
ketogenic diets (Chung and Park, 2017; Weber et al., 2020).
Alternatively, millet is known to be high in antioxidants, often
seen as anti-tumorigenic (Parohan et al., 2019). In addition to
these alternative hypotheses, millet provides a compelling food
source. Millet is one of the ancient grains associated with the
Fertile Crescent. It is likely associated with the original evolution
and dispersal of the ancestor of C57BL/6 laboratory mice, the
house mouse, Mus musculus domesticus (Cucchi and Vigne,
2006; Cucchi et al., 2020), as well as the house sparrow, Passer
domesticus (Boursot et al., 1993; Whelan et al., 2015). These
animals and their laboratory descendants may be specialists at
consuming cereal grains such as millet.

METHODS

For all experiments, we used C57BL/6 laboratory mice. For cancer
research, they are favored for being permissive of many injected
cancer cell lines while remaining immuno-competent.

Effects of Microhabitat, Sex, and Cancer
on Foraging Behaviors
C57BL/6 mice are being used more frequently within the free-
range contexts of outdoor enclosures to address ecological,
evolutionary, and even medical questions (e.g., Gaukler et al.,
2016a,b; Cope et al., 2019; Bär et al., 2020; Yeung et al., 2020).
With Experiment 1A, we tested whether free ranging, C57BL/6
laboratory mice forage in a manner typical of house mice and
other seed-eating rodents in nature; and we tested for the effects
of cancer on foraging behavior.

Experiment 1A took place in a large, outdoor vivarium
(Figure 1) on the Sede Boker Campus of Ben-Gurion University
of the Negev in Midreshet Ben-Gurion, Israel (30.857274◦N,
34.780942◦E) and Experiment 1B in laboratories located there
and on the Marcus Family Campus of Ben-Gurion University
in Beer Sheva, Israel. Sede Boker is a small rural town of
less than 1,000 inhabitants located on the 90 mm rainfall
isopleth in the Negev Desert. The vivarium is located there
on the desert’s edge. The vivarium is exposed to ambient
conditions, including illumination, humidity, and temperature.
Natural predators in the vicinity include barn owls (Tyto
alba), red foxes (Vulpes vulpes), and Clifford’s desert diadem
snakes (Spalerosophis cliffordi). During the vivarium experiments,
daytime highs averaged 33.56 ± 0.244 (s.e.) ◦C and nighttime
lows 19.59 ± 0.463 (s.e.) ◦C. No precipitation fell then, but dew
occurred on most nights. The vivarium is a rectangular outdoor
enclosure (17 × 34 × 4.5 m high) enclosed with chicken wire
sides and roof. It is also bounded with a rodent-proof wall that
extends 1 m below ground and another 1 m above ground.

FIGURE 1 | The vivarium.

Inside the vivarium, two 1 m tall and 1 m deep walls run east
to west and north to south, respectively. These walls divide the
vivarium into four equally sized 17 × 8.5 m quadrants. We
placed 5 water dishes and three nest boxes in each quadrant.
Mice were free to occupy nest boxes or burrows that they could
either find or dig for themselves. We provided seed resources to
rodents using experimental food patches, and quantified rodent
foraging by measuring GUDs (giving-up densities: the amount
of food left behind in a resource patch after an animal has
stopped feeding from the patch) in these patches. Except for the
seeds that we provided in the food patches, there was little other
food to be found.

Food patches consisted of plastic trays (25× 25× 10 cm) each
filled with 3 l of sifted sand. Before each night of the experiment,
we provisioned each tray with 6 g of millet seeds (11% crude
protein, 4% crude fat, 8.5% crude fiber, total carbohydrates 73%)
mixed thoroughly and randomly into the sand. Each quadrant
received four pairs of trays for a total of 32 patches in the
vivarium. Each pair of trays was separated from the adjacent
pair by approximately 2–3.5 m. The trays within each pair were
placed 1.5 m apart. One tray of each pair was covered by a
low-lying wooden trellis (76 × 60 × 16 cm) covered in black
shade cloth. This tray simulated the bush microhabitat typical of
natural systems. The other tray of the pair was left uncovered and
simulated the open microhabitat.

Most rodent species tested to date, whether in enclosures
or free-living in nature, find the bush microhabitat to be safer
than the open (e.g., Brown et al., 1988; Kotler et al., 1991;
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Longland and Price, 1991). They demonstrate this preference by
harvesting more seeds from and having lower GUDs in trays
placed in the bush microhabitat relative to those placed in the
open microhabitat (e.g., Kotler et al., 1991, but see Brown, 1989
for a reversal of this pattern in the kangaroo rat, Dipodomys
merriami). Prior researchers have shown that both laboratory rats
and laboratory mice have lower GUDs when patches are covered
(Arcis and Desor, 2003; Troxell-Smith et al., 2016). We expected
laboratory mice in the vivarium to exhibit lower GUDs in the bush
than in the open.

Prior to the vivarium experiment, 10 mice each marked with a
uniquely numbered PIT (passive induction transponder) tag were
placed in each quadrant (40 in total) of the vivarium. In two of
the quadrants, all the mice were males; in two of the quadrants,
all were females. This allowed us to test for sex differences in
GUDs. The sex that finds energy more valuable or that feels safer
will have the lower GUD.

To begin the experiment, all mice in two of the quadrants (one
with 10 males; one with 10 females) were injected subcutaneously
with a mouse-derived cancer cell line. The 20 mice in the
remaining two quadrants were injected with saline. The cell line
is derived from 4-Nitroquinoline N-oxide (4NQO) induced oral
squamous cell carcinoma from a male C57BL/6 mouse (Hawkins
et al., 1994; Badarni et al., 2019). We have sequenced and
characterized these cell lines (Elkabets and Prasad, unpublished
data). Prior to injection in the mice, the cell line was grown
and maintained at 37◦C in a humidified atmosphere at 5% CO2
in DMEM media supplemented with 1% l-glutamine 200 mM,
100 units each of penicillin and streptomycin, and 10% FBS.
Cells were routinely tested for Mycoplasma infection and treated
with appropriate antibiotics as needed (De-Plasma, TOKU-E,
D022). For injection, cells were trypsinized and resuspended
in 1X sterile PBS (c. 1 Million cells /injection). We made two
subcutaneous injections per mouse, one in the left and one in the
right flank (100 µl for each injection). In this way, each mouse
developed two localized non-metastatic tumors. The control
group was injected with sterile 1xPBS (100 µl in each side).
All mice in both the experimental group and the control group
were anesthetized for the procedures. Anesthesia was performed
using an intraperitoneal injection of ketamine (80–100 mg/kg)
and xylazine (10–12.5 mg/kg), following which mice were placed
on a heating pad for recovery. Relative to the cancer-free mice,
the cancer mice over time should see an increase in GUDs if their
capacity to forage becomes impaired, or they may show a decrease
in GUDs if they require more seeds to meet metabolic demands.

We quantified tumor volume twice a week by measuring
length (mm) and width (mm) using a caliper and fitting them to
the formula Volume (mm3) = (Length2

×Width × π)/6. At the
conclusion of the experiment, we also weighed final tumor mass.
All animals were weighed weekly. For measurements, we either
captured animals by hand from nest boxes or used Sherman live
traps baited with millet seeds on nights without food patches.
We injected all mice of Experiment 1 with cancer cells or with
saline on 30 July 2020. Following this, we released mice into the
vivarium a day after injection.

For mice in the vivarium, we gave them 2 days after release
to acclimate, after which we began collecting GUD data from

the seed trays on 3 August 2020. Our experience with other
species of rodents indicates that 2 days is sufficient acclimation to
yield reliable data. Each week, for the next 4 weeks, we collected
GUD data on four consecutive days centered on the moon phase
and starting with the full moon. Prior to each night of data
collection, we provisioned each seed tray with millet seeds (6 g).
The following morning, we collected the remaining seeds from
each tray and replenished seeds and sand to their original levels.
We then returned the seeds to the laboratory where they were
dried, cleaned of sand and debris, and weighed to obtain the
GUD for each tray.

We analyzed the GUD data using an ANCOVA, with day
as a covariate and GUD in a patch as the dependent variable
(in grams). The rationale is that the tumors are growing with
time and should change the disposition of the mice with cancer
relative to those without. This will manifest as a day by cancer
treatment interaction. Changes in risk management with time
will manifest as a day by cancer treatment by microhabitat
interaction. Hence, our interest is primarily in the interactions
of group variables with day. The group variables were cancer
treatment (cancer and cancer-free), sex (male and female), and
microhabitat (bush and open). We included in our model the
covariate of day and main effects of sex and microhabitat; the
interaction of sex by microhabitat; the interaction of treatment by
day; the interaction of treatment by sex by day; the interaction of
treatment by microhabitat by day; the interaction of treatment by
sex by microhabitat by day. Interactions of group variables (and
their interactions) with day indicate differences in slopes, or rates
at which GUDs changed per day. The data collection included
the entire lunar cycle, but we did not include moon phase in our
analysis as moon phases are associated with day, which in turn
are associated with tumor growth in the cancer mice. As such,
the effect of moon phase is subsumed in the covariate of day.

Effect of Free-Ranging on Tumor Growth
Rates
Experiment 1B involved measuring the tumor growth rates of
mice housed under standard laboratory conditions. Drawing
randomly from the same set of mice as Experiment 1A and
using the same batch of cancer cells on the same day (30 July
2020), we injected mice that were then kept in two laboratory
locations: Sede Boker (3 males and 3 females) and Beer Sheva
(5 males and 6 females). The Beer Sheva facility maintains SPF
(Specific Pathogen Free) conditions, the Sede Boker facility does
not. Because of the animal care regulations for the SPF conditions
at the Beer Sheva facilities, mice in Beer Sheva could only be
fed sterilized mouse chow pellets. Accordingly, mice in both the
Sede Boker and Beer Sheva laboratories received mouse chow
pellets (Ssnif, Mouse Breeding V1154-300, 22.5% crude protein,
5.5% crude fat, 4.0% crude fiber, 6.0% crude ash, 1.0% calcium,
0.7% calcium). As in Experiment 1A, we quantified tumor volume
twice a week, weighed animals weekly, and, at the conclusion of
the experiment, weighed final tumor masses.

We analyzed the tumor growth rates in a similar manner
as the GUD data. We summed the tumor volume from both
sides of a mouse and then under the assumption of exponential
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tumor growth, we took the natural logarithm of this value as our
dependent variable. For the ANCOVA of the tumor growth rates
measured during Experiment 1 (the vivarium and the concurrent
laboratory trials), day was the covariate, with location (free-range
in the vivarium, Beer Sheva lab, and Sede Boker lab) and sex (male
and female) as group variables.

Effect of Diet on Tumor Growth Rates
In comparing tumor growth rates between mice of Experiments
1A and 1B there is a confounding of diet and location. To test
for effects of a diet of millet or mouse chow pellets on tumor
growth rates, we ran Experiment 2 in the laboratory in Sede Boker
where both millet and mouse chow pellets were permitted. We
began by giving each individual in two groups of mice cancer
as described above. One group then received millet ad lib, the
other mouse chow ad lib. Each group consisted of 6 males and
6 females for a total of 24 mice. We injected mice with cancer
cells as described above on November 30, 2020. We weighed mice
weekly and measured tumor volume twice a week. We ended the
experiment on January 4, 2021, euthanized individual mice, and
then resected, weighed, and preserved tumors.

For tumor growth rates in response to diet, we used the
same ANCOVA as with tumor growth in the three locations, but
with the adjustment that diet (millet and mouse chow pellets)
substituted for location as a group variable. While seemingly
appealing, we did not analyze tumor growth rates from both
experiments together, as each of the two experiments used a
different batch of cultured cancer cells, and batch effects can be
significant (e.g., Karp et al., 2020). The same batch was used for
all mice within an experiment.

For all experiments, we also used ANCOVA (one for each
experiment) to track changes in body mass and the effects of
the group variables, including housing conditions, cancer vs.
cancer-free, and diet, as appropriate.

RESULTS

Effects of Microhabitat, Sex, and Cancer
on Foraging Behaviors
The ANCOVA of the GUDs in Experiment 1A provided a good
fit to the data (r2

= 0.73). As expected, mouse GUDs were
significantly and substantially higher in the open [4.23 ± 0.08
(s.e.) g] than bush [1.72± 0.06 (s.e.) g] microhabitat [MS= 802.1,
F(1, 496) = 1075.2, p < 0.001]. Furthermore, males had
significantly lower GUDs than females: 2.48 ± 0.08 (s.e.) g vs.
3.48 ± 0.11 (s.e.) g [MS = 135.3, F(1, 496) = 181.4, p < 0.001].
Note that males are larger in body mass than females. Males
might also be more territorial than females (more often found
alone in nest boxes rather than in groups), although we did not
quantify this. Overall, males harvested 5.63 g of millet per day per
individual, and females harvested 4.63 g per day per individual.
Rather than consuming all of this, the mice can be expected to
have cached some. Most notably, there is a significant interaction
effect between microhabitat and sex (Figure 2) showing that
the higher GUDs of females relative to males was much more
pronounced in the open than bush microhabitat [MS = 48.5,

FIGURE 2 | Giving-up densities (GUD) of mice in the vivarium according to
microhabitat (bush and open) and sex. Females (F) have lower GUDs than
males (M). All mice had lower GUDs in the bush than the open. Error bars
represent standard errors of the means.

F(1, 496) = 65.0, p < 0.001]. This result suggests that females are
warier of the risky open areas than males (see Kotler et al., 1988,
1991 for experimental evidence showing that differences in GUDs
across microhabitat is caused by predation risk).

There were significant temporal trends in GUDs during the
experiment, during which time the tumors were growing in the
mice with cancer. Overall, GUDs tended to decline with time
at a rate of −0.017 g per day [MS = 10.28, F(1, 496) = 13.78,
p < 0.001]. There was a significant microhabitat by cancer
treatment by day effect [MS = 4.12, F(1, 496) = 5.53, p < 0.02],
showing that a growing tumor burden influenced foraging
behavior. In the bush microhabitat, the GUDs of cancer mice
changed little with time (overall rate of increase of 0.001 g per
day) while that of cancer-free mice increased substantially with
time (0.035 g per day). In the open microhabitat, the GUDs of
both cancer and cancer-free mice declined similarly with time
(−0.050 and −0.057 g per day, respectively), with cancer mice
tending to have higher GUDs than cancer-free mice. While all
mice began to shift more of their foraging toward the open
microhabitat with time (suggesting perhaps a growing sense of
safety), this trend was stronger for the cancer-free mice than
for the cancer mice. This suggests possibly greater divergence in
wariness over the course of the experiment by the cancer mice as
their tumor burdens increased.

There was a significant cancer treatment by sex by day effect
on GUDs [MS= 5.17, F(1, 496) = 6.925, p < 0.01; Figures 3A,B).
For females, cancer and cancer-free mice saw a decline in GUDs
with time, though more strikingly for females with cancer than
those without (−0.034 and −0.013 g per day, respectively). For
males, declines in GUDs with time were less pronounced than
for females, with less difference between cancer and cancer-free
males (−0.016 and −0.009 g per day, respectively). There was a
significant cancer treatment by sex by microhabitat by day effect
[MS= 4.09, F(1, 496) = 5.485, p < 0.02]. It shows that in the open
microhabitat all four groups of mice (cancer treatment by sex)
exhibited nearly identical daily declines in GUDs (Figure 3B),
with GUDs for cancer mice being higher than cancer-free mice.
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FIGURE 3 | Giving-up densities (GUDs) of mice in the vivarium according to cancer treatment, sex, and date. (A) Bush microhabitat. (B) Open microhabitat. Error
bars represent standard errors of the means.

This is suggestive of higher foraging costs for cancer mice. But
in the bush microhabitat, there were striking divergences in
daily trends, with cancer-free males and females showing sharp
increases in GUDs with time, cancer males exhibiting a smaller
increase in GUDs with time, and cancer females showing a
temporal decline in daily GUDs (Figure 3A). By the end of the
experiment, cancer males achieved lower GUDs in the bush than
cancer-free males. This suggests increasing energy demands for
cancer mice relative to cancer free mice.

Effect of Free-Ranging on Tumor Growth
Rates
In Experiment 1 (A and B), both sex and housing conditions
(free-range, Sede Boker facility, and Beer Sheva facility)
influenced tumor growth rates. Mice at all locations started
the experiment with similar tumor volumes (Figure 4B).
Furthermore, the initial tumor volume was larger for males than
females and remained so throughout the experiment [Figure 4A;
M.S. = 9.483, F(1, 256) = 55.6, p < 0.001]. Tumor volume
increased at a rate of 9.4% per day during the experiment
[M.S. = 127.7, F(1, 256) = 748.7, p < 0.001], with similar rates
for males and females. Finally, tumor growth rates differed in
the three locations, with similarly high rates in the laboratory of
10.5% per day in Beer Sheva and 9.7% per day in Sede Boker,
and a much lower rate of 8.0% per day in the free-range vivarium
mice [Figure 4B; M.S. = 1.165, F(1, 256) = 6.83, p = 0.001]. The
growth rate differences between caged facilities and the free-range
vivarium matters. Exponential growth rates of 10% vs. 8% per day
will result in a tumor that is 80% larger after 30 days (20-fold vs.
11-fold increase).

In terms of body mass, males were significantly larger than
females in Experiment 1 (A and B) (23.7 vs. 19.0 g, respectively,

at day zero). For free-ranging mice in the vivarium, those with
cancer declined in body mass over time (−0.024 grams per day)
while those without saw little or no change (−0.006 g per day)
[ANCOVA: significant interaction of cancer treatment with day,
M.S. = 30.89, F(1, 198) = 6.73, p < 0.01)] (Figure 5A). This
occurred despite the mice with cancer increasing their daily food
harvest relative to the cancer-free mice over time. In a separate
analysis, for mice with cancer, those in the laboratory increased
in body mass over the 31 days of the experiment (0.06 g per
day), while as noted, those in the vivarium declined in mass
with time [ANCOVA: significant interaction of location by day,
M.S. = 30.89, F(1, 198) = 6.73, p < 0.01] (Figure 5B). Although
males are heavier than females, the location specific trends were
similar for both sexes (Figure 5A).

During Experiment 1A, one cancer mouse male was found
dead in the vivarium on 17 August and another cancer mouse
male on 20 August. Each was replaced the following day by a
cancer mouse male kept in the laboratory for such purposes.
In addition, a cancer mouse female and a cancer-free female
were killed on 13 August by a snake that managed to enter the
vivarium. The snake was removed and released, and the mice
were replaced on August 14th.

Effect of Diet on Tumor Growth Rates
In Experiment 2 conducted in the Sede Boker facility, diet
significantly affected tumor growth rates. As before, the initial
tumor volume was larger for males than females [M.S. = 0.932,
F(1,210) = 6.058, p < 0.02], and thereafter remained larger as
tumors in males and females grew at the same rate (Figure 6A).
Tumors grew at a rate of 9.3% per day [M.S. = 156.14,
F(1,210) = 1015.7, p < 0.001]. Diet did not affect initial mass,
but did influence tumor growth rates. Mice fed on millet had
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FIGURE 4 | Tumor size (cm3) in the vivarium experiment and concurrent laboratory experiment over time (days). (A) Effect of sex (F, female; M, male). (B) Effect of
Location (BS laboratory, laboratory in Beer Sheva with SPF conditions; SB laboratory, laboratory in Sede Boker; Vivarium, large, outdoor vivarium in Sede Boker).
Error bars represent standard errors of the means.

FIGURE 5 | Body mass (g) of the mice in the vivarium experiment over time (days). (A) Effects of sex (F, female; M, male) and location (Vivarium, Laboratory).
(B) Effects of sex (F, female; M, male) and cancer treatment (Yes, cancer; cancer-free). Error bars represent standard errors of the means.

significantly higher tumor growth rates than mice eating mouse
chow pellets [M.S. = 1.385, F(1, 210) = 9.007, p = 0.003] at 9.8%
per day and 8.8% per day, respectively (Figure 6B). After 30 days,
this difference leads to tumors that are 35% larger in mice fed on
millet than those fed on mouse chow.

In terms of body mass in Experiment 2, like the first
experiment, males were larger than females [23.7 ± 0.4 (s.e.) g
vs. 18.9 ± 0.4 (s.e.) g, respectively, at day zero], and body mass
increased over time for both diet treatments (0.089 g per day),

with a strong trend of mice fed on millet gaining mass at a faster
rate than those fed on mouse chow pellets (0.122 g per day vs.
0.055 g per day, respectively) [ANCOVA: interaction of diet with
day, M.S.= 11.67, F(1, 140) = 3.45, p= 0.065] (Figure 7).

For both Experiments, the final mass of a tumor correlated
tightly with the final measurement of tumor volume [Pearson’s
correlation of 0.932 and 0.882 for the first (n = 67) and second
(n = 48) experiments, respectively]. Recall that each cancer
mouse had two tumors, one on its left flank and one on its right.
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FIGURE 6 | Tumor size (cm3) in the laboratory diet experiment over time (days). (A) Effect of sex (F, female; M, male). (B) Effect of diet (Millet, mice fed on millet
seeds; Pellets, mice fed on mouse chow pellets). Error bars represent standard errors of the means.

FIGURE 7 | Body mass (g) of the mice in the diet experiment for cancer mice fed a diet of either Millet or Mouse Chow Pellets. Error bars represent standard errors
of the means.

At the end of the experiment there was some to no correlation
across mice between the tumors on the right and left flanks
[Pearson’s correlation of 0.526 and −0.017 for the first (n = 34)
and second (n= 24) experiments, respectively].

DISCUSSION

Our goals were to: (1) determine whether one could conduct
experiments with a mouse model under free range conditions,
(2) measure effects of cancer burden on foraging metrics,

(3) compare tumor growth rates with laboratory housed mice,
and (4) begin to sort out confounding factors such as diet.

Effects of Microhabitat, Sex, and Cancer
on Foraging Behaviors
With respect to (1), laboratory mice, despite their pedigree, when
released into the vivarium behaved as expected of wild rodents
(e.g., Kotler et al., 1991). They sought shelter, they explored their
environment, they searched for food and water, they dug through
sandy substrates to harvest the millet seeds, and they traded off
food and safety when making foraging decisions. They responded
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strongly to the risk factor of microhabitat and recognized the
open microhabitat as intrinsically more dangerous than sheltered
areas under bushes as reflected in their GUDs. Thus C57BL/6
mice free-ranging in the vivarium show reasonable behavior that
is similar to wild rodents and so offer a potential mouse model for
more complex and complete lifestyles.

With respect to (2), cancer in the C57BL/6 laboratory mice
gave rise to measurable changes in foraging patterns. Over time,
free-range mice with cancer harvested more food yet saw a loss
in body mass relative to those without cancer. Based on models
of patch use and foraging economics, we interpret this as the
cancer mice having a greater need for energy (higher marginal
value of energy) or perceiving less to live for (lower survivor’s
fitness) as their tumors grew (Brown, 1992; Brown et al., 1997).
Furthermore, mice with cancer became warier relative to the
cancer-free mice. With time, mice with cancer harvested a greater
and greater fraction of their food from the bush (safe) than
open (risky) microhabitat relative to the cancer-free mice (note:
both groups showed a general temporal tendency of harvesting
more from the open).

Upon approaching a threshold tumor size, the mice were
euthanized according to standard animal care protocols (for
consistency, we euthanized all mice in Experiment 1 at the
same time even though tumors were substantially smaller in
the free-range than facility-housed mice). At that 30-day point,
the free-range cancer mice continued to be highly active and
forage extensively. They were not symptomatic to the extent
that their foraging aptitudes were impaired or that they were
debilitated with cachexia (body wasting). Presumably, had the
tumors continued to grow, at some point the cancer mice’s GUDs
would have increased, either through an increase in foraging time
or from the symptomatic effects of the tumor burden.

Regarding cancer in natural populations, the increased
foraging effort and weight loss seen in the free-range cancer mice
might render such animals less successful at reproducing and
competing for food, and more susceptible to predators. Overall,
we would thus expect cancerous animals to disappear more
rapidly from the population. Thus, we might expect cancer to be
rarely observed in natural populations (Ewald and Ewald, 2017;
Madsen et al., 2017) even beyond the direct mortality caused by
the disease itself.

Because cancer induces changes in foraging metrics (GUDs
and habitat selection) and because cancer induces changes
in body condition, this may allow for an animal model for
evaluating quality of life. With the free-ranging mice, one can
objectively define critical points such as when GUDs or habitat
choices begin to change mice with growing tumor burden relative
to mice without. At what level of cancer progression do GUDs
begin to increase and effective foraging cease? How quickly do
these change manifest with cancer cell lines that vary in metastatic
potential and potential to induce cachexia? Finally, how does
therapy alter foraging behavior? We suggest that the vivarium-
based system described here when coupled with various types of
cancer and targeted therapies can provide quantitative metrics of
quality of life.

We envisage that we can investigate quality of life issues
quantitatively using behavioral indicators (i.e., GUDs) by giving

laboratory mice the appropriate cancer and the appropriate
therapy drug regime in a full factorial design. The experimental
design would consist of: the baseline for healthy mice (cancer-
free, no therapy drugs; expectation of low GUDs); the negative
effects of cancer on quality of life (plus cancer, no therapy
drugs — this experiment; expectation of first lower, and
then higher GUDs that track the energetic demands and the
deleterious impact of cancer); the negative effects of the therapy
on quality of life (cancer-free, plus therapy drugs; expectation
of higher GUDs reflecting the adverse effect of the therapy
on quality of life); and the combined effect of both cancer
and therapy drugs in potentially increasing the quality of life
(plus cancer, plus therapy drugs; therapy worthwhile so long
as GUDs are lower than for cancer alone or therapy alone).
The behavioral indicators can then be linked to physiological
indicators as well. The mice without cancer reveal in their GUDs
how they would like to go about their foraging (among the
most significant activities for a non-human mammal) vs. how
they do go about their business when burdened with cancer
and/or therapy.

Effect of Free-Ranging on Tumor Growth
Rates
With respect to (3), we were able to demonstrate significantly
lower tumor growth rates in the free-range mice relative to those
housed in laboratory facilities. This is an intriguing result, that
while not definitive in itself, shows the opportunity to track the
growth of tumors in animals experiencing different ecological
settings (Loizides et al., 2015). Differences could have been due
to a multitude of factors including activity levels, stress, food
intake, diet, and daily vicissitudes of weather and other stimuli, all
factors known to or likely to influence tumor growth rates. While
beyond our scope and resources, the present experiments show
promise. Additional experiments could include mice housed in
cages and placed in the vivarium so as to be exposed to the daily
and nightly changes in climate and soundscape. Mice could be
allowed to free-range in the vivarium, but have effort-free, ad lib
access to food and water as is typical in the laboratory and some
vivarium experiments, while mice in laboratory cages (sufficiently
large, but still much smaller than a quadrant of the vivarium)
would obtain their food from the seed trays used in our vivarium
experiments. These experiments and more become intriguing
and relevant in light of our results.

Regardless of husbandry, tumors were larger in males than
females (Clocchiatti et al., 2016; Kim et al., 2018). The 4NQO
cancer cell line was derived from a male mouse (Badarni et al.,
2019). Its establishment at a larger size in males than females
may reflect a boost from androgens (e.g., Birrell et al., 1995;
Trigunaite et al., 2015). Beyond that, in humans, males and
females often show different incidences of cancer, different
outcomes from therapy, and different mortality rates (Clocchiatti
et al., 2016). These may be due to different sensitivities of
the cancer cells to estrogens and androgens, the role of sex
chromosomes (Birrell et al., 1995), or the manner in which
androgens suppress the immune system (Trigunaite et al., 2015),
among other possible causes.
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Effect of Diet on Tumor Growth Rates
With respect to (4), we began to untangle the effects of diet and
free-ranging on tumor growth rates. In the laboratory, we showed
that tumor growth rates were higher for mice fed on millet than
those fed on laboratory chow. This result does begin to rule out
the role of diet in explaining why the free-range mice (fed millet)
exhibited slower tumor growth rates than the mice housed in the
laboratory facilities (fed on chow). As future directions, seeds or
pelletized food can be varied or experimentally manipulated to
have different nutritional compositions (Nersesian et al., 2011).
One could then observe the effects of different foods on the
foraging behaviors (e.g., Schmidt et al., 1998; Shrader et al., 2008)
and tumor growth rates of the free-ranging C57BL/6 or even
other mice strains relevant to cancer research.
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