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Abstract

Digging behavior is often used to test motor function and repetitive behaviors in mice.
Different digging paradigms have been developed for behaviors related to anxiety and
compulsion in mouse lines generated to recapitulate genetic mutations leading to
psychiatric and neurological disorders. However, the interpretation of these tests has been
confounded by the difficulty of determining the motivation behind digging in mice. Digging
is a naturalistic mouse behavior, that can be focused toward different goals, i.e. foraging for
food, burrowing for shelter, burying objects, or even for recreation as has been shown for
dogs, ferrets, and human children. However, the interpretation of results from current
testing protocols assumes the motivation behind the behavior often concluding that
increased digging is a repetitive or compulsive behavior. We asked whether providing a
choice between different types of digging activities would increase sensitivity to assess
digging motivation. Here, we present a test to distinguish between burrowing and
exploratory digging in mice. We found that mice prefer burrowing when the option is
available. When food restriction was used to promote a switch from burrowing to
exploration, males readily switched from burrowing to digging outside, while females did
not. In addition, when we tested a model of intellectual disability and autism spectrum
disorder that had shown inconsistent results in the marble burying test, the Cc2d1a
conditional knock-out mouse, we found greatly reduced burrowing only in males. Our
findings indicate that digging is a nuanced motivated behavior and suggest that male and

female rodents may perform it differently.

Significance Statement

Digging behavior is commonly assessed in mice to study features of neurodevelopmental,
psychiatric and neurological disorder. However, existing digging assays fail to discriminate
between types of digging complicating data interpretation. Here we present a modified
digging behavior discrimination task that can produce sensitive results in 30 minutes with
easy to gather measures, making it accessible to wide variety of labs and experimental

paradigms.
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Introduction

The innate digging and burrowing behaviors displayed by house mouse (Mus
musculus) strains commonly used in the laboratory are valuable indicators of well-being
and motor function (Dudek et al., 1983; Latham & Mason, 2004), and are used to test pain,
stress, and features of neurological and psychiatric conditions such as anxiety, Autism
Spectrum Disorder (ASD), and Obsessive-Compulsive Disorder (OCD) (Deacon, 2006b;
Deacon et al.,, 2001; Jirkof, 2014; de Brouwer et al., 2019).

Mice dig for a number of reasons; to avoid noxious stimuli or predators, to seek
food, to build shelter for safely raising their young, and possibly for recreation (Arakawa et
al,, 2007; Latham & Mason, 2004; Powell & Banks, 2004; Sluyter et al., 1996). Deep bedding
will induce a mouse to dig into the substrate (Deacon, 2006b), but the motivation behind
this behavior remains uncertain. Increased digging is often interpreted as a repetitive
behavior due to anxiety-like and compulsive-like responses (Broekkamp et al., 1986;
Thomas et al., 2009). However, a compulsive behavior is defined as excessive and divorced
from the consummatory process, i.e. not leading to pleasure or reward (American
Psychiatric Association, 2013; Luigjes et al., 2019). Defining whether an activity is
pleasurable or excessive is difficult to assess in mice since the motivation for digging is
often unknown. Thus, free digging is also used as a measure of a more generic exploratory
drive instead (de Brouwer et al., 2019).

One of the most commonly used digging tests is the marble burying test where
marbles are placed on the digging surface and the act of embedding an object in the
substrate is studied (Broekkamp et al., 1986). The validity of interpreting marble burying

as a sign of anxiety-like or compulsive-like behavior has been challenged in multiple
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4
studies revealing a need to define the motivation behind digging (Bruins Slot et al., 2008;
Gyertyan, 1995; Hayashi et al., 2010). It remains unclear whether mice actively interact
with the marbles as novel or aversive objects or whether burying (and unburying) is
simply a side effect of vigorous digging in the vicinity (Gyertyan, 1995; Thomas et al.,
2009).

Burrowing, the act of digging for shelter, has been studied in multiple species of
rodents and defined as a mandatory behavioral need for laboratory mice by Sherwin et al.,
(2004). A mandatory behavioral need is a natural behavior whose functional consequences
are clearly important to the animal who is strongly motivated to perform it, as observed in
previous burrowing studies (Deacon, 2006b; Jirkof et al., 2010). While studying burrow
building requires a large apparatus, the act of burrowing can be tested in laboratory
settings by providing a tube filled with bedding that mice can clear. This protocol was
developed by Deacon (2006a) exploring both interaction with food pellets or other non-
food related substrates and allowing the mice to burrow for multiple hours.

To develop measures to discern the individual motivation for digging behavior we
combined burrowing and free digging assays in a single paradigm. Our approach, the
digging behavior discrimination (DBD) task, applies the burrowing method described by
Deacon (2006a), truncated to 30 minutes and modified to include measurement of free
digging. This assay was tested in both male and female mice to define its sensitivity to
assess changes in digging during an environmental challenge (food restriction) and in a
mouse strain recapitulating loss of a human gene leading to intellectual disability (ID) and
ASD. We identified multiple differences between male and female mice under food

restriction and with the ID/ASD mutation. While previous studies have not reported any
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107  sex differences in digging behavior, the DBD test shows there are differences in digging
108 motivation between males and females and allows for clear differentiation between
109  exploratory digging/foraging and burrowing.
110 2. Materials and Methods
111 2.1 Animals
112 All animal care and use were in accordance with institutional guidelines and approved

113 by the Institutional Animal Care and Use Committee of The George Washington University
114  and Rutgers University. All animals were maintained in group housing (5 animals/cage

115 maximum) in ventilated cages from Tecniplast USA (West Chester, PA) with corncob

116  bedding (Bed-o’cobs, Anderson, Maumee, OH) at 20-26 °C and 30-70% humidity on a 12-hr
117  light/dark cycle. Enrichment was provided as shredding nestlets. Cages were changed

118 every 2 weeks by designated facility staff. C57BL/6N male and female mice (Males M1:

119 N=11; M2 N=13; Females N=10) were purchased from Charles River Laboratories

120  (Frederick, MD; RRID: IMSR_CRL:27) and Taconic (Albany, NY; RRID:IMSR_TAC:b6) and
121  randomly assigned to the different cohorts. Mice were acclimated in house for at least eight
122  weeks to account for differences among suppliers and tested at around 4-5 months of age.
123  The Cc2d1a conditional knock-out (cKO) mouse line was generated by crossing Cc2d1a-flx
124 mice (Oaks etal., 2017, RRID: MGI:5449582) with a CaMKIla-cre mouse line driving Cre
125 recombinase expression under the CaMKIla promoter (Jackson Laboratories,

126  RRID:IMSR_JAX:005359) (Tsien et al., 1996). All experimental animals (Control M N=8; cKO
127 M n=8; control F N=10; cKO F n=10) are fully backcrossed on a C57BL/6N background

128  (RRID: IMSR_CRL:27) for at least 6 generations. Genotyping was performed via polymerase

129  chain reaction (PCR) amplification and primers are available upon request. Experimental
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6
animal numbers were chosen upon power analysis to detect at least a 30% difference in
performance with 90% confidence.

2.2 Burrowing and exploratory digging discrimination

Testing was performed starting at 10 am and animals were brought to the testing
room in their home cages 1-2 hours prior the beginning of testing. [llumination in the room
was provided only through a red light and a white noise machine was used to dampen
possible ambient noises. The test was performed in a clear plastic box 40X24X31.75cm (X-
Large Kritter Keeper, Lee’s Aquarium and Pet Products, San Marcos, CA). The box was filled
with 5cm of Bed-o’cobs bedding to provide ample digging substrate. A “burrow” consisting
of a yellow transparent plastic tube (10cm length, 5cm diameter) filled with 17g of white
Carefresh paper bedding (Healthy Pet, Ferndale, WA) was placed in a corner of the testing
arena by gently pressing into the substrate to prevent rolling (Fig.1A). To familiarize the
mice with the burrow and eliminate the confound of a novel object, a burrowing tube filled
with the paper bedding was placed in the home cage of the group-housed test mice the
night before testing. Testing was only performed if the tube was empty by the following
day. If not, one more night of habituation was granted to assure the mice were able to
demonstrate burrowing behavior. On testing day, each mouse was placed in the test
apparatus and movement was tracked for 30mins using AnyMaze software (Stoelting,
Wood Dale, IL) between two testing zones: the burrow area and the rest of the box or
“exploration area”. Multiple automated testing measures were collected, including time in
burrow area, time in exploration area, number of entries in the burrow area, average time
per visit, average speed in apparatus, and distance traveled in apparatus. Latency to start

removing material from the burrow, time spent burrowing or digging, and time to empty
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153  the burrow were timed manually from the videos by two independent raters masked to

154  genotype. Digging in the free area was defined as vigorous digging with spread hind limbs
155 and coordinated use of the forefeet to move substrate backwards beneath the body or by
156 the sides as previously described (Layne & Ehrhart, 1970; Webster et al., 1981). The weight
157  of the bedding left in the burrow was weighed at the end of the test.

158 2.3 Food restriction

159 Food restriction was performed following baseline testing by gradually decreasing daily
160 food rations from 5g to 1g in a group-housed setting until each animal lost up to 15% of its
161 initial weight in the span of 2 weeks. Animals were weighed daily and would be isolated
162  only when one animal was lagging behind in its weight loss and found to be consuming

163  more food than the others. This was done to reduce the possible confound of isolating all
164  animals for food restriction. Animals were tested again as described above without the

165 overnight habituation period and returned to ad libitum diet for 2 weeks with their usual
166  group.

167 2.4 Corticosterone testing

168 Submandibular blood collection method was used to obtain samples under isofluorane
169 anesthesia. A sterile, stainless steel lancet (MEDIpoint Inc., Mineola, NY) was used to pierce
170  slightly behind the mandible to collect a 100uL blood sample in an EDTA microtainer blood
171  collection tubes (BD Diagnostics, Franklin Lakes, NJ). The collection tubes were then spun
172  at 2000 rpm for 10 minutes to separate the plasma from the blood sample. Corticosterone
173 levels in the plasma were measured using the Detect X® Corticosterone Enzyme

174  Immunoassay Kit (Arbor Assays, Ann Arbor, MI) on a Varioskan LUX multimode microplate

175 reader (Thermo Scientific, Waltham, MA), following the manufacturer’s instructions.


https://doi.org/10.1101/2020.12.29.424478
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.29.424478; this version posted April 21, 2021. The copyright holder for this preprint (which

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

8
2.5 Statistical analysis
All datasets were tested for normality using the Shapiro-Wilk test and appropriate
statistical test were applied. One-way ANOVA or the Kruskal-Wallis test were used for
baseline cohort measures with respectively Tukey’s or Dunn’s multiple comparison tests.
Two-way ANOVA was used for the food restriction studies (with repeated measures) and to
analyze the Cc2d1a cKO cohorts to determine the effect of treatment (food restriction or
genotype) and sex with Tukey’s multiple comparison test. One-tailed Pearson correlation
was performed to determine correlation whenever multiple comparisons were not needed.
Repeated measure correlation was performed using the Rmcorr package in R to compare
variable in the same animals during food restriction studies (Bakdash & Marusich, 2017)
3. Results
3.1 Test design for Digging Discrimination test

We sought to develop a novel paradigm to discern the motivation behind different

digging behaviors. The test design was based on a combination of existing tests, a
burrowing test (Deacon, 2006a), and free digging (Deacon, 2006b). We chose a box larger
than the home cage and similar to the one used for marble burying and free digging tests to
provide space for movement and exploration. The testing arena was filled with a thick (5
cm) layer of corncob bedding, the same as bedding used in their home cage to provide a
familiar digging substrate. The “burrow” consisted of a plastic tube as used for burrowing
in Deacon (Deacon, 2006a). While the Deacon test packed the tube with food pellets or pea
shingles requiring at least 3 hours of testing per animal, we used soft bedding allowing for
faster testing times since we found that mice would not burrow readily with higher packing

densities or heavier materials. The type of bedding and packing weight of the tube (17g)
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9
was determined by testing different packing densities and identifying the optimal amount
of bedding that could be completely removed in less than 30 minutes by a wild type mouse.
To remove the confound of interacting with a novel object and pre-train the animal for
bedding removal, habituation to the tube filled with bedding was performed in the home
cage the night before testing.

At the beginning of the test, the burrow tube was placed in a corner of the testing
apparatus. For automated video tracking the area surrounding the tube was outlined as
the burrowing area to also capture activity close to the tube and the remaining area was
used to monitor movement and exploratory digging activity (Fig. 1A). Each mouse was
placed in the corner opposite to the burrow and multiple parameters were tracked for 30
minutes via either automated video tracking or video analysis by independent raters.
Automated parameters included basal activity levels such as total distance traveled and
speed, and occupancy of the burrowing and free digging areas. Interaction with the burrow
was quantified by measuring the latency to enter the burrow area, quantifying the time
spent interacting with the substrate in the burrow (digging or pushing bedding outside),
and by manually recording the time to empty the burrow. Digging in the open area was also
quantified limiting the analysis to vigorous digging as defined in the Methods. At the end of
the test, the soft bedding filling remaining in the burrow was weighed to determine the
percent of weight removed.

3.2 Male and female performance in the DBD test
Performance, test stability, and sex as a biological variable were assessed by testing two
separate age-matched cohorts of C56BL/6N males and one cohort of females (Fig. 1. M1:

N=11; M2 N=13; F: N=10). Two independent groups of male mice were run at different
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10
times to test the stability of the testing conditions and one group of females was run to test
for sex as a biological variable. While females showed increased distance covered in the
arena (Fig. 1B, M1:33.7+2.4 m, M2:38.7+1.9 m, F: 52.6+3.3 m; M1/F p<0.0001, M2/F
p=0.0013) and speed (Fig. 1C, M1: 0.019+0.001 m/s, M2: 0.021+0.001 m/s, F:0.029+0.002
m/s; M1/F p<0.0001, M2 /F p=0.0011), burrowing and exploratory digging performance
was comparable among male and female cohorts. Automated tracking of area occupancy
indicated that all groups spent around on third of their time in the burrowing area (Fig.1D,
M1: 0.375+0.025, M2: 0.380+0.017, F: 0.353+0.024, for all non-significant statistics see
Suppl. Table 1), but careful analysis of digging parameters showed that the automated
numbers did not reflect where the mice chose to dig. Total digging activity combining
digging in the burrow or in the open area was comparable between males and females
(Fig.1E, M1: 218.8+26.9 s, M2: 151.3¥14.15 5, F: 169.6£36.9 s), but only a small amount of
time was spent digging in the open area (Fig.1F, M1: 46.3+7.5s,32.1+4.7 s, 64.6+27.2). By
calculating how much of total digging time was spent burrowing, we found that mice spent
more than two thirds of their digging time in the burrow suggesting that burrowing is
preferred (Fig.1G, burrowing/total digging time M1: 0.74 £0.09, M2: 0.79+0.03, F:
0.67%£0.07). Males and females showed similar latency to interact with the substrate in the
burrow (Fig.1H, M1:264.5+94.8 s, M2: 232.3+92.5, F: 228.9+52.3). Most animals were able
to completely empty the burrow tube within the allotted 30 minutes (1800 s) (Fig. 11,
Suppl. Table 1).

Two independent raters visually analyzed the videos for burrowing and exploratory
digging. Time spent burrowing was significantly reduced in females when compared to M1,

but not M2, nor M1 and M2 were statistically significant from each other (Fig. 1], M1:
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1724269 s, M2: 119.2+11.8 s, F: 105.0x13.4 s; M1/F p=0.04, Suppl. Table 1). Since most
of the M1 cohort had emptied the burrow like the others, we calculated the burrowing rate,
i.e. how much bedding in weight was removed per minute of digging, and found that M1
males were significantly slower burrowers than M2 males (Fig. 1K, M1: 4.22+0.78 g/min,
M2:9.08+1.05 g/min, F: 6.76+1.40 g/min; M1/M2 p=0.012). Burrowing activity was
measured at the end of the test and determining what percentage of the substrate had been
removed. Though averages ranged between 94.0+2.2% for the M2 male cohort and
69.5+£10.7% for females, no significant differences were observed in burrowing
performance (Fig. 1L, Suppl. Table 1).

In addition, we noted consistent thin spreading of the soft bedding removed from
the burrow on the surface of the cage. Soft bedding was pushed outside of the tube and
often methodically distributed around the exploratory area of the arena by spreading it
with the nose or front paws in a flicking or wading motion. While the flicking motion was
not quantified as we could not determine whether the mice were interacting with the soft
bedding or the corncob, we measured how much of the exploration area was covered by
soft bedding at the end of the test as a measure of spreading behavior (Fig. 1M). There was
no significant difference between males and females. The spreading measure showed a
positive correlation to the amount burrowed for mice in groups M1 and F (Pearson r M1:
r=0.83, p=0.0028; M2: r=0.31, p=0.164; F: r=0.79, p=0.0053) suggesting that the animals
may consistently spread the material removed from the burrow. Overall, we found that the
30-minute test was sufficient to completely empty the burrow and dispose of the removed

material and to discriminate digging within the burrow and exploratory digging in the
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Figure 1. Stability of performance on Digging Behavior Discrimination test. Three

cohorts of mice (M1: N=11; M2 N=13; F: N=10) were tested independently to assess

stability of burrowing and digging performance and define possible sex differences. (4)

Test chamber set up and schematic of digging and burrowing zones. (B-C) Males (M1, M2)

covered similar distances at equal speed, while females showed increased motor activity

(B) and speed (C). (D-F.) Different cohorts showed mostly consistent digging performance

inside and outside the burrow area. Occupancy in the burrow area (D.), total time spent
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277  digging in both areas (E.) and outside (F.) were similar. (G.) Most of the digging time was
278  spent burrowing. (H-1.) Latency to burrow and time to empty the burrow were also similar
279  in all cohorts. (J.) Time spent in direct interaction with substrate in the burrow was
280  variable with females significantly lower from the M1 group, but not M2. (K.) The
281  burrowing rates, grams of burrow substrate removed per minute, were not significantly
282  different, but M1 trended towards a slower rate. (L.) Overall, most animals efficiently
283 removed the burrowing substrate from the tube by the end of the test. (M.) The substrate
284  was then distributed over the area of the cage (example of spread soft bedding outlined in
285 red on the right). Values are presented as means + SEM. Symbols are individual mouse data
286  points. *p < 0.05, **<0.01, or ***<0.001 following multiple comparison tests. All unmarked
287  comparisons were not significant. Additional statistical information is reported in Suppl.
288 Table 1.
289
290 3.3 Digging discrimination with food deprivation
291 To test the sensitivity of the test, we asked if food restriction would change digging
292  preference and elicit a shift between burrowing and exploratory digging/foraging outside
293  the burrow. We performed the digging discrimination test following a food restriction
294  protocol leading to 10-15% weight loss and after ad libitum feeding was restored for 2
295  weeks (Fig. 2A). Males from cohort M2 and female mice were used. During the food
296 restriction condition three mice of each sex escaped in the middle of the trial as soon as
297  they emptied the burrow and were excluded from the analysis. Even if these mice
298  completed the test following ad libitum feeding, results from these animals were excluded

299  from the final analysis in order to only include animals who completed all three trials. Data
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on all parameters measured and statistical analyses is reported in Suppl. Table 2.
Information on the three animals per sex that were excluded has been provided as Suppl.
Table 3 showing that while they appeared more active at baseline, burrowing activity was
consistent with the rest of the group.

Mice of both sexes covered less distance at lower speed after food restriction and
returned to baseline during recovery showing a strong effect of the treatment (Fig. 2B-C).
In addition, a larger effect was noted in females who displayed a larger reduction in
mobility than males (Fig. 2B-C, Baseline=Base, Food Restriction=FR, Recovery=Rec.
Distance. Base: M, 36.4+1.3m; F, 49.9+3.7 m. FR: M, 26.1+1.9 m; F, 25.4+3.2 m. Rec: M,
37.4+1.3 m; F, 46.3£3.5 m. Speed. Base: M, 0.020+£0.001 m/s; F, 0.028+0.002 m/s. FR: M,
0.015+0.001 m/s; F, 0.014+0.02 m/s. Rec: M, 0.021+0.001 m/s; F, 0.026+0.002 m/s. 2-way
ANOVA: treatment p= <0.0001 for both distance and speed, sex p=0.0075 for distance, sex
p=0.0059 for speed, sex X treatment p=0.0074 for distance, p=0.0075 for speed). Both
males and females decreased their total time in the burrow area spending more time in the
open space (Suppl. Table 2). Despite the observed reduction in total mobility after food
restriction, total digging time showed no significant changes with a trend for increased
digging during food restriction only in males (Fig.2D, Base: M, 137.8+10.6 s; F, 170.6+48.0
s.FR: M, 214.4+43.3 s; F: 182.9+20.5 s. Rec: M, 149.2+33.9 s; F, 215.6+37.51 s. Statistics in
Suppl. Table 2). When exploratory digging was considered alone, it appeared that the
increased total digging trend in males was driven by a 3.6-fold increase in time spent
digging in the open area following food restriction and no such differences were observed

in females indicating a male-specific response (Fig.2E, Base: M, 29.8+5.3 s; F, 73.50+35.4 s.
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322 FR: M, 109.0+35.7 s,F,87.9£18.8s. Rec: M, 20.3+6.2 s; F, 60.7+15.3 s. M-Base/M-FR

323  p=0.032, M-FR/M-Rec p=0.015, other statistics and ANOVA results in Suppl. Table 2).

324 Digging in the burrow was affected more moderately. There was no significant

325  difference and no effect of treatment or sex in the latency to burrow, or burrowing rates,
326  though latencies trended towards faster times with every repetition of the test (Fig. 2F-G,
327  Suppl. Table 2). When the ratio between burrowing and total digging activity was

328  calculated significant effects of both treatment and sex emerged showing a possible

329  reduction in burrowing in males and no response to food restriction in females (Fig. 2H,
330 Base:M, 0.79+0.03; F 0.63+0.08. FR:M, 0.57+0.07; F, 0.54+0.07. Rec: M, 0.88+0.02; F,

331  0.72%0.05. M-Base/M-FR p=0.071, M-FR/M-Rec p=0.0014, 2-way ANOVA: treatment

332 p=0.0012, sex p=0.025, sex X treatment p=0.410). The percentage of material burrowed
333  parameter was a better readout for this sex-specific response showing a small significant
334  reduction in material burrowed after food restriction in males (Fig.2I, Base: 95.0+2.7%;FR:
335 76.5+4.7%; Rec: 94.5+1.8%. Base/FR p=0.0017, FR/Rec p=0.024, 2-way ANOVA: treatment
336  p=0.0007). Females were not affected by food restriction revealing an effect of sex on

337  performance and an interaction between sex and treatment (Fig.2I, Base: 60.4+14.2%; FR:
338  63.3+x11.1%; Rec: 92.1+3.5%, 2-way ANOVA: sex p=0.041, sex X treatment p=0.014).

339 Interestingly, only on their third test trial after recovery from food restriction females

340  burrowed as efficiently as males (Fig. 2I). These results show that the DBD test was

341  sensitive in showing a switch from burrowing to digging in the open space that surprisingly
342  was specific to males. In addition, among all the measures of burrowing the percentage of
343  material removed from the burrow was able to reveal small significant differences in

344  burrowing efficiency.
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Figure 2. Male and female mice show different free digging and burrowing

performance after a food restriction challenge. (A.) Two cohorts of mice (Male: N = 10;

Female: N = 7) were assessed using the DBD test at baseline (Base), during food restriction

(FR), and once recovered from food restriction (Rec). (B - C.) Female mice covered more

distance (B.) at a faster pace (C.) than male counterparts at baseline and showed a more

prominent drop to male-like levels of activity during FR. Both sexes recovered to baseline

levels. (D.) Total digging activity remained similar. (E.) Males spent significantly more time
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digging during FR, while females maintained constant digging performance. (F-G.) Latency
to burrow and burrowing rate did not change significantly during FR or recovery. (H-1.)
Analysis of the ratio between burrowing and total digging and percentage of material
removed from the burrow revealed differences in response between males and females.
Females engage in limited burrowing at baseline and FR, but increase during recovery,
whereas males burrow substantially at baseline, reduce during FR, and return to baseline
performance during recovery. Values are means * SEM. Symbols are individual mouse data
points. *p < 0.05, **<0.01, or ***<0.001 following multiple comparison tests. All unmarked
comparisons were not significant. Additional statistical information is reported in Suppl.

Table 2.

Since corticosterone (CORT) levels are elevated by food restriction (Guarnieri et al.,
2012; Pankevich et al., 2010), we wondered whether they would correlate with digging
performance. CORT levels were measured by ELISA during the baseline testing showing
that females had higher baseline CORT levels than males as previously observed (Kitay,
1961; Laviola et al.,, 2002) (Fig. 3A, Suppl. Table 1). After food restriction, males followed
the expected pattern with an increase in CORT levels and returned back to baseline with ad
libitum feeding (Fig. 3B and Suppl. Table 2, Base: 167.5+12.1 ng/pl; FR: 401.4+50.0 ng/pl;
Rec: 206.0+13.1 ng/pl. Base/FR p=0.005, FR/Rec p=0.006). Females showed a smaller but
significant increase following food restriction, but levels remained elevated in the recovery
trial (Fig.3B, Base: 336.7+32.1 ng/ul; FR: 480.1+39.3 ng/ul; Rec: 430.9+52.5 ng/ul.
Base/FR p=0.009, FR/Rec p=0.765). We performed repeated measures correlation analysis

between CORT levels and digging time or percentage of material burrowed for males and
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376  females. Males showed a strong positive correlation between CORT and digging (r=0.63,
377  95% CI [0.24, 0.84], p=0.0024) and strong negative correlation between CORT and material
378  burrowed (r=-0.73,95% CI [-0.89, -0.42], p=0.00015). Females showed no significant
379  correlation for either digging variable (Digging: r=-0.27,95% CI [-0.72, 0.33], p=0.325;
380 Material burrowed: r=0.14, 95% CI [-0.44, 0.64], p=0.609). While we cannot conclude that
381  corticosterone is linked to the behavioral changes in males, these results support the
382 finding that males and females show differentially change their digging behavior following

383  food restriction.

A B O Male
400 *kk Trea.t.*** B Female
* %k 800 Sex: k%%
(o]
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o — °
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400 0 o
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S S 400 % ©
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384

385  Figure 3. Plasma Corticosterone levels at baseline and with food restriction. (4)

386  Female mice exhibited higher concentrations of CORT than males under baseline

387  conditions. (B) CORT levels increased in both sexes during FR, but only females retained
388  high levels once recovered from FR. Values are means + SEM. Symbols are individual mouse
389  data points. *p < 0.05, **<0.01, or ***<0.001

390

391 3.4 Digging discrimination in a model of autism and intellectual disability

392 Our interest in developing a more sensitive measure for digging behavior originated

393 from the analysis of a mouse model of autism and intellectual disability, Cc2d1a conditional
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knock-out mice (cKO)(Oaks etal., 2017). CC2D1A loss of function leads to a spectrum of
psychiatric presentations including severe to moderate intellectual disability, autism
spectrum disorder, and aggressive behavior (Basel-Vanagaite et al., 2006; Loviglio et al.,
2016; Manzini et al., 2014; Reuter et al., 2017). Mice where Cc2d1a is conditionally
removed in the forebrain show an array of cognitive and social deficits, hyperactivity, and
obsessive grooming, primarily found in males (Oaks et al.,, 2017; Zamarbide et al., 2019).
Cc2d1a cKO males buried the same number of marbles as controls, but subsequent analysis
of the videos identified a reduction in time spent digging (Oaks et al., 2017). We asked
whether the digging discrimination test would be more sensitive in assessing changes in
digging behavior.

We generated a cohort of male and female control (cre alone or homozygous floxed,
Cont) and Cc2d1a cKO littermates and performed the DBD test (Fig 4. Cont M N=8, cKO M
N=8, Cont F N=10, cKO F N=10). Despite a trend for females being more active, there was
no significant difference in distance covered (Fig. 4A) and speed (Fig. 4B). In this
transgenic strain, males of both genotypes performed significantly more digging than
females when digging in the burrow and open area were added (Fig. 4C, Cont M:
230.6%x24.9 s; cKO M: 226.4+34.7 s; Cont F: 106.3+23.8 s; cKO F: 115.6%£27.7 s. Cont M/F
p=0.017, cKO M/F p=0.04, 2-way ANOVA genotype p=0.982, sex=0.0002, Suppl. Table 4
for additional statistics). However, digging efforts was differentially distributed to digging
and burrowing. Digging in the open area showed a significant effect of both genotype and
sex. Cc2d1a cKO males showed an increase in outside digging which was significantly
higher than both groups of females and trended towards significance when compared to

control males (Fig. 4D, Cont M: 39.6+12.8 s; cKO M: 84.7£19.3 s; Cont F: 19.5+5.1 s; cKO F:
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417  25.6%7.5s. Cont/cKO M p=0.076, cKO M/Cont F p=0.002, cKO M/cKO F p=0.006, 2-way
418 ANOVA genotype p=0.03, sex p=0.002). As in the wild-type animals, this strain spent more
419 time digging in the burrow than in the open area showing that burrowing is their preferred
420  activity (Fig. 4E, Cont M: 0.81+0.06 s; cKO M: 0.55%0.11 s; Cont F: 0.61+0.12 s; cKO F:

421  0.62+0.12 s. Suppl. Table 4) and latencies to burrow were similar (Suppl. Table 4).

422  Burrowing rates were only partially informative due to variability suggesting that cKO
423  males were less efficient (Suppl. Table 4). As in the previous experiments, the percentage
424  of material removed from the burrow was the most sensitive measure with a 62%

425 reduction in burrowing and half the animals barely interacting with the substrate despite
426  hovering in the vicinity of the burrow (Fig.4F, WT M: 82.5+3.8%, cKO M: 31.5+16.2%, WT
427  F:49.7+x12.8%, cKO F: 45.6£12.4%. M WT/cKO p=0.027, 2-way ANOVA genotype p=0.023,

428  sex p=0.42).
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Figure 4. Cc2d1a cKO males show reduced burrowing performance. 4 cohorts of mice

(Cont M: N=8; cKO M: N=8; Cont F: N=10; cKO F: N=10) were tested independently to

assess the protocol sensitivity to an animal model of ASD. (A-B.) Between genotype male

and females covered similar distances at equal speed, while females showed increased

motor activity (A.) and speed (B.) when compared to males. (C.) Both control and cKO

females showed significantly reduced total digging behavior when compared to males. (D.)

cKO males spent significantly more time digging than both female cohorts and showed a

trend towards more digging compared to control males. (E.) All animals spent more time

burrowing than digging outside, though male cKOs and females showed great variability.

(F.) cKO males burrowed significantly less material than wild type males, a difference not
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seen between female genotypes. Values are means = SEM. Symbols are individual mouse
data points. *p < 0.05, **p<0.01, or ***p<0.001 following multiple comparison tests. All
unmarked comparisons were not significant. Additional statistical information is reported in

Suppl. Table 4.

Discussion

Measures of digging behavior are used to assess anxiety- and compulsive-like
behaviors, and motor deficits in mice to study features of brain disorders (Bey & Jiang,
2014; Deacon et al., 2001; de Brower et al., 2019; Kazdoba et al., 2016; Thompson et al.,,
2019). However, many of the existing protocols are not able to elucidate digging motivation
leading to inconsistencies in the interpretation of the experimental measures (Gyertyan,
1995; Njung’e & Handley, 1991; Thomas et al., 2009). In this study, we asked whether
burrowing could be used in combination with exploratory digging for rapid assessment of
motivation of digging behavior. We adapted a burrowing protocol developed by Deacon
(2006a) that is sensitive to an array of motor and neurological deficits (Deacon, 20064,
2012; Deacon et al,, 2001, 2008) by adjusting the amount and texture of the burrowing
substrate to produce measurable results in a shorter period of time.

We propose that in its simplest version the DBD test can be scored by using the
percentage of material removed from the burrow as the burrowing measure and time
digging in the open area as the exploratory digging measure. After exploring a variety of
metrics obtained with both automated video-tracking and manual analysis, we found that
weighing the material left inside the tube at the end of the test was the most sensitive

measure of burrowing differences. While in the marble burying test, marbles can be buried
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463  and then unburied with vigorous digging leading to misleading results (Gyertyan, 1995),
464  mice that remove soft bedding from the burrow do not push it back in. Exploratory digging
465  must still be scored manually on video by trained raters unless there are appropriate
466  algorithms that will identify specific digging posture and movement. When considering
467  these two measures, the DBD protocol reliably identified multiple differences in burrowing
468  and exploratory digging behavior in mice following an environmental change, i.e. food
469 restriction, and a genetic mutation. In addition, this test revealed sex-specific changes in
470  digging behavior that had not been observed in previous reports (Taylor et al.,, 2017).
471 Food restriction is known to alter foraging behavior and eating habits (Dell’'Omo et al.,
472  2000; Pankevich et al., 2010). While extended food restriction lasting over 10 days reduced
473  overall activity and speed as previously shown (Tucci et al., 2006), total time spent digging
474  was similar. However, male mice shifted towards spending more time digging in the open
475 area and removed less material from the burrow. After ad libitum feeding was restored,
476  digging and burrowing returned to baseline levels. In females, food restriction did not
477  affect digging in the burrow or in the open area. While burrowing at baseline was not
478  significantly different from males, females showed a much larger standard deviation and
479  inconsistent performance in both the initial study cohort and control littermates for the
480 Cc2dla cKO. Interestingly, female burrowing performance improved to levels similar to
481 males in the recovery trial after food restriction. Since burrowing has been shown to rely
482  on both the hippocampus (Deacon & Rawlins, 2005) and frontal cortex (Deacon et al.,
483  2003), itis possible that learning may contribute to better performance upon repetition of

484  the test.
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Mild extended food restriction induces a response in rodents in the hypothalamic-
pituitary-adrenal (HPA) axis raising blood levels of CORT (Diaz-Mufioz et al., 2000;
Méquinion et al., 2014; Scheurink et al., 1999; Yoshihara et al., 1996). In our studies,
female mice showed higher CORT levels than both male cohorts at baseline as previously
established (Kitay, 1961; Laviola et al., 2002). While CORT levels increased in both males
and females with food restriction, they only returned to baseline in males. Female and male
rodents have been shown by multiple groups to have distinct cellular and physiological
responses and adaptation to stress and altered feeding regimens (Bale & Epperson, 2015;
Massa & Correa, 2020; Rincon-Cortés et al., 2019). Correlation analysis showed that male
digging behavior strongly correlated with CORT levels, but there was no correlation for
females. While this CORT increase can be interpreted as a stress response, it is also thought
to have an adaptive role leading to increased food anticipatory activity and recreational
exercise (Diaz-Mufioz et al., 2000; Pankevich et al., 2010; Scheurink et al., 1999). It is
possible that elevated CORT levels may be involved in increasing exploratory digging
activity, but further studies will be needed to define how HPA axis activity affects digging in
males.

Sex-specific digging changes were also observed in a mouse line deficient for the Cc2d1a
gene, which is mutated in ID and ASD in humans. Removal of Cc2d1a in the cortex and
hippocampus leads to hyperactivity and obsessive grooming in addition to cognitive and
social deficits (Oaks et al., 2017; Yang et al., 2019). Reduced digging activity was identified
in the marble burying test in CcZd1a cKO males with no change in marble number (Oaks et
al,, 2017). The DBD test was more sensitive in defining digging changes with a substantial

decrease in burrowing and a trend towards increased exploratory digging in male cKO
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mice. There was no difference between wild-type and female cKO mice. Females of any
genotype dug less than mice in this strain indicating that despite a shared genetic
background (C57BL/6N) there could also be baseline differences in digging due to
husbandry and genetic manipulations. Cc2d1a cKOs have shown male-specific behavioral
impairments in some behavioral tests linked to sex-specific signaling deficits in the
hippocampus (Zamarbide et al., 2019), which may underlie the sex difference in these
findings or compound with a different motivation for digging in males and females. Chen et
al (2005) in studying the effects of senescence and aging on burrowing also showed that
males and females differentially alter their burrowing performance with age and that this
change may not be related to anxiety or novelty. One additional consideration is that
corncob bedding commonly used in animal facilities has been shown to impact estrogen
responses in rodents (Villalon Landeros et al., 2012) and to increase maternal care leading
to reduced anxiety-like behaviors in the offspring (Sakhai et al., 2013). We used corncob
because it was a familiar substrate, but different digging responses could be observed if
animals are reared on other materials.

Overall, our studies show that digging is a complex and multidimensional behavior and
that its motivation and performance must be explored in more detail, especially as it
pertains to sex-specific changes. Our results reinforce the fact that mice are instinctually
driven to dig and that digging choices are not random. Burrowing takes priority over
exploration in both sexes, but males have a stronger drive to switch to exploratory digging
than females. We cannot yet clearly assign a specific reason for this switch with the data at
hand. It is possible that food restriction drives males to look for food outside the burrow

and that food seeking is linked to CORT fluctuations and activity of the circuitry of the
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531  hypothalamus and reward pathways (Massa & Correa, 2020). A modified version of the
532  DBD test where the free digging area is baited with food or where a food patch is provided
533  may help to further define how mice choose between different digging modalities.
534  Similarly, it is not known whether Cc2d1a cKO male mice lose their need to burrow due to
535 increased anxiety or compulsion to dig outside. Additional studies could address the
536  respective roles of the reward, fear, and motor circuitry in controlling digging motivation in
537  this mouse strain and other strains carrying mutations linked to neurodevelopmental and
538 neurological disorders. Finally, females used in our studies were sexually naive, but
539 different digging responses may appear when females are building a nest or protecting
540  their young.
541 [t is important to note that while we suggest focusing on percentage of material
542  burrowed and time digging in open area as measures of burrowing and exploratory
543  digging, the experimenter must always consider digging as a complex naturalistic behavior.
544  We used a very conservative measure of digging, but additional motions to dig such as
545  flicking substrate with one or both forefeet or wading into the substrate in a swim-like
546  motion was observed by us and others (de Brouwer et al., 2019; Layne & Ehrhart, 1970). It
547  would be interesting to explore these movements further in the future as they could be
548 related to searching for food on the surface or disposing of dug soil. Spreading of the
549  substrate removed from the burrow was an unexpected yet very consistent behavior which
550 appears opposite to nest building behavior (Deacon, 2012; Neely et al., 2019). Burrowing
551  behavior varies among rodents, so particular attention must be placed in understanding
552  species-specific behavior (Reichman & Smith, 1990; Hu & Hoekstra, 2017; Metz et al.,

553  2017). Wild house mice (Mus musculus) are known to seasonally clean their burrows of
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debris and spoiled food by pushing them out of the burrow (Schmid-Holmes et al., 2001). In
addition, house mice usually have clear dirt paths or “runways” to the entry of their burrow
systems (Avenant & Smith, 2003; Eriksson & Eldridge, 2014). This spreading behavior
could reflect another motivated behavior linked to digging caused by an innate need to hide
sediment from the excavation or clear the entrance to the burrow.

In closing, the current study underscores the need to consider digging behavior in
laboratory mice as multifaceted and proposes a novel paradigm to probe digging
motivation that can be completed with simple measures. Digging is tied to different aspects
of a mouse well-being, from sheltering from dangers to obtaining and storing food, and like
playing, it is a motor output integrating multiple circuits involved in learning and reward.
The ability to distinguish between different types of digging in a single test may be
beneficial to explore digging motivation and the underlying circuits.
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Supplementary Material

Supplementary Table 1: Values for baseline behavioral parameters and corticosterone levels shown in Figures 1 and 3

Values are presented * s.e.m. Shapiro-Wilk test statistics are reported for the M1, M2 and F cohort at the bottom of each row and were used to
determine whether the run parametric (one-way ANOVA) or non-parametric (Kruskal-Wallis) tests. The p values reported under the numbers
refer to multiple comparison analyses (either Tukey’s for one-way ANOVA or Dunn’s for Kruskal-Wallis test).

M1 N=11 M2 N=13 F N=10
Distance (m) 33.72+£2.41 38.65+£1.94 52.55+3.30
Fic 1B p(M1/M2)=0.339 n/s p(M1/F)=<0.0001 ***
ig. p(M2/F)=0.0013 **
W=0.89/p=0.12 W=0.88/p=0.07 W=0.93/p=0.41
speed (m/s) 0.019+0.001 0.021+0.001 0.029+0.002
F'p 1C p(M1/M2)=0.339 n/s p(M1/F)<0.0001 ***
ig. p(M2/F)=0.0011**
W=0.88/p=0.21 W=0.87/p=0.06 W=0.91/p=0.28
Burrow occupancy 0.375+0.025 0.380+0.017 0.353+0.024
(time in burrow/total) p(M1/M2)=0.988 n/s p(M1/F)=0.768 n/s
Fig.1D p(M2/F)=0.663 n/s
W=0.96/p=0.81 W=0.89/p=0.09 W=0.90/p=0.23
. 218.8+26.93 151.3+14.15 169.6+36.90
Total
F.OtiEdlggmg (s) p(M1/M2)=0.185 n/s p(M1/F)=0.206 n/s
1g. p(M2/F)=0.999 n/s
W=0.99/p=0.996 W=0.92/p=0.22 W=0.72/p=0.002**
P 46.3317.54 32.14+4.74 64.63+£27.72
::).Iggll:g in open area (s) p(M1/M2)=0.783 n/s p(M1/F) =0.702 n/s
1g. p(M2/F) =0.292 n/s
W=0.94/p=0.54 W=0.94/p=0.56 W=0.60/p<0.0001***
Burrowing/total 0.741+0.089 0.790£0.026 0.66910.066
diegine ratio Fig.1G p(M1/M2)=0.999 n/s p(M1/F) =0.610 n/s
gging g- p(M2/F) =0.442 n/s
W=0.64/p=0.0003*** W=0.904/p=0.18 W=0.885/p=0.18
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Latency to burrow (s)
Fig.1H

Time to empty (s)
Fig.1l

Time burrowing (s)
Fig.1)

Burrowing rate (g/min)
Fig.1K

% material burrowed
Fig.1L

Area of spread (% of
cage area)
Fig. 1M

Corticosterone
Fig.3A

264.50+94.78
p(M1/M2)=0.266 n/s

W=0.58/p<0.0001

1468+£118.4
p(M1/M2)>0.999 n/s

W=0.78/p=0.005**

172.40+26.86
p(M1/M2)=0.094 n/s

W=0.93/p=0.49

4.22+0.78
p(M1/M2)=0.012 *

W=0.92/p=0.39

80.18£10.38
p(M1/M2)>0.999 n/s

W=0.62/p<0.0001%**

64.27+7.27
p(M1/M2)>0.999 n/s

W=0.84/p=0.03*

166.90+20.22
p(M1/M2)>0.999 n/s

W=0.88/p=0.11

232.30+92.51

W=0.55/p<0.0001
1441.0+76.2

W=0.87/p=0.049*
119.2+11.78

W=0.88/p=0.08*
9.08+1.05

W=0.86/p=0.04*
94.00£2.16

W=0.78/p<0.0001***
74.00+2.55

W=0.97/p=0.92
166.70+11.84

W=0.93/p=0.43

228.90+52.31
p(M1/F)>0.999 n/s
p(M2/F)=0.283 n/s
W=0.86/p=0.07
1543+67.1
p(M1/F) >0.999 n/s
p(M2/F)>0.999 n/s
W=0.91/p=0.29
105.0+13.37
p(M1/F) =0.040 *
p(M2/F)=0.832 n/s
W=0.91/p=0.30
6.76+£1.40
p(M1/F) =0.219 n/s
p(M2/F)=0.889 n/s

W=0.91/p=0.30
69.50+10.73

p(M1/F) =0.301 n/s
p(M2/F)=0.069 n/s

W=0.82/p=0.03*
57.00+6.61
p(M1/F) =0.499 n/s
p(M2/F)=0.057 n/s
W=0.87/p=0.11

338.40+34.68
p(M1/F) <0.0001***
p(M2/F)<0.0001 ***

W=0.97/p=0.86
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Supplementary Table 2: Values for behavioral parameters and corticosterone levels during the food restriction protocol shown in Figures 2
and 3 also including additional criteria mentioned in the Results

Values are presented * s.e.m. P values for the baseline (Base), food restriction (FR) and recovery (Rec) studies are the result of Sidak multiple
comparison tests following two-way repeated measures ANOVA testing for treatment and sex using a mixed-model to account for non-sphericity
of data. ANOVA statistics for sex and treatment and sexXtreatment interaction are reported below each parameter.

M N=10 M-FR M2 - Rec F N=7 F-FR F-Rec

Distance (m)
Fig.2B

Speed (m/s)
Fig.2C

Burrow occupancy
(timein
burrow/total)

Total digging (s)
Fig.2D

Digging in open area
(s)
Fig. 2E

Latency to burrow
(s)
Fig.2F

36.40+1.26 26.13+1.91 37.39+1.26 49.85+3.24 25.40+3.24 46.27+3.47
p(Base/FR)=0.0009*** p(Base/Rec)=0.666 n/s p(Base/FR)<0.0001***  p(Base/Rec)=0.875 n/s
p(FR/Rec)=0.0036** p(FR/Rec)=0.0239*

Sex: F(1,15)=9.54, P=0.0075**; Treatment: F(1.4,21.3)=41.36, p<0.0001***;SexXTreatment: F(2,30)=5.80, p=0.0074**

0.020+0.001 0.015+0.001 0.021+0.001 0.028+0.002 0.014+0.002 0.026+0.002
p(Base/FR)=0.0018**  p(Base/Rec)=0.844 n/s p(Base/FR)<0.0001***  p(Base/Rec)=0.831 n/s
p(FR/Rec)=0.006** p(FR/Rec)=0.029*

Sex: F(1,15)=10.26, P=0.0059**; Treatment: F(1.4,21.2)=38.43, p<0.0001***;SexXTreatment: F(2,30)=5.79, p=0.0075**

0.385+0.020 0.269+0.025 0.360+0.024 0.345+0.033 0.190+0.028 0.342+0.023
p(Base/FR)=0.0068 ** p(Base/Rec)=0.685 n/s p(Base/FR)=0.044**  p(Base/Rec)=0.998 n/s
p(FR/Rec)=0.057 n/s p(FR/Rec)=0.0094**
Sex: F(1,15)=4.5, P=0.051; Treatment: F(1.99,29.8)=17.32, p<0.0001***;SexXTreatment: F(2,30)=0.77, p=0.473

137.79+10.62 214.42+43.33 149.17+33.92 170.59+47.95 182.90+20.54 215.64+37.51
p(Base/FR)=0.282 n/s p(Base/Rec)=0.939 n/s p(Base/FR)=0.964 n/s  p(Base/Rec)=0.621 n/s
p(FR/Rec)=0.260 n/s p(FR/Rec)=0.642 n/s

Sex: F(1,15)=0.407, P=0.533; Treatment: F(1.82,27.4)=1.12, p=0.337;SexXTreatment: F(2,30)=1.37, p=0.270

29.7745.31 109.02+35.72 20.2746.15 73.50+£35.36 87.88+18.77 60.69+£15.32
p(Base/FR)=0.032 * p(Base/Rec)=0.946 n/s p(Base/FR)=0.914 n/s  p(Base/Rec)=0.931 n/s
p(FR/Rec)=0.015 * p(FR/Rec)=0.727 n/s
Sex: F(1,15)=1.26, P=0.280; Treatment: F(2,30)=3.52, p=0.042%*;SexXTreatment: F(2,30)=1.24, p=0.303

269.80+£118.98 201.90+45.00 105.10+18.99 266.571£69.11 237.431£71.22 116.43+45.47
p(Base/FR)=0.805 n/s  p(Base/Rec)=0.327 n/s p(Base/FR)=0.897 n/s  p(Base/Rec)=0.118 n/s
p(FR/Rec)=0.121 n/s p(FR/Rec)=0.346 n/s

Sex: F(1,15)=0.038, P=0.848; Treatment: F(1.54,23.1)=3.36, p=0.063;SexXTreatment: F(2,30)=0.05, p=0.952
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Time burrowing (s)

Burrowing rate

(/min)
Fig.2G

Time to empty (s)

Burrowing/total
digging ratio Fig.2H

% material burrowed
Fig.2l

Corticosterone
Fig.3B

108.03+8.72 105.41+16.18 128.90+29.48 97.09+15.84 95.02+14.13 154.95+30.73
p(Base/FR)=0.999 n/s  p(Base/Rec)=0.864 n/s p(Base/FR)=0.998 n/s  p(Base/Rec)=0.200 n/s
p(FR/Rec)=0.647 n/s p(FR/Rec)=0.081 n/s

Sex: F(1,15)=0.005, P=0.947; Treatment: F(1.46,21.86)=4.14, p=0.041*;SexXTreatment: F(2,30)=0.85, p=0.439

9.74+1.13 8.46+0.94 10.36x1.67 6.37+1.44 7.46+1.53 7.45+1.20
p(Base/FR)=0.769 n/s  p(Base/Rec)=0.978 n/s p(Base/FR)=0.346 n/s  p(Base/FR)=0.578 n/s
p(FR/Rec)=0.431 n/s p(FR/Rec)=0.999 n/s
Sex: F(1,15)=2.35, P=0.146; Treatment: F(1.90,28.52)=0.59, p=0.555;SexXTreatment: F(2,30)=0.85, p=0.436
1410.1+93.7 1321.1+156.5 1426.3+100.6 1595.7+87.4 1463.3+198.8 1458.0+89.6
p(Base/FR)=0.781n/s p(Base/Rec)=0.993 n/s p(Base/FR)=0.765 n/s  p(Base/Rec)=0.621n/s
p(FR/Rec)=0.874 n/s p(FR/Rec)=0.999 n/s
Sex: F(1,15)=1.32, P=0.265; Treatment: F(1.36,20.4)=0.36, p=0.622;SexXTreatment: F(2,30)=0.18, p=0.833
0.789+0.033 0.567+0.071 0.880+0.024 0.62910.079 0.540+0.066 0.724+0.051
p(Base/FR)=0.071n/s  p(Base/Rec)=0.10 n/s p(Base/FR)=0.676 n/s  p(Base/Rec)=0.625n/s
p(FR/Rec)=0.0014 ** p(FR/Rec)=0.152 n/s
Sex: F(1,15)=6.21, P=0.025%*; Treatment: F(1.61,24.13)=10.14, p=0.0012**;SexXTreatment: F(2,30)=0.92, p=0.410
95.00+2.65 76.50+4.69 94.50+1.78 60.43£14.15 63.29+11.11 92.14+3.45
p(Base/FR)=0.0017 **  p(Base/Rec)=0.987 n/s p(Base/FR)=0.939 n/s  p(Base/Rec)=0.127n/s
p(FR/Rec)=0.024 * p(FR/Rec)=0.068 n/s
Sex: F(1,15)=5.02, P=0.041%*; Treatment: F(1.72,25.86)=10.52, p=0.0007***;SexXTreatment: F(2,30)=4.97, p=0.014*
167.47+12.06 401.43+49.96 206.00£13.12 336.66+£32.12 480.13+39.26 430.90+52.49
p(Base/FR)=0.0047 **  p(Base/Rec)=0.157 n/s p(Base/FR)=0.0091 p(Base/Rec)=0.260n/s
p(FR/Rec)=0.0059 ** ok

p(FR/Rec)=0.765 n/s
Sex: F(1,15)=23.71, P=0.0002***; Treatment: F(1.6,24.01)=16.01, p<0.0001***;SexXTreatment: F(2,30)=2.38, p=0.11
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Supplementary Table 3: Comparison of animals who escaped from food restriction trial with animals that completed the trial.

Males that escaped appeared to be more active than the average in their cohort, but all mice that escaped showed burrowing parameters than
the others with lower latency to burrow. Values are presented * s.e.m. Results from food restriction cohort are below in parentheses.
Parameters that could not be measured because the animals escaped from the arena are listed as not available (n/a).

M2 - Base M2 - FR M2 - Rec F - Base F-FR F - Rec
Distance (m) 46.18+6.07 n/a 42.79+2.52 54.43+7.39 n/a 40.22+2.25
(36.40+1.26) (26.13+1.91) (37.3941.26) (52.55+3.30) (25.40+3.24) (46.27+3.47)
S ) 0.026+0.003 0.013+0.003 0.024+0.002 0.030+0.004 0.022+0.012 0.022+0.001
(0.020£0.001) (0.015+0.001) (0.021+0.001) (0.028+0.002) (0.014+0.002) (0.026+0.002)
Latency to burrow 107.33+1.45 188.67+97.54 99.00+42.33 141.00+45.72 72.00+29.70 64.33+5.90
(s) (269.80+118.98) (201.90+45.00) (105.10+18.99) (266.57+69.11) (237.43+71.22) (116.43+45.47)
Time in burrow (%) 36.1+3.5 n/a 36.8+2.6 37.2313.0 n/a 27.86%1.8
(38.5+2.0) (26.9+2.5) (36.0+2.4) (34.5+3.3) (19.0+2.8) (34.2+2.3)
. 1545.3+110.5 n/a 1258.0+201.2 1420.67+57.0 n/a 1318.33+283.8
Time to empty (s)
(1410.1+93.7) (1321.1+156.5) (1426.3+100.6) (1595.7+87.4) (1463.3+198.8) (1458.0+89.6)
% material 90.80+2.98 n/a 95.41+2.96 90.69+2.23 n/a 94.76+2.66
burrowed (95.00+2.65) (76.50£4.69) (94.50+1.78) (60.43£14.15) (63.29+11.11) (92.14+3.45)
Corticosterone 198.67+8.50 389.60+79.21 120.29+24.13 342.40+£103.97 514.03+£181.06 575.13+49.21
(167.47+12.06) (401.43+49.96) (206.00+13.12) (336.66%+32.12) (480.13+39.26) (430.90+52.49)

Abbreviations: FR=food restriction; Rec=recovery; n/a= not available
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Supplementary Table 4: Values for behavioral parameters for the Cc2d1a cKO mice reported in Figure 4
Values are presented * s.e.m. P values are the result of Sidak multiple comparison tests following two-way ordinary ANOVA testing for genotype
and sex. ANOVA statistics for sex and treatment and sexXtreatment interaction are reported below each parameter.

Distance (m)
Fig.4A

Speed (m/s)
Fig.4B

Burrow occupancy
(time in burrow/total)

Total digging (s)
Fig.4C

Digging in open area
Fig.4D

Latency to burrow (s)

Time burrowing (s)

WT (fix) M N=8

28.69+1.90
p(M WT/cK0)=0.999 n/s
p(WT M/F)=0.791 n/s

Sex: F(1,32)=3.41, P=0.074; Genotype: F(1,32)=0.422, p=0.520;SexXGenotype: F(1,32)=0.013, p=0.911
0.01610.001 0.017+0.002 0.019+0.002 0.020+0.002

p(M WT/cKO)=0.978 n/s p(cKO M/F)=0.529 n/s  p(F WT/cKO)=0.936 n/s
p(WT M/F)=0.607 n/s

Sex: F(1,32)=3.395, P=0.074; Genotype: F(1,32)=0.475, p=0.496;SexXGenotype: F(1,32)=0.008, p=0.929
41.7¢3.9 27.8%4.0 29.5+5.6 35.1+5.7

p(M WT/cKO)=0.277 n/s p(cKO M/F)=0.739n/s  p(F WT/cKO)=0.842 n/s
p(WT M/F)=0.346 n/s

Sex: F(1,32)=0.223, P=0.640; Genotype: F(1,32)=0.665, p=0.421;SexXGenotype: F(1,32)=3.673, p=0.064
230.63+24.85 226.40+32.73 106.26+23.78 115.55+27.69

p(M WT/cK0)=0.999 n/s p(cKO M/F)=0.040* p(F WT/cK0)=0.994 n/s
p(WT M/F)=0.018*

Sex: F(1,32)=17.72, P=0.0002***; Genotype: F(1,32)=0.008, p=0.928;SexXGenotype: F(1,32)=0.058, p=0.810
39.62+12.81 84.661£19.33 19.53+5.12 25.62+7.50

p(M WT/cKO)=0.076 n/s p(cKO M/F)=0.006 ** p(F WT/cKO)=0.999 n/s
p(WT M/F)=0.784 n/s

Sex: F(1,32)=11.86, P=0.0016**; Genotype: F(1,32)=4.95, p=0.033*;SexXGenotype: F(1,32)=2.872, p=0.10
175.50+48.97 262.00+58.14 550.10+209.59 288.30+84.01

p(M WT/cKO)=0.971 n/s p(cKO M/F)=0.999 n/s p(F WT/cKO)=0.453 n/s
p(WT M/F)=0.204 n/s

Sex: F(1,32)=2.327, P=0.137; Genotype: F(1,32)=0.445, p=0.51;SexXGenotype: F(1,32)=1.756, p=0.195
191.01+24.35 141.75+39.47 86.731£20.49 89.931+26.86

p(M WT/cKO)=0.644 n/s p(cKO M/F)=0.565n/s  p(F WT/cKO)=0.999 n/s
p(WT M/F)=0.059 n/s

Sex: F(1,32)=7.766, P=0.0089**; Genotype: F(1,32)=0.676, p=0.417;SexXGenotype: F(1,32)=0.877, p=0.356

cKO M N=8

30.31+3.16
p(cKO M/F)=0.686 n/s

WT (fx) F N=10

33.94+3.47
p(F WT/cKO)=0.994 n/s

cKO F N=10
36.25£2.92
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Burrowing rate
(8/min)

Time to empty (s)

Burrowing/total
digging
Fig.4E

% material burrowed
Fig.4F

5.361£1.11 1.63+0.51 4.08+1.03 6.50£1.85
p(M WT/cKO)=0.333 n/s p(cKO M/F)=0.076 n/s  p(F WT/cKO)=0.683 n/s
p(WT M/F)=0.983 n/s
Sex: F(1,32)=1.873, P=0.181; Genotype: F(1,32)=0.248, p=0.622;SexXGenotype: F(1,32)=5.52, p=0.025*
1054.88+127.42 1337.88+235.72 1453.2+133.82 1319.0+176.79
p(M WT/cK0)=0.691 n/s p(cKO M/F)=0.999 n/s  p(F WT/cKO)=0.936 n/s
p(WT M/F)=0.374 n/s
Sex: F(1,32)=1.212, P=0.279; Genotype: F(1,32)=0.186, p=0.669;SexXGenotype: F(1,32)=1.466, p=0.235
0.813+0.060 0.553+0.111 0.612+0.119 0.624+0.117

p(M WT/cKO)=0.398 n/s p(cKO M/F)=0.967 n/s  p(F WT/cKO)=0.999 n/s
p(WT M/F)=0.570 n/s

Sex: F(1,32)=0.353, P=0.557; Genotype: F(1,32)=1.27, p=0.268;SexXGenotype: F(1,32)=1.546, p=0.223
82.50£3.82 31.50+12.16 49.70+£12.82 45.601£12.41
p(M WT/cKO)=0.027* p(cKO M/F)=0.823 n/s  p(F WT/cKO)=0.993 n/s
p(WT M/F)=0.204 n/s
Sex: F(1,32)=0.659, P=0.423; Genotype: F(1,32)=5.72, p=0.023*;SexXGenotype: F(1,32)=4.143, p=0.050
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