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22 Abstract

23 In humans, affective states can bias responses to ambiguous information: a phenomenon
24 termed judgment bias (JB). Judgment biases have great potential for assessing affective states
25  in animals, in both animal welfare and biomedical research. New animal JB tasks require
26  construct validation, but for laboratory mice (Mus musculus), the most common research
27  vertebrate, a valid JB task has proved elusive. Here (Experiment 1), we demonstrate construct
28  validity for a novel mouse JB test: an olfactory Go/Go task in which subjects dig for high- or
29  low-value food rewards. In C57BL/6 and Balb/c mice faced with ambiguous cues, latencies
30 to dig were sensitive to high/low welfare housing, environmentally-enriched animals
31  responding with relative ‘optimism’ through shorter latencies. Illustrating the versatility of a
32 validated JB task across fields of research, it further allowed us to test hypotheses about the
33  mood-altering effects of cancer (Experiment 2). Male nude mice bearing subcutaneous lung
34  adenocarcinomas responded more pessimistically than healthy controls to ambiguous cues.
35 Similar effects were not seen in females, however. To our knowledge, this is the first
36  validation of a mouse JB task and the first demonstration of pessimism in tumor-bearing
37 animals. This task, especially if refined to improve its sensitivity, thus has great potential for
38 investigating mouse welfare, the links between affective state and disease, depression-like
39  states in animals, and hypotheses regarding the neurobiological mechanisms that underlie
40  affect-mediated biases in judgment.

41
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46 1. Introduction

47  Ofthe 115+ million animals used annually in biomedical research [1], most are rodents. They
48  are often used to model potentially distressing conditions like cancer, arthritis and psychiatric
49  disorders (e.g. anxiety, depression). But even conventional practices like handling (e.g. [2])
50 and the use of small, non-enriched cages (e.g. [3—5]) can compromise their wellbeing. These
51  welfare costs can modify experimental outcomes in undesired directions [6]. They also have
52  ethical implications, especially given the poor replicability [7] and translatability of
53  biomedical research [8—10]. Our focus here is a potential method for assessing affective states
54  (emotions and long-term moods [11]) in mice: the most widely used vertebrate in both basic
55 and translational research [12]. Such methods are important for assessing mouse welfare, and
56  for understanding the neurobiological mechanisms underlying normal and pathological
57  affective functioning.

58

59 In humans, affective states modulate the interpretation of ambiguous information, a
60  phenomenon known as judgment bias (JB). JB refers to the way that individuals experiencing
61 negative affect (e.g. anxiety, depression) can process ambiguous information (e.g. neutral
62  facial expressions) ‘pessimistically’, as if negative, while individuals in positive states might
63  demonstrate more ‘optimistic’ interpretations of the same ambiguous cues [see 13—15]. In
64  animal JB studies, optimism can be operationalized as increased expectations of reward when
65  faced with ambiguous cues, and pessimism, by increased expectations of punishment [16].
66  Harding et al., [17] pioneered this method of animal JB assessment: rats trained that one cue
67 predicts reward while another predicts punishment, were exposed to ambiguous
68 (intermediate) cues. Rats exposed to unpredictable housing showed pessimistic JBs, treating

69  the ambiguous cues as if predicting punishment. Since this seminal work, JB tasks have
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70  gained popularity as potentially powerful tools for assessing animal affect due to their
71  sensitivity to changes in both valence and intensity of these states [18]. Thus JB tasks have
72 been developed for a wide range of species (e.g. dogs, sheep, horses, honeybees), using a
73 variety of cues (e.g. visual, olfactory, tactile), and across diverse fields of research (e.g.
74 behavioral biology, neuroscience and animal welfare) [19,20].

75

76  For mice, however, validated JB tasks had remained elusive. Valid JB tasks must meet two
77  technical criteria: that animals discriminate between positive and negative cues, and then
78  interpret intermediate cues as ambiguous [20,21]. But like any putative indicator of affective
79  state, they must also demonstrate construct validity: sensitivity to deliberate affect
80  manipulations (c.f. [22,23]). For mice, previous efforts have either not attempted construct
81  validation (5/15 experiments [24—26]), or attempted it and failed (10/15 experiments [27—
82  33]; Table S1). Here, we therefore aimed to validate a novel JB task, manipulating affective
83  state through the use of highly preferred environmentally enriched cages [34], versus
84  conventional cages known to induce stress [35], anxiety [36,37], and depression-like effects
85  [35,38,39]. Environmental enrichment (modification of an animal’s environment to improve
86  well-being and meet species-specific needs [40]), has been used in neuroscience for decades
87  for its positive effects in neuroplasticity and disease recovery [41]. Morphological and
88  physiological changes in the brain due to enrichment have also been associated with
89 improved welfare [42], and JB has been shown to be sensitive to the effects of enrichment in
90  other species (e.g. rats [43,44]).

91

92 In a second experiment, we applied this newly validated task to mice with tumors, to assess

93 its utility in translational biomedical research. It is well established that cancer can be
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94  debilitating when tumors cause pain and discomfort (e.g. [45]), and rodent welfare guidelines
95 for oncology already focus on such harms (e.g. [46]). However, tumors are known to reduce
96 human well-being at much earlier stages: tumors can induce depression-like feelings of
97  sadness and hopelessness [47,48], even before cancer is diagnosed (e.g. [49,50]), thanks to
98 elevated pro-inflammatory cytokines [51,52]. Mice with tumors likewise show signs of
99  depression (e.g. increased anhedonia [53]). And again these reflect inflammatory responses

100 [54-57], and are manifest before clinical signs emerge [46,58]. However, these subtle

101 changes have received negligible attention in mouse welfare guidelines. Nor have more

102  nuanced measures of mood yet been developed for researchers interested in the translational

103 Dbenefits of mouse models of cancer. To bridge these research gaps, we thus aimed to assess

104  mood in mice with tumors through judgment bias.

105

106 2. Materials, methods and results

107  2.1. Ethical note

108  Both experiments were approved by institutional ethics committees. Experiment 1 (AUP

109  #3700) complied with Canadian Council on Animal Care guidelines, and Experiment 2

110  (protocol number 42-1-14T) complied with Guidelines for the Welfare and Use of Animals

111  in Cancer Research [46]. One C57 was removed before testing for barbering a cagemate

112 (Experiment 1), and one male nude mouse was removed due an eye abscess (Experiment 2).

113 This report also meets ARRIVE (Animal Research: Reporting of /n Vivo Experiments)

114  requirements [59].

115

116 2.2, Experiment 1: Validating a Novel JB Task with Housing-Manipulated Affective States

117 2.2.1. Animals and Housing
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118  Eighteen C57BL/6NCrl (‘C57’) and 18 Balb/cAnNCrl (‘Balb’) females were purchased from
119  Charles River (Raleigh, North Carolina) at 3-4 weeks old. Females were chosen to allow for
120 the combined use of group housing (important since mice are a social species), and
121 environmental enrichment without the risk of resource guarding aggression that can be
122 problematic in male mice [60]. Mice were randomly assigned to open-top enriched or
123 conventional housing treatments (respectively EH or CH). Here they lived in mixed strain
124 groups (c.f. [61]), each cage containing one C57 and one Balb, plus two DBA/2NCrl
125  cagemates used in another experiment. CH comprised transparent polyethylene laboratory
126 cages (27L x 16W x 12H cm, Allentown Inc.; n = 9), with corn cob bedding (Envigo,
127  Mississauga, Ontario, Canada), a paper cup and two types of nesting material (crinkled paper
128  strips and cotton pads; Fig. 1 A). EH cages were large (60L x 60W x 30H cm, n=9), opaque
129  plastic with one transparent red plastic window, containing a variety of enrichments that
130 facilitate species-typical behaviors (e.g. hiding, climbing, chewing, and nesting [c.f. 39]; Fig.
131 1 B and C). Attached to each enriched cage was a standard ‘annex’ cage that mice could
132 freely access via a tunnel. Mice were trained to enter the annex cage for a food treat when a
133 cup full of sweet oat cereal (Cheerios) was shaken; the access tunnel could then be blocked
134  allowing for ease of catching and handling in the annex. Handling for both treatments always
135  followed cup or tunnel methods to minimize aversive effects [2]. The room was kept at
136  21+£1°C and 35-55% relative humidity, on a reverse 12:12 hour light cycle (lights off at

137 06:00). Food (Harlan® Teklad, Global Diet 14% protein) and water were ad libitum.
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138
139  Fig 1. Housing treatments and timeline for Experiment 1. A. Conventional ‘shoebox’ laboratory cage
140  with a paper cup and two types of nest material; B and C. Upper and front view of the enriched cage,
141  respectively; a standard ‘annex’ cage was attached to one of the sides of the enriched cage to facilitate
142 handling. D. Timeline and summary of positive, negative and ambiguous training and test trials for
143 Experiment 1. DS(+): positive discriminative stimulus, DS(-): negative discriminative stimulus,
144  AMB: ambiguous mixture (50% vanilla-50%mint), B: banana chip, C: Rodent diet (‘chow’), X: no
145  food rewards.

146

147  2.2.2. Judgment bias (JB) training and testing

148  Our olfactory, digging-based task utilized a “Go/Go” design that was divided into three
149  phases (Fig. 1 D). All JB training and testing was conducted under red light in an
150 experimental area of the colony room (separated by a plastic curtain), between 08:00 and
151  18:00. Mice were pseudorandomly assigned to an experimenter blind to treatment (AM or
152  AR), counterbalancing across housing and strains. Randomization was conducted through an
153  online random order generator [62], unless otherwise noted. Mice were fasted for one hour

154  prior to training or testing throughout all phases to increase motivation for food, while also
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155  maintaining the preference for the high- over the low-value rewards [30]. After fasting, mice
156  were moved from their home cage to a transport cage (27L x 16W x 12H cm, Allentown Inc)
157 by a familiar research assistant and placed in the experimental area. The order in which mice
158  were tested was random across days since EH mice were opportunistically caught in the
159  annex cage (see above). Between trials, all plastic components of the apparatus were wiped
160  thoroughly with 70% ethanol and disposable materials were replaced.

161

162  The apparatus (Fig. 2) comprised a start compartment and two arms, each containing a scent
163  dispenser at its entrance (a cotton-filled tissue cassette) and a 6.5L x 6.5W x 4H cm corncob-
164  filled pot at its far end. To prevent the scent of the buried treats from revealing which pot
165  was rewarded, an inaccessible treat compartment was located at the bottom of each pot with
166  perforated plastic to allow odor transmission. Treats included in the inaccessible
167  compartment were dependent on which treat (if any) was accessible, so that each pot always
168 included a total of one chow piece and one banana chip across compartments. The whole
169  apparatus was topped with a transparent plexiglass cover.

20cm
47 cm

15 cm

UnScented
Cassette

Start Compartment | ‘ Arms

170
171  Fig 2. Judgment bias apparatus used in Experiments 1 and 2. The dotted line represents the sliding

172 door that was opened at the beginning of each trial.
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173

174  Pilot tests identified preferred treats (Desjardin unpubl); dried, sweetened banana chips
175  (Stock and Barrel) were selected as the high-value reward and regular rodent chow was used
176  as low-value reward. Vanilla and mint essences (Fleibor S.R.L, Buenos Aires, Argentina),
177  diluted 1:4 in distilled water [63,64], acted as cues (discriminative stimuli: DS). In each trial,
178  one arm of the apparatus was always unscented (marked with distilled water), predicting a
179  buried low-value reward (rodent chow). DS+ or DS- solution (0.1 ml) was applied to the
180  scent dispenser and corncob of the scented arm, respectively predicting buried high-value
181  rewards, banana chips (in positive trials) or no reward (negative trials) (Table 1). Throughout
182  all phases, to facilitate learning and prevent extinction, if a mouse was still eating a reward
183  when the trial ended she was allowed 30 seconds to eat before being handled. Additionally,
184  if she had not yet found the reward by the end of a trial, the appropriate treat was placed on
185  top of the bedding and the mouse was gently guided to it (and given 30 seconds to eat). Each
186  mouse’s DS+ (mint or vanilla) and the side of the scented arm (left or right) were
187  pseudorandomly assigned, counterbalancing across strain, housing and experimenter.

188

189  2.2.3. Digging Training

190  One week before training (when 8-9 weeks old), mice were habituated to digging pots with
191  two being placed in their cages daily for 10 minutes, one containing low-value rewards, the
192  other high-value rewards (see Fig. 1 D for full experimental timeline). Digging training in
193  the apparatus began the following week. Here, treats were placed on top of the corn cob
194  bedding on Day 1 and progressively buried in the following four days until they were
195  completely buried at the bottom of the pot by Day 5. Two positive trials were run per day,

196  each lasting 5 minutes. Mice were allowed to freely explore the apparatus and their latency
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197  to start eating each reward was live recorded. Preferences for banana chips over rodent chow
198  were confirmed on the final day (see Results). All mice were able to find the rewards by the
199  end of this phase allowing them to move on to the next stage.

200

201  2.2.4. Discrimination Training

202 This phase introduced the negative trial and lasted 10 days, with two trials per mouse each
203  day. For Days 1-5, the first trial was positive and the second was negative. During Days 6-
204 10, the order of the positive and negative trial was randomized daily. Latencies to dig and to
205  eat in both arms were live scored.

206

207  2.2.5. Testing for discrimination learning

208  To confirm successful discrimination of DS+ and DS-, mice underwent 4 reinforced trials
209  daily for 2-4 days (the length of this phase being variable and determined by how quickly
210  each mouse reached discrimination criterion; see below). These trials were divided into two
211 blocks, with one unreinforced (test) trial in the middle to assess their responses to each DS
212 (Table S2). The order of positive and negative reinforced trials before and after the test was
213  randomized for each mouse. Positive and negative test trials were presented in alternating
214  order across days (e.g. Day One DS+ test, Day 2 DS- test, Day 3 DS+ test, etc.). Test trials
215  lasted 2 minutes and were videoed. Appropriate rewards were placed on the corncob after
216  each trial (banana for DS+, chow for DS-), and mice were allowed 30 seconds to eat before
217  being moved back to their transport cage.

218

219  Latency to dig, as well as the total duration of digging, in the first and the full 2 minutes of

220  test trials were recorded by two observers blind to treatment, and their values were averaged
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221

222

223

224

225

226

227

228

229

230

231

232

233

(with videos showing marked discrepancies being re-scored). The discrimination criterion

set required mice to dig for at least twice as long in the DS+ arm than in the DS- arm in the

first minute of testing (with a minimum DS+ digging time of 3 seconds). Mice who met

discrimination criteria moved on to ambiguous cue testing the following day (see below).

Mice who did not yet meet criteria continued to be presented with unrewarded DS+ and DS-

trials until criteria was met. Mice who did not meet criteria within 4 days were excluded from

ambiguous trials (see results).

On the day of ambiguous testing, mice received one positive and one negative trial in random

order, followed by a video-recorded ambiguous unreinforced trial in which an ambiguous

mixture (50% diluted mint, 50% diluted vanilla) marked the scented arm. Again, videos were

scored by two observers, blind to treatment, for latency to dig and digging duration.

Trial Details
Experiment 1 Experiment 2
Trial type Scented Unscented Scented Unscented
Arm Arm Arm Arm
Pos trainin DS+/ Water / DS+/ Water /
Digging and £  Banana Chow Almond Corn flake
Discriminati - -
ls%g;llir;la - Neg trainin DI?O : Water / DI\§0 / Water /
& & & Chow Corn flake
reward reward
Discrimination ~ Mice must dig twice as long in the DS+ pot (Pos
] criterion test) than DS- pot (Neg test), and dig for at least 3
D‘Tesjun‘g for (DC) seconds
1scrimination
+
and JB Pos test DS Water DS+ Water
(All conducted
with no buried Neg test DS- Water DS- Water
rewards) b Wat
MDIBUOUS — \rivture  Water Mixture atet

test
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234  Table 1. Summary of the trial details in Experiments 1 and 2. DS(+): positive discriminative stimulus,
235  DS(-): negative discriminative stimulus, Pos: positive, Neg: negative. See Supplemental Table S2 for
236  expanded table.

237

238  2.2.6. In-cage behavioral observations

239  Behavioral observations were conducted to check for expected differences in welfare
240  between EH and CH mice (e.g. higher levels of stereotypic behaviors in the latter; [34,39]).
241  Data were collected via live scan sampling during the dark, active phase. A silent observer
242 scanned each cage every 15 minutes for four hours, starting two hours after lights off [c.f.
243 65]. The first observed behavior for each mouse was categorized according to the ethogram
244  (Table S3). Since EH mice had more opportunities to be out of sight, each behavior was
245  calculated as a proportion of visible scans.

246

247  2.2.7. Statistical analyses for Experiment 1

248  Generalized Linear Mixed Models in SAS®9.4 were used, on data transformed where needed
249  to meet assumptions (normality and homogeneity of residuals). Where assumptions could
250  not be met, non-parametric tests were used instead (and noted in text). Treat preferences were
251  confirmed during digging training by assessing latency to eat high- and low-value rewards.
252 The repeated measures model therefore included Reward, Housing, Strain, DS+ Odor and all
253  two way interactions, plus Cage (a random effect nested in Housing and DS+ odor) and
254  Mouse ID (a random effect nested in Cage, Housing, DS+ odor and Strain). To test for
255  judgment bias, repeated measures models were run to assess both latency to dig and digging
256  duration in the scented arm for positive, negative and ambiguous test trials. Trial Type,

257  Housing, Strain, Trial Type*Housing, DS+ odor, Trial Type*Strain, Trial Type*DS+ odor,
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258  Trial Type*Housing*DS+ odor, Cage (a random effect nested in Housing and DS+ odor) and
259  Mouse ID (a random effect nested in Cage, Housing, DS+ odor and Strain) were always
260 included in Experiment 1 models. To select which additional main and interactive effects to
261  include (e.g. Tester ID and its interactions), a stepwise forward selection process using
262 corrected Akaike's Information Criteria (c.f. [66]) identified the most parsimonious final
263 models. These were then run using maximum-likelihood estimations (the experiment
264  becoming unbalanced when not all mice met discrimination criteria, c.f. [20]). Since Housing
265  was the treatment of interest, simple effects were calculated from the Trial Type*Housing,
266  using the SLICEDIFF command when calculating the Least Squares Means [67]. One-tailed
267  Pswere used since only one specific effect would validate the task (c.f.[68]): shorter latencies
268  and longer digging times for EH than CH mice, in ambiguous trials only. Finally, effect sizes
269  (Cohen’s d) were calculated, and ANOVA tables were used to assess whether
270  Treatment*Trial Type contributed significant variation. To confirm housing effects, levels of
271  home cage stereotypic behavior (SB) and time spent inactive but awake (IBA) were assessed.
272 For SB, terms included in the model were Housing, Strain, Housing*Strain and Cage (as a
273  random effect nested within housing). Home cage IBA data did not meet assumptions of
274  normality and homogeneity, so a Wilcoxon rank sum test was used instead.

275

276  2.3. Experiment I results:

277  All but 4 C57 mice met discrimination criteria (n=31). Treat preference was confirmed by
278  the lower latencies to eat the high-value reward over the low-value reward the last day of
279  digging training (F132=80.46, p<0.0001, Cohen’s d=2.215). Housing*Reward (F32=4.12,
280  p=0.005) and Strain*Reward were significant (F32=6.89, p=0.007), but banana was still

281  preferred in all subgroups (p<0.0001). During tests for JB, Trial Type*DS+ odor was
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282  significant for both latency to dig and digging duration (respectively F2,6=5.74, p=0.005 and
283  F»26=18.88, p<0.0001), Mint DS+ mice unexpectedly treating intermediate odor mixtures as
284  positive (as if 100% mint), but Vanilla DS+ mice treating intermediate odor mixtures as
285  ambiguous as required for a valid JB task (Fig. 3 A, Table S4). There were also significant
286  strain differences in latency (latency: F131=4.87, p=0.018, Cohen’s d=-0.799; duration:
287  F131=3.82, p=0.030, Cohen’s d=0.484), C57s from both housing conditions showing shorter
288 latencies and digging durations than Balbs across trials.

289

290  Because only Vanilla mice met the requirement of treating the scent mixture as intermediate
291  between the DS+ and DS-, simple effects of housing were calculated from the Trial
292  Type*Housing term, using the SLICEDIFF command ([cf. 67]. Housing influenced digging
293  latencies in the Vanilla DS+ mice, CH animals being slower than EH to dig in ambiguous
294  trials (ambiguous: =2.14, d.f=91.89, p=0.018, Cohen’s d=1.083; positive: =0.39,
295  d.£=91.89, p=0.348, Cohen’s d=0.198; negative: =0.61, d.f.= 91.89, p=0.273, Cohen’s
296  d=0.308: Fig. 3 B). Similar effect did not hold for Mint DS+ mice (ambiguous: =0.68,
297  d.£=90.63, p=0.251, Cohen’s d=0.372; positive: t=-0.77, d.£.=90.63, p=0.221, Cohen’s d=-
298  0.425; negative: =0.75, d.f= 90.63, p=0.229, Cohen’s d=0.410), even though Trial
299  Type*Housing*DS+ odor and Trial Type*Housing did not account for significant variation
300 (respectively F26537=0.49, p=0.344 and F>e=1.41, p=0.252). Digging duration was not
301 affected by housing, in contrast (e.g. Vanilla DS+ ambiguous trials: =-0.38, d.f.=91.37,
302  p=0.353, Cohen’s d=-0.191).

303

304 Latency data were then re-analyzed using only the first minute of testing, to assess the utility

305 of a shortened protocol. For Vanilla DS+ mice, SLICEDIFF tests for simple effects of
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306  Housing again showed that CH animals had longer latencies to dig in ambiguous trials than
307 EH mice (ambiguous. =2.27, d.f.=92.94, p=0.014, Cohen’s d=1.148; positive: t=0.22, d.f.=
308  92.94, p=0.414, Cohen’s d=0.110; negative: r=0.80, d.f.=92.94, p=0.214, Cohen’s d=0.404:
309 Fig. 3 C), while again the same did not hold for Mint DS+ mice (ambiguous: 7=0.88,
310 d.f:=91.94, p=0.193, Cohen’s d=0.482; positive: t=-0.65, d.f.= 91.94, p=0.260, Cohen’s d=-
311 0.357; negative t=0.78, d.f.=91.94, p=0.220, Cohen’s d=0.427). This was again despite Trial
312 Type*Housing*DS+ odor and Trial Type*Housing not accounting for significant variation
313 (respectively F26537=0.36, p=0.392 and F>6>=1.66, p=0.198). Consistent with 2-minute
314  results, C57s showed shorter latencies in the first minute (F131=8.49, p=0.003, Cohen’s d=-
315  1.056) and there was a significant effect of Scented arm side (F1,31=6.81 p=0.001, Cohen’s
316 d=-0.903).

317

318  Analyses of homecage observations confirmed expected housing effects on welfare (c.f.
319  [38,69]): more stereotypic behavior (F1,17.6=25.19, p<0.0001, Cohen’s d=1.839) and time
320  spent ‘inactive but awake’ (Wilcoxon rank sum test; Z=-2.839 p=0.008 Cohen’s d=0.484) in
321  CH than EH cages. Taken together, these results validated digging latency as a JB indicator
322 when vanilla is the DS+, and justified using a shortened, ‘1min’ protocol in Experiment 2.
323

324
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326  Fig 3. Digging latency least square means (+ standard error) during positive, negative and ambiguous
327  test trials. A. 2min digging latency in mice receiving mint (M, n=15) or vanilla (V, n=16) as the
328  positive discriminative stimulus (DS+) (data logarithmically transformed), B. 2min digging latency
329 in Vanilla DS+ mice from conventional (CH, n=7) or enriched (EH, n=9) housing (data
330  logarithmically transformed), C. 1min digging latency in the same subjects (data Box Cox

331  transformed).
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332
333  2.4. Experiment 2: Applying the Task to Mice with Tumors

334  2.4.1. Animals and Housing

335 Twenty male and 19 female ‘nude’ mice (stock NLAE:NIH(S)-FoxI™™), free from
336 common/zoonotic mouse pathogens, were obtained at 4-5 weeks old from La Plata National
337  University’s Faculty of Veterinary Sciences and randomly allocated to cancer or cancer-free
338 treatments (Fig. 4 B). We employed human A549 cell line lung adenocarcinoma tissue (from
339  tumors grown in other mice: [70]): widely used in oncology [71] and associated with
340 inflammatory cytokines [72]. The donor mouse was killed by cervical dislocation, and the
341  tumor was aseptically removed and placed into a petri dish with Minimum Essential Medium,
342 where it was divided into 2mm? pieces. These pieces were immediately transplanted
343  subcutaneously into the lateral abdominal area of mice anesthetized with ketamine/xylazine
344  (100/10 mg/kg i.p., respectively). During the procedure, mice also received 0.03 ml of 1%
345 lidocaine at the site of the incision and a single dose of 10 mg/kg of tramadol (administered
346  subcutaneously). Post-operative care and ulterior veterinary inspection were performed as
347  previously described [70].

348

349  2.4.2. Simplified JB protocol

350 Preference tests again identified high- and low-value rewards [73] (see Results). Training
351  occurred on a clean bench in the colony room, under white light. A simplified protocol was
352 used (Fig. 4 A, Table S2) in which vanilla was now used as the DS+ for all mice, since only
353  vanilla DS+ mice in Experiment 1 interpreted intermediate mint-vanilla odor mixtures as
354  ambiguous and responded to them with JB. Here, digging training was identical to

355  Experiment 1 but lasted only 4 days, discrimination training lasted 9 days and involved 2, 3-
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minute trials per day, and testing lasted 3 days with mice meeting discrimination criteria
being tested for responses to ambiguous cues as in Experiment 1. Daily veterinary checks

assessed clinical signs of disease (c.f. [46])

A| Pre-Testing || Judgement Bias Task |

Days 0-30 ) Days3134 Days 35-44 Days 45-47

Subcutaneous Digging Diecrmination | Discrimination Training as previous phase \
Tumor Training Training +

Implantation and = o 5
Tumor Growth \ Testing Trials immediately after

= T 1 Positive Training + "
AN T 1 Negative Training Day 45 » ‘ Day 46 > ‘ Day 47 B
Trials / Day i Day 7 7

Testing: Positive | ‘ Testing: Negative HTesting: Ambiguous |
Positive Training [ Positive Training [ Negative Training

Fig 4: Timeline of positive, negative and ambiguous training and test trials for Experiment 2 (A),
including a photograph of a mouse bearing a subcutaneous tumor (B).
DS (+): positive discriminative stimulus (vanilla), DS (-): negative discriminative stimulus (mint),

AMB: ambiguous mixture (50% vanilla-50%mint), A: almond, C: cornflake, X: no food rewards.

2.4.3. Statistical analyses for Experiment 2

Data were analyzed with repeated measures Generalized Linear Mixed Models as in
Experiment 1, but model selection was not required due to the simpler design. Trial Type,
Treatment (cancer status), Sex and their two- and 3-way interactions were therefore all
included as fixed effects. Cage and Mouse ID, both nested within sex and treatment, were
included as random effects. The simple effects of cancer status in each Trial Type were again
tested using SLICEDIFF commands (now with two-tailed Ps). Sex differences in tumor
volume and treat preference were also checked. For these, data did not meet assumptions of

normality and homogeneity so a Wilcoxon rank sum test was used.
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375

376  2.5. Experiment 2 Results:

377  All but 3 male and 7 female mice met discrimination criteria (n=29). As for Experiment 1,
378  high-value rewards were preferred over low-value rewards (males: Wilcoxon rank sum test;
379 Z =-4.823, p<0.0001, Cohen’s d=0.234; females: Wilcoxon rank sum test; Z =-3.683,
380 p=0.001, Cohen’s d=1.292). Trial Type*Treatment*Sex was significant (F2s365=8.77,
381  p<0.001) because cancer status had different effects on males and females (Fig. 5 A, Table
382  S4). In females, who treated the ambiguous cue as negative, only a trend for increased
383  digging latency in negative trials for tumor-bearing animals was detected (=-1.71,
384  d.£=80.65, p=0.093, Cohen’s d=1.001). In males, who in terms of latency treated the
385 ambiguous cue as intermediate, the simple effect of cancer status was significant in
386  ambiguous trials: tumor-bearing mice had longer latencies than controls (=-2.93, d.f.=81.45,
387  p=0.005, Cohen’s d=1.425). Unexpectedly, these mice also showed shorter latencies in
388  negative trials (+=2.27, d.f£=81.83, p=0.027, Cohen’s d=-1.023 ). (Fig. 5 B).

389

390  No mice presented clinical signs: all remained active with good body condition scores [74],
391 normal gaits, normal skin condition over the tumors, and no nasal or ocular discharge.
392  Following testing, tumor volumes were within accepted ranges [46], and similar between
393  sexes (Wilcoxon rank sum test; Z =-0.7415, p=0.4698, Cohen’s d=1.292).

394
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396

397  Fig 5. Digging latencies (£ standard error) during positive, negative and ambiguous test trials (data
398  logarithmically transformed). 4. Digging latencies in female (F, n= 12) and male (M, n= 17) nude
399  mice, B. Digging latencies in control (C, n=8) and tumor-bearing (T, n=9) males.

400

401 3. Discussion

402  To our knowledge, Experiment 1 represents the first successful construct validation of a
403  mouse judgment bias (JB) task. Although sometimes omitted (5 studies in Table S1), or
404  downplayed [26,75,76], the construct validation of any new indicator of affective state is a
405  crucial step. This is especially important for animal JB tasks, which differ greatly from the

406  unconditioned human tasks that inspired them [21] and which, perhaps as a consequence, can
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407  sometimes produce counterintuitive results [e.g. 77]. In mice, for instance, altered affective
408  states have often failed to influence JB (10 studies in Table S1). We suspect that a

409  combination of factors contributed to the success of this, the 11"

published validation
410  attempt. First, affective state was manipulated through a highly preferred housing system that
411  consistently produces robust differences in affect [34,36,38,39], resulting in large treatment
412  effects. In these complex environments, with numerous places to hide or escape, stressful
413  catching that otherwise could have masked treatment effects [78] was also avoided by
414  training the mice to enter the ‘annex cages’. Second, the task was naturalistic and tailored to
415  mouse olfactory and digging skills [79,80]. Third, we utilized a sensitive Go/Go design
416  [21,22]; and rewards were pre-checked for their relative value. In addition, our initial
417  counter-balanced design allowed us to detect an important asymmetry: when faced with a
418  50:50 mixture of scents, only mice trained to use vanilla as a DS+ treated this cue as
419  ambiguous (a technical requirement for a valid JB task). Mice trained to use mint as the DS+
420 instead of treating these mixtures as 100% mint. This result identified Vanilla DS+ mice as
421  the only potential candidates for validation of the current JB task (an issue we revisit below,
422  in the context of future research directions).

423

424  For these Vanilla DS+ mice, latency to dig in ambiguous trials proved sensitive to well-being,
425  thus showing construct validation: CH mice showed the predicted “pessimism”, taking longer
426  to commence digging. Digging duration, however, proved insensitive to affect-modulated
427  JB: although the expected graded response across trials was detected for this variable, no
428  significant effect of housing was observed. This is perhaps because during ambiguous trials,
429  subjects were influenced by the absence of reward, having learned in the positive and

430  negative unreinforced test trials that if a treat was not detected early, further digging was not
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431  beneficial. However, it might also be that digging duration is only impacted by more severe
432 affect manipulations (as we explore further below). Importantly, we were also able to
433 demonstrate the versatility of this novel JB task across strains. Though strain differences
434  were observed in Experiment 1, C57s being faster to begin digging while showing shorter
435  digging durations, such effects were consistent across trial type, and housing treatments. This
436  suggests that when technical criteria are met -- mice being able to discriminate between
437  positive and negative cues, and interpreting intermediate cues as ambiguous -- the task has
438  potential generalizability across strains. Moreover, the nude mice of Experiment 2 (with a
439  Swiss genetic background), were also able to meet these technical criteria even after a
440  shortened protocol.

441

442  In Experiment 2, an abbreviated form of this task (the labor-intensiveness of JB testing being
443  a challenge [81,82]) thus tested hypotheses about the affective impacts of cancer. In males
444  faced with ambiguous cues, tumor implantation reduced digging latencies indicating negative
445  ]Bs. This, the first evidence of pessimism in tumor-bearing animals, is consistent with the
446  low mood commonly reported in human patients and the depression-like behavioral changes
447  commonly found in rodent models (see Introduction). The degree of pessimism in tumor-
448  bearing males was surprising however, ambiguous cues were treated even more negatively
449  than negative trials. This effect may parallel the influence that human affective states have
450  on response latency during JB tasks: individuals in some negative states are slower to make
451  decisions when presented with ambiguous cues [83,84]. It is also unclear why females
452  showed no tumor-induced JB. It is possible that this reflects genuine sex differences (since
453  male mice seem more adversely affected than females later in disease progression [85]). But

454  this might instead indicate floor effects, since even control females seemed to treat
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455  ambiguous cues as negative, perhaps because all female mice were experiencing negative
456  affect from being kept in barren CH (c.f. Experiment 1). The results from tumor-bearing mice
457  thus confirmed our new task’s potential for assessing affective state in biomedical research.
458  But they also highlighted needs for further validation and refinement.

459

460  Together, our results thus identify a valid JB task with great promise, but also show that its
461  sensitivity needs improving. Future avenues could include reducing potential floor effects in
462  replicate cancer research by housing nude mice with enrichment [c.f. 73]. Reinvestigating
463  the construct validity of digging duration would also be warranted. Incidental findings
464  revealed that despite Experiment 1’s null results, Experiment 2’s tumor-bearing males
465  (pessimistic according to JB latencies) also showed shorter digging durations in ambiguous
466 trials, suggesting that this measure too was sensitive to low mood (see Figure S1 and Table
467  S5). Future studies could thus evaluate more negative modifications of affective state in
468  replicate validation work, to assess whether digging duration is sensitive to these more
469  challenging manipulations (Experiment 1’s null results then being floor effects).
470  Experimenting with different training odors, and also different mixtures as ambiguous cues,
471  1s also now warranted. To illustrate, Experiment 1°s Mint DS+ mice treated 50/50 mixtures
472 as 100% mint (i.e. positive) and even to human noses these mixtures smelled strongly
473  ‘minty’. This suggests that when using a mint DS+, more vanilla-skewed mixtures are needed
474  for them to be treated as intermediate. Further, when faced with the same mixtures, female
475  nude mice trained with Vanilla as DS+ treated them as negative, suggesting that for these
476  mice, ‘near positive’ ambiguous cues skewed toward vanilla would be needed for a mixture
477  to be treated as intermediate. Pilot tests to identify appropriate odor mixtures, and/or use of

478  multiple ambiguous probes could help mitigate such effects. Exposing subjects to a full
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479  spectrum of ambiguous cues (e.g. near positive, intermediate, near negative) could also allow
480  for distinction between different types of negative states (e.g. anxiety- and depression-like
481  responses, see [18,21]). And as a final avenue for future research, since housing and cancer
482  status are both long term manipulations, future work assessing the sensitivity of this JB task
483  to acute changes in affect would be of great benefit.

484

485  Such methodological refinements are important given the great research value of a validated
486  murine JB task. As a humane technique potentially sensitive to both positive and negative
487  affect [11,86], it could be hugely useful for assessing and improving mouse husbandry.
488  Further, cognitive biases play important roles in human affective disorders, yet relatively
489 little is known about the neurophysiological correlates and underlying mechanisms [84].
490  Since mice are the dominant model species in cognitive and behavioral neuroscience, a
491  validated murine JB task opens the doors to further investigation and understanding of these
492  mechanisms. It could be valuable in biomedical research too. In oncology, for instance, a
493  validated JB task could help investigate how cancer influences affective states (as in our
494  preliminary work). But it could also help investigate the contradictory effects of opiates on
495  cancer pathogenicity [c.f. 87]; the adverse effects of chemotherapy on wellbeing [88]; and
496 the role of mood in the cancer-protective effects of housing rodents with warmth [89],
497  companions [90] and enrichments [91]: fascinating topics with both animal welfare and
498  clinical implications.

499

500 4. Conclusion

501 In summary, this novel JB task has proven to be a valid indicator of affective state. For C57

502 and Balb females, CH animals showed predicted pessimistic responses to ambiguous cues
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503  when their latency to dig was assessed. For tumor-bearing male nude mice, this task also
504 indicated negative states through pessimistic responses to ambiguity, even before the
505  occurrence of clinical signs of disease. Together, these results highlight the potential value
506  of this novel murine JB task across diverse fields of research. This indicator of affective state
507 is easy to implement, economic, and has already proven effective in three common mouse
508 strains. But in addition to its utility, this JB task is also humane: an uncommon feature in
509 available indicators of mouse affect, which often involve aversive experiences (e.g. exposure
510 to open fields, elevated platforms, electrical shocks). This JB task thus offers a welfare-
511 friendly alternative to standard indicators of affect. Although replication and further
512  refinements to improve sensitivity are still needed, a valid JB task has potential in animal
513  welfare assessment and addressing fundamental questions about affective state.

514
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