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Abstract

The NIMH's new strategic plan, with its emphasis on the “4P's” (Prediction, Preemption,
Personalization, & Populations) and biomarker-based medicine requires a radical shift in animal
modeling methodology. In particular 4P's models will be non-determinant (i.e. disease severity
will depend on secondary environmental and genetic factors); and validated by reverse-translation
of animal homologues to human biomarkers. A powerful consequence of the biomarker approach
is that different closely-related disorders have a unique fingerprint of biomarkers. Animals can be
validated as a highly-specific model of a single disorder by matching this “fingerprint'; or as a
model of a symptom seen in multiple disorders by matching common biomarkers.

Here we illustrate this approach with two Abnormal Repetitive Behaviors (ARBS) in mice:
stereotypies; and barbering (hair pulling). We developed animal versions of the
neuropsychological biomarkers that distinguish human ARBs, and tested the fingerprint of the
different mouse ARBs. As predicted, the two mouse ARBs were associated with different
biomarkers. Both barbering and stereotypy could be discounted as models of OCD (even though
they are widely used as such), due to the absence of limbic biomarkers which are characteristic of
OCD and hence are necessary for a valid model. Conversely barbering matched the fingerprint of
trichotillomania (i.e. selective deficits in set-shifting), suggesting it may be a highly specific
model of this disorder. In contrast stereotypies were correlated only with a biomarker (deficits in
response shifting) correlated with stereotypies in multiple disorders, suggesting that animal
stereotypies model stereotypies in multiple disorders.
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1. Introduction

The NIMH's new strategic plan, with its emphasis on Predicting at-risk individuals,
Preemption of disease development, Personalized medicine, and involvement of diverse
Populations (the “4P's™), and consequently on biomarker-based medicine [55], calls for a
radical shift in animal modeling methodology. The biomarker-based approach views disease
not as a static final symptomatic physiology predetermined by “genes for' a disease, but as a
progression of empirically observable developmental bottlenecks and points of divergence
(the biomarkers), with increasing environmental influence, decreasing genetic penetrance,
and increasing specificity to the final symptomatology [36]. The best biomarkers are both
measurable and manipulable — thus they provide the theoretical and empirical basis to
Predict, Preempt, and Personalize medicine, and a fundamental translational connection
between bench research and bedside treatment.

Traditional animal models usually involve a determinant manipulation of physiology (e.g.
genetic, drug or surgical lesions), which may not be directly involved in the typical
development of the human disease, and which may override pertinent environmental
influences. Therefore, contrary to most traditional models, Biomarker-based 4P's models
have three requirements. First, they will be non-determinant and multifactorial — 4P's
research requires variation in symptom severity, development, or phenomenology in
response to environmental and genetic risk factors. Second, they will be validated by reverse
translation — they will show the same specific complex multifactorial epidemiology, and the
same specific biomarkers as the human disease. Third, they will employ experimental
designs which investigate or control individual variation in response to environmental and
biological variability, such as epidemiological (e.g. [34]) and matched-pair (e.g. [31,64,65])
designs.

The need for a change in approach is evident in the lack of predictive validity of traditional
models — approximately 8% of CNS drugs succeed in human trials, and approximately 80—
90% of these failures are due to lack of efficacy in humans [40]. This 80-90% false positive
rate of traditional animal models is arguably the major financial burden in drug discovery, as
the number of drugs being approved is insufficient to meet the cost of future development or
growth [40]. Thus industry, as well as the NIMH, has argued the need for new methods and
models that prioritize specificity (the proportion of negatives correctly identified), not
sensitivity (the proportion of positives correctly identified) [16,41]. Reasons for false-
positives and the over-sensitivity of models in behavioral neuroscience are discussed
elsewhere (e.g. [21,35,65,78]). Here we illustrate the utility of a biomarker-based 4P's
approach to validate the specificity of spontaneously occurring Abnormal Repetitive
Behaviors (ARB)s in mice as models of distinct and differentially diagnosed symptoms in
humans.

ARBs are behaviors that are: (i) heavily repeated; (ii) invariant in motor output,
environmental interaction, goal, or topic; and (iii) functionless, maladaptive, self-injurious,
or inappropriate [26,44,50,73,74]. ARB covers a diverse symptomatology in humans, and
occurs in many disorders. For instance “stereotypies' (inappropriate, identical and unvarying,
non-goal directed, repeated motor patterns) and compulsive behaviors (flexible and varying
goal-directed behavior directed at an inappropriate and excessively repeated goal) are
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mutually exclusive categories of ARB both within (e.g. autism [44,73]) and between
disorders (e.g. stereotypy precludes a diagnosis of OCD [7])

ARB in animals is equally diverse and heterogeneous. However there is little consensus on
categorizing these behaviors, or their relationships to human symptoms (e.g. [26,49,52]).
This confusion is well illustrated in the use of mouse stereotypies (e.g. jumping and bar-
mouthing [80]) and barbering (fur and whisker plucking [33]) as models in behavioral
neuroscience. Barbering has been used as a model of OCD [39] and trichotillomania (TTM)
[34] (which are very distinct neurobiologically [13]), and as a sign of normal social
interaction [45] (which is inconsistent with other interpretations, inconsistent with wild
mouse behavior, and refuted by papers testing this hypothesis [27,75]). Similarly
stereotypies have been used as models of stereotypies (e.g. in autism [44]), and of OCD
[17]. One or both of these interepretations must be false, because one behavior in animals
cannot possibly be a model for two mutually exclusive symptoms in humans. The
consequence of using the wrong behavior to model the wrong disorder is that any positive
result will automatically be a false positive.

We therefore set out to test whether animal ARB can be subdivided into the same basic
categories as in humans using the reverse translation of biomarkers unique to each form of
ARB in humans. Our experiments were informed by the dissociations of these categories
within autism [73] and between OCD and TTM [12,13] using neuropsychological
biomarkers; and by the emerging consensus that the natural history of ARBs stems from the
biology of behavioral organization [1,5,8,18,25,26,56,73].

Although the different behavioral disciplines may differ in terminology, each describes a
hierarchy of behavioral organization with four basic layers: motivations; goals; motor
patterns; and muscle movements (Table 1). Functional behavior involves both selection and
inhibition at each level, and co-ordination between levels. For instance, for reproductive
motivation to be selected, other motivations (e.g. feeding) must be inhibited. Then each
goals must be selected in the correct order (e.g. there is no point in displaying to a mate
before one has been found) before particular motor programs within each goal are enacted.
Within each motor program every muscle movement must be coordinated in turn. Although
control further down the hierarchy is directed by selections higher up, processing continues
in higher levels as lower aspects of behavior are executed. Thus, motor patterns can be
interrupted by a higher change in motivation (e.g. if a predator appears — stop eating and run
away) [38,56]. Successful behavioral transitions require a balance between inhibition and
selection. Thus disinhibition, over-activation, or alterations in hysteresis potentially
predispose the system to inappropriate, repetitive or chaotic behavioral transitions
[2,8,9,26,48,53,56].

The control of behavior is effected by a series of corticostriatal loops [4-6,66] which are
conserved throughout the vertebrates [62,72]. Each loop is comprised of a “direct pathway”
that activates behavior, and an “indirect pathway” that inhibits it [51,61]. Separate loops
serve separate functions, and each of the fundamental layers of hierarchy in behavioral
control appears to be subserved by a different loop [51,61] (Table 1). Accordingly, each
loop can be associated with a neuropsychological deficit or neurological sign, some of
which have associated lesion-validated tasks (e.g. [22]) and are potential biomarkers [36].
The corticostriatal loops have been generally implicated in ARBs across disorders
[1,3,8,18,20,43,53,67,71]. However, dysfunction in different loops may be responsible for
fundamentally distinct symptoms [1,5,8,18,25,26,73]. While authors may differ on fine
details, the consistent theme in these accounts is that ARB is the result of disinhibition of the
indirect pathway, and the form of repetition seen in spontaneous symptoms reflects the
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component of behavior each loop sequences [1,8,18,25,26,69,73]. (Although see [9] for an
alternative hypothesis).

Inhibition acts either: 1) to prevent behavioral elements from beginning, thus suppressing
behavioral elements that are out of context (e.g. performing a feeding goal during mating
behavior) or out of sequence; or 2) to terminate behavioral elements, either to hand over
control to the next element in a sequence, or to allow early termination of the hierarchy (e.g.
terminating feeding to initiate escape). Thus we view inappropriate or out-of-context single
elements (e.g. explosive rage at the motivational level, or echopraxia at the motor program
level) as failures of pre-emptive inhibition; and excessive repetition of elements when they
should be terminated (e.g. compulsive behaviors at the goal level, or stereotypies at the
motor program level) as failures of postemptive inhibition. Therefore these hypotheses
(Table 1) are easily tested by relating specific ARBs to neuropsychological tasks that assess
disinhibition at different levels of behavioral control.

Although the majority of ARBs involve some degree of both pre- and postemptive
disinhibition, relevant ARB research has mostly focused on measures of postemptive
inhibition, particularly affective-, set-, or response- shifting neuropsychological tasks.
Similarly, the majority of experiments typically assess broad measures of inhibitory function
against overarching scores of ARB severity. While these studies consistently find
relationships between ARB and disinhibited behavioral control [26] (e.g. in autism [46,59],
TTM [70]), fine-grained analyses of different types of ARB against different types of
shifting deficit are rare. Nevertheless examples can be found. In autism for instance, as we
predict, stereotypies correlate with impaired response-shifting; compulsive behaviors
correlate with set-shifting deficits; and these relationships are partially dissociated [73,74].
Similarly, comparisons of TTM (compulsive hair pulling) and OCD typically find evidence
of limbic dysfunction (including affective shifting) in OCD but not TTM (e.g. [12,13]),
which we would predict as obsessions are fundamentally affective in nature, but plucking in
TTM is associated with somatosensory rather than affective experiences [77].

Thus shifting deficits serve as biomarkers of different forms of ARB, regardless of disorder,
and different disorders are associated with different combinations or “fingerprints' of these
biomarkers, reflective of their symptomatology. Accordingly, we tested the hypotheses that:
stereotypies in mice are biologically equivalent to stereotypies in schizophrenia and autism,
and thus will show only response-shifting deficits; that barbering in mice is dissociable and
biologically equivalent to compulsive behavior in autism, TTM and other disorders, and thus
will show set-shifting deficits; and that neither behavior is biologically equivalent to
obsessions in OCD, and thus neither will show affective shifting deficits.

2. Materials and methods
2.1. Subjects

Subjects were C57BL/6 mice, bred from C57BL/6J progenitors. To test our predictions in a
range of mice, and to avoid unnecessarily breeding mice, we selected a heterogeneous set of
mice from our colony, that varied in sex (11 females, 13 males; 10 cages total), age (5 to 15
months), housing density (1-4 mice per cage), and body weight. We then accounted for this
variability in our analyses by blocking by cage (as mice from the same cage share these
variables in common, cage acts like a matched pair). We therefore avoided the risk of false
positive or negative results due to the particular arbitrary environment of our lab [64,65,78]
and instead tested our hypotheses in a wide population. All procedures were approved by
our Institutional Animal Care and Use Committee.
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2.2. Experimental design

The ARBs we examined develop spontaneously in mice. We examined our experimental
population twice. First we tested for the predicted correlations between ARB and affective-
and set-shifting deficits using the IDED task [31,73]; then we tested for the predicted
correlations ARB and response-shifting deficits using the bias-corrected two-choice
gambling task [30,73]. We used the same mice in both experiments in order to test whether
these classes of ARB were dissociable.

2.3. Abnormal Repetitive Behaviors

2.3.1. Barbering (Compulsive Behavior)—The most common ARB in mice that meets
the definition of compulsive behavior (flexible goal-directed behaviors pursuing an
inappropriately repeated goal [26]) is “barbering'. Barbering is particularly common in the
C57BL/6 strain [34]. However, only some individuals in a cage barber, and importantly
barbering is unrelated to social dominance [27]. The behavior is extremely goal-directed,
and flexible in form and orientation [68], and as such meets the criteria for compulsive
behavior, but not stereotypy [26]. Spontaneous excessive plucking in several other species,
[14,60], and excessive plucking in genetically manipulated mice (e.g. [37,39]), have been
proposed as homologues to TTM or OCD; and barbering does indeed show many
epidemiological and phenomenological parallels to focused plucking in TTM [26,34]. Mice
at least 5 months old were used because barbering develops post-puberty [27,34].

Seven barbers were identified at the time of performing the IDED task following methods
described in [34] - these mice are considered barbers in the categorical analyses shown in
Fig 2. However two more mice subsequently developed the behavior. We therefore adopted
a second more sensitive measure, where the severity of barbering was quantified as the mean
percentage of body area denuded from cagemates. Following [34], hair loss was drawn for
each mouse in the cage on a standardized mouse body map, and the proportion of body area
denuded by each barbering mouse calculated by custom written software [34]. Attributing
barbering scores requires the comparison of hair loss patterns within a cage at a single
timepoint. Therefore to ensure a fair comparison between cagemates, barbering was
quantified at set dates for all cages showing hair loss, and the date following completion of
the IDED task by all the mice in the cage was used. Nine mice were assigned barbering
scores.

2.3.2. Stereotypies—Following completion of the gambling task by all mice in the cage,
stereotypy was quantified following methods described in [29,80], and confirmed in pilot
work. We separated cage mates, allowed three days acclimatization, recorded the first two
hours of night-time behavior using infra-red video. These videos were scored using one-zero
recording of 30 second intervals, for inactivity, general activity, maintenance behaviors, and
stereotypies (bar mouthing, route tracing, twirling, and jumping; for detailed descriptions
see [29,80]). As described in [29] each 30 interval was coded as containing stereotypy (by
the presence of any stereotypy) or not, and as active (by the presence of any behavior other
than inactive) or not. Stereotypy was then quantified as the proportion of active intervals in
which stereotypy was observed.

2.4. Neuropsychological biomarkers

2.4.1. IDED task—We worked with each cage in turn, performing the IDED task
following [31], which was originally modified from a rat paradigm described in [10]. Mice
were first feed deprived to 85-90% of their ad libitum feeding weights, and trained to dig in
metal bowls for food reward (%2 of a honey-nut Cheerio) in a U-maze [31]. Each mouse was
then presented with a series of discriminations (stages) where the outer texture, the inner
digging medium and the odor of the cups were varied to cue reward (Fig. 1). The criterion
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for completing each stage was 8/10 consecutive trials correct. Sessions continued for 1 hour
or until mice showed off-task behaviors (at which point further data becomes meaningless)
[31].

In the first 5 stages (Simple discrimination, Compound discrimination, Compound
Discrimination Reversal, IntraDimensional shift, IntraDimensional reversal) one dimension
(e.g. odor) cued reward, one dimension varied at random (e.g. texture), and one remained
constant (Fig. 1). This forms an abstract rule, termed a “set', whereby the subject generalizes
across each successive task focusing their attention on this one dimension. Set formation is
confirmed by the IDS stage [22,31,58,73]. In the sixth stage (EDS, ExtraDimensional Shift)
the previously random dimension remained constant, the previously constant dimension
cued reward, and the previously cuing dimension varied randomly. Impaired set-shifting is
apparent as persistent attending to the previously cuing dimension, measured simply as the
number of trials to criterion or the number of errors to criterion on the EDS stage
[22,31,58,73]. EDS is followed by a final reversal. Conversely, each reversal stage
represents an affective shift. In primates [22] OFC versus DLPFC lesions uniquely impair
reversal versus EDS stages respectively. The same double dissociation is seen in rats [15]
and mice [11].

2.4.2. Bias corrected two choice gambling task—Following completion of the
IDED task for all cages we then performed the bias corrected two choice gambling task with
each cage in turn, adapting [30]. The “bias correction’ refinement of the task ensures proper
measurement of response-shifting, and avoids complications that can otherwise arise in
animals [30]. Three mice died in between the experiments. Mice were again feed deprived to
85-90% of their ad libitum feeding weights. The task was performed in a T-maze. Cups
were placed in either arm of the maze, each containing three honey-nut Cheerios under a
wire screen and 1 inch of wood shavings. A ¥ Cheerio reward was placed above the wire
screen in one of the cups at the start of each trial, such that each cup was rewarded with a
probability = the proportion of responses to the other cup in the previous twenty trials. This
randomization procedure eliminates side biases that can confound this paradigm [30]. One
hundred trials were performed with each mouse over a series of sessions. Thus although
reward is unpredictable, maintaining a 50:50 choice ratio between the two arms of the maze
will maximize reward. The mouse can do so by generating either a random or patterned
sequence of responses. Repetitive patterned sequences indicate impaired response-shifting.
The unpredictable location of the reward, and adjusting reward probabilities trial-by-trial
(rather than session-by-session) avoids superstitious conditioning of alternative strategies,
such as spontaneous alternation, or session-cued reversal.

The sequence of responses was analyzed using 3™ order Markov Chain analysis, which
yields the probability of sequential independence (i.e. 0 = a completely predictable
sequence; 1 = a completely random sequence). Impaired response shifting was calculated as
the (1 — the probability of sequential independence) = probability of sequential non-
independence, (i.e. the probability that the sequence was not generated at random); and logit
transformed to yield an unbounded variable suitable for regression analysis.

In both tasks, by terminating the session at the onset of off-task behaviors we ensured that
neither stereotypy nor barbering behavior interfered with either task (and indeed, none was
observed in the apparatus).

2.5. Statistical analysis

All analyses were performed using GLM in Minitab 14 for Windows. Assumptions of GLM
(normality of error, homogeneity of variance, linearity) were confirmed graphically post
hoc, and transformations (specified in figure legends) applied as needed. All analyses were
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blocked by cage nested within sex to control for confounds of sex, age, parentage, etc.
[31,64,65].

Approximately half the mice in this experiment were overtrained between IDR and EDS as
part of a separate experiment. Overtraining was independent of barbering status.
Nevertheless overtraining status was included in all IDED analyses to eliminate any effect of
this variable. To test for effects of barbering status on task performance, barbering status
was included as an independent variable, each task stage was examined in turn as the
dependent variable, and the mouse's scores on proceeding stages of the task were included to
eliminate confounding processes measured by these stages [31]. Barbering severity and
stereotypy were correlated with IDED task performance using similar procedures.

Barbering severity and stereotypy were correlated with response-shifting in GLMs blocked
by cage nested within sex. The total number of trials of previous task experience was
included as a controlling variable, as was the mouse's performance on IDED simple and
compound discrimination, to control for general learning abilities. These latter three
variables were not necessary for significance, but improved the fit of the model.

Stereotypy and barbering severity, and stereotypy and barbering status, were compared
using GLMs blocked by cage and sex, and the same controlling variables as the
corresponding analyses above. Because barbering and stereotypy are both quantitative
variables, these analyses avoided the loss of power inherent in treating them as qualitative
(e.g. if we had formed high-and-low groups of mice for each behavior). Type Il SS are used
throughout to ensure that all results generalize across the other factors in the model.

3.1. Compulsive Behavior

As predicted, barbers were impaired on the EDS stage compared with non-barbering cage-
mates, showing impaired set-shifting measured either as trials (GLM: Fy 7 = 24.49; p =
0.002) taken to complete the stage, or as errors made on the stage (GLM: F1 7 =19.20; p =
0.003) (Fig. 2). There were no significant differences between barbers and non-barbers when
we repeated identical analyses for the six other stages of the task (Fig. 2). Furthermore, the
severity of barbering behavior was correlated with the degree of impaired set-shifting,
measured as trials (GLM: partial r = 0.85; F1 7 = 18.7;, p = 0.004) or errors (GLM: partial r =
0.73; F1 7 = 8.04; p = 0.025) taken to complete the EDS stage (Fig. 3). The severity of
barbering behavior was uncorrelated with performance on the other stages of the task, with
the exception of Compound Discrimination Reversal (stage CDR, Fig. 1), where the more
severe barbers completed this stage the quickest. However barbers and non-barbers do not
differ on CDR, suggesting that a tendency to persist in-set may aid severe barbers in making
within-set reversals.

3.2. Stereotypies

As predicted, the severity of stereotypy was correlated with impaired response-shifting
(GLM: partial r = 0.84; F1 g = 18.78; p = 0.003) (Fig. 4).

3.3. Neuropsychological biomarkers classify mouse ARB by their fingerprint

Because these experiments were performed in the same animals we were able to confirm the
double dissociation between the two ARBs and their related neuropsychological biomarkers.
Thus, as predicted the two forms of ARB, and their associated biomarkers were doubly
dissociated. Stereotypy severity did not differ between barbers and controls (GLM: F1 19 =
0.04: p =0.848) and stereotypy and barbering severity were uncorrelated (GLM: F1 19 =
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1.00; p = 0.341). Response-shifting did not differ between barbers and controls (GLM: F; g
=0.32; p = 0.587), and barbering severity was uncorrelated with response-shifting (GLM:
F1 g =10.85; p = 0.383). Stereotypy was uncorrelated with set-shifting measured as trials
(GLM: F1 5 =0.30; p = 0.609) or errors to criterion (GLM: Fq 5 = 0.85; p = 0.798), or any
other stage of the task measured as either trials or errors to criterion. Thus each class of
ARB was uniquely related to a single neuropsychological biomarker (Table 1).

4. Discussion

These data confirm and extend previous results suggesting that animal and human
stereotypies share similar mechanisms [26,28-30,76] by showing that: 1) compulsive
behaviors are distinct from stereotypies in mice; and 2) that like humans, stereotypies are
related to impaired response-shifting; while compulsive behaviors are related to impaired
set-shifting. Given the specific involvement of the limbic cortico-striatal loop in OCD, a
necessary (but not sufficient) feature of an OCD model will be biomarkers of OFC deficits
(such as reversal learning). Thus the lack of reversal learning deficits correlated with either
ARB suggests that: 1) both ARBs may not be associated with driving affective states or
obsessions; 2) and that while barbering shows construct validity as a model of TTM and
other OCSD involving set-shifting deficits, barbering does not model OCD per se (e.g.

[39]).

Although difficult to validate, a spontaneous model (such as barbering or stereotypy) is
generally far more powerful than an induced model (such as a genetically manipulated or
drug-treated animal) for investigating gene-by-environment interactions, endophenotypes,
biomarkers, and other complex developmental processes critical to the 4P's approach [34].
Induced models inevitably tell us little about the etiologies of the majority of human patients
that do not share the model's etiology, while spontaneous models represent a breakthrough
for disorders characterized by complex heterogeneous etiologies and distinct clinical
subpopulations (such as autism, OCD and TTM). Our data illustrate that reverse translation
of biomarkers or endophenotypes can validate spontaneous models of abnormal behavior, as
proposed by other authors [36]. Indeed, the precision with which both barbering and
stereotypy were each associated with a single neuropsychological biomarker represents a
level of discriminant validity that exceeds current animal models of ARB, and rare in animal
models of abnormal human behavior in general. These behaviors illustrate both possible
outcomes of validation by reverse translation. In the case of barbering its epidemiology [34]
and biomarker fingerprint is highly specific to TTM. Conversely, in the case of stereotypy
its association with response shifting is not specific to a single disorder, but is specific to
stereotypies seen in multiple disorders (e.g. autism and schizophrenia), providing a model of
the symptom rather than and single disorder.

Comparison of barbering with the Hoxb8 knockout mouse [37] as models of TTM illustrates
these points well. Hoxb8 knockouts exhibit an extreme barbering phenotype that is unlike
TTM behaviorally (e.g. the mice show tissue damage, which is not normally seen in TTM),
epidemiologically (Hoxb8 knockout mice show no female sex bias, and no influence of
reproductive and stress risk factors; while barbering resembles TTM in all these regards),
and biologically (the OFC circuit loop is implicated in this model, and the mice also shows
skeletal deformations unseen in TTM). Thus the Hoxb8 mouse shows only superficial
convergent validity to TTM, and clearly fails in terms of discriminant validity (i.e. the model
shows many features the disorder does not). Consegeuntly a treatment developed in this
mouse would run the risk of treating the specific manipulation in the mouse, rather than the
general developmental physiology in the human (and hence failing to translate).
Furthermore, the 100% penetrance of the Hoxb8 phenotype precludes the investigation of
gene-by-environment interactions, and hence 4P's modeling in general. Thus, unlike
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spontaneous barbering, it cannot tell us much if anything can about Predicting, Preventing or
Personalizing our approach to the disorder.

These findings reach far beyond animal modeling. For instance, if behaviors that commonly
occur in laboratory mice and other animals as a consequence of the captive environment
[27,29,50,80] are homologues of human ARB, then the welfare of these animals may be
impaired [26]. This possibility is also troubling for scientists — these biomarkers and other
reported correlates of ARB, are likely to affect many widely used behavioral measures [24].
Thus strains that show a high prevalence of ARBs, or animals raised under conditions likely
to induce ARBs, may introduce variability into experiments, compromising power, and
potentially contributing to poor between-laboratory replicability and external validity
[24,79]. Finally, as the different human ARBs are typically treated very differently,
distinguishing classes of animal ARB may help guide and refine the treatment of animal
ARBs [25,26]. This is particularly important as many (e.g. [57]) but not all (notably [52])
veterinary authors conceptualize all animal ARB as a homogenous entity analogous to
human OCD.

Although they allow a degree of precision and validity rare in high-throughput methods,
these neuropsychological measures are laborious and time consuming, and their cost was the
delay between each stage of the study. Thus ideally all measures would have been taken in
close proximity, and there would be little opportunity for ARBs to develop or animals to die.
However this issue is unlikely to have affected the results, as it would have weakened
correlations, and produced false negatives, rather than the rather precise predicted pattern of
positive results. Spontaneously occurring ARBs are difficult to work with as their
development is unpredictable. One solution is to take a cross-section of the population at a
single age. Instead we opted to employ a heterogeneous population, and control for this
variability using blocking factors and controlling variables. This approach more closely
models heterogeneous human populations, and avoids false negative or positive results due
to the arbitrary age chosen [32]. Of these variables, cage was the most important (and
necessary) blocking factor to include, but this is to be expected, as cage captured the
variance due to multiple environmental features.

Several previous studies have found correlations between stereotypy and the response-
shifting impairment biomarker [28,30] or broader measures of impaired response flexibility,
such as impaired extinction [28,29,76] in multiple species. However, this relationship has
not been seen previously in mice using the gambling task [54] and extinction [42]. Both
these studies used CD1 mice, potentially pointing to additional complexities in this
relationship — though given the generality of this relationship in multiple species, CD1 mice
may be an important exception warranting further study.

The most important limitation of the study is interpretational. Thus, currently the association
of ARB with these biomarkers is purely correlational — thus it is unclear whether ARB
reflects pathological disinhibition of behavioral control induced by an abnormal
environment, or merely the extremes of normal function expressed in an abnormal
environment. Although circumstantial evidence [24] and preliminary data [28] point to
pathology, this is an empirical issue to be addressed in future studies [24]. Resolving this
point will clarify the interpretation of the current results in terms of animal modeling and
animal welfare, as well as their implications for the validity of data from research animals
performing ARB.
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Fig. 1. An example of the IDED task

For full details see [22,31,58]. Digging cups are depicted varying in either outer texture,
inner digging medium, or odor. In each stage two possible discriminations were presented at
random on any trial, representing the possible combinations of the two stimulus dimensions
varied in that stage. In any stage only one dimension cued reward, and one stimulus within
the dimension indicated the correct choice (indicated by a tick mark). SD, Simple
Discrimination; CD, Compound Discrimination; CDR Compound Discrimination Reversal;
IDS, IntraDimensional Shift; IDR, IntraDimensional Reversal; EDS, ExtraDimensional
Shift; EDR, ExtraDimensional Reversal. The consistent cuing of reward in a single
dimension through stages SD-IDR leads to the formation of an abstract rule, or “set', that
must be overcome to solve the EDS stage. Set-shifting deficits are apparent as a selective
impairment in completing the EDS stage. Affective shifting deficits are apparent as poor
performance on reversal stages.
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Fig. 2. Barbers show set-shifting deficits in the IDED task compared with control mice

Barbers (light grey bars); Control mice (dark grey bars). Set-shifting deficits are measured
by the number of trials, or the number of errors, taken to complete the ExtraDimensional
Shift (EDS) stage of the task. Barbers were unimpaired on any of the other stages of the
task, which measure other learning and executive processes including compound learning
ability, error detection, and affective shifts [22] [15]; indicating an extremely specific
impairment. Note that each stage of the task was analyzed separately so that each stage was
partialled only for stages proceeding it in the task (hence the dashed lines separating stages
on the graph). Both panels show LSM + SE, and * = significant at p <0.005. Neither analysis
was transformed.
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Fig. 3. Set-shifting deficits predict barbering severity

The severity of barbering behavior, measured as the mean percentage of body area denuded
from cage mates correlates with the severity of set-shifting deficit measured by the number
of trials, or the number of errors, taken to complete the ExtraDimensional Shift (EDS) stage
of the IDED task. With the exception of Compound Discrimination Reversal (CDR), which
was negatively correlated, no other stage of the IDED task was correlated with barbering
severity. EDS score is partialled for the other variables in the regression model. Barbering
severity is angular transformed in both analyses.
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Fig. 4. Response-shifting deficits predict stereotypy

The severity of stereotypy, measured as the mean proportion of active behavior spent
stereotyping during the first two hours of the night, was positively correlated with the
severity of response-shifting deficit, measured as the probability of non-random sequence
generation in the bias-corrected two choice gambling task. The severity of response-shifting
deficit was logit transformed so that partialling by blocking variables would not yield
impossible values. Stereotypy was angular transformed.
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