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Abstract

Stereotypic behaviour (SB) is common in animals housed in farm, zoo or laboratory conditions,
including captive Carnivora (e.g. wild ursids and felids). Neurobiological data on housing-induced
SBs come from four species (macaques, two mouse species, and horses), and suggest basal ganglia
(BG) dysfunction. We investigated whether similar patterns occur in Carnivora via a model,
American mink, because their SB is distinctive in form and timing. We raised 32 males in non-
enriched (NE) or enriched (E) cages for 2 years, and assessed two forms of SB : 1) Carnivora-
typical locomotor-and-whole-body (‘loco’) SBs (e.g. pacing, weaving); 2) scrabbling with the
forepaws. Neuronal activity was analysed via cytochrome oxidase (CO) staining of the dorsal
striatum (caudate; putamen), globus pallidus (externus, GPe; internus, GPi), STN, and nucleus
accumbens (NAc); and the GPe:GPi ratio (GPr) calculated to assess relative activation of direct
and indirect pathways. NE mink stereotyped more, and had lower GPr CO-staining indicating
relatively lower indirect pathway activation. However, no single BG area was affected by housing;
and nor did GPr values covary with SB. Independent of housing, elevated NAc CO-staining
predicted more loco SB; while scrabbling, probably because negatively correlated with loco SB,
negatively covaried with NAc CO-staining in NE subjects. These results thus implicate the NAc
in individual differences in mink SB, but because they cannot explain why NE subjects showed
more SB, they provide limited support for the BG dysfunction hypothesis for housing-induced SB.
More research is therefore needed to understand how barren housing causes SB in captive

Carnivora.



32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

Key words: basal ganglia; stereotypic behaviour; environmental enrichment; dorsal striatum;
ventral striatum; mink

Declaration of interests: none

1. Introduction

Stereotypic behaviour (SB) occurs in millions of animals kept in farm, laboratory and zoo
conditions [1]. It is particularly prevalent and time-consuming in subjects exposed to adverse
experiences, especially sub-optimal parental care (e.g. [2, 3]), repeated stressors such as acute
isolation or repeated research procedures (e.g. [4, 5]), and small, barren cages rather than larger
more enriched enclosures (e.g. [6-10]). However, only recently have researchers tried to
understand the neurobiological bases of such housing-induced SB [11]. Instead, evidence for the
neural bases of SB and other abnormal repetitive behaviours primarily comes from
pharmacological studies on animals, along with imaging and Deep Brain Stimulation studies of
human disorders (e.g. autism and obsessive-compulsive disorder). These bodies of research
typically implicate structural and functional changes in the basal ganglia (e.g., [12-14]):
subcortical nuclei that sit within complex circuits, both cortical and sub-cortical (e.g., [15-17]),
and play a crucial role in the regulation of behaviour. Alterations in basal ganglia function and
structure are thus involved in the abnormally repetitive behaviour of individuals with Obsessive
Compulsive Disorder, Tourette's syndrome and autism [12, 18-21], as well as in the SB elicited
in animals by psychostimulant drugs (e.g. [22-23]). One specific type of malfunction involves
imbalances in the activity of two anatomically and functionally distinct neural pathways within
"cortico-striato-thalamo-cortical circuitry" (henceforth, cortico-basal ganglia loops; reviewed in
e.g.[15,17,24-26]). These are a direct pathway, which relays striatal input to the thalamus
through the internal segment of the globus pallidus (GPi) and the substantia nigra (pars
reticulata, SNpr); and the indirect pathway (e.g. [27-29]), which includes an additional relay
between the striatum and the GPi/SNpr via the external segment of the globus pallidus (GPe) and
subthalamic nucleus (STN). Several such cortico-basal ganglia loops operate in parallel, largely
passing through the same BG regions but differing in the parts of the striatum they involve
(reviewed in e.g. [17, 24]). For example, some of these loops travel through the dorsal striatum

(e.g. the "motor loop" crossing the putamen), while a “limbic” or “motivational” loop travels
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through the ventral striatum (nucleus accumbens, NAc). Imbalances between the direct and
indirect pathways of such loops have been linked with movement disorders (reviewed in e.g. [14,
25, 27]), as well as with perseverative responding [30, 31]. For example, pharmacologically
inhibiting the GPe induces SB in non-human primates [32], while stimulating the activity of the
STN decreases them [33], highlighting the importance of the indirect pathway.

In captive animals not subject to pharmaceutical treatments, the few relevant studies have
linked their SB with neurotransmitters that are central to basal ganglia function, albeit not
exclusive to it (e.g. dopamine, serotonin) (rhesus monkeys Macaca mulatta, [34]; horses, Equus
caballus, [35]; deer mice Peromyscus maniculatus, [36]). Caged animals’ SBs are also often
linked with recurrent perseveration (repetition of learned motor responses that are no longer
required, [37]; e.g. in voles [38]; horses, [39]; American mink Neovison vison [40, 41]). Such
effects might be caused by being reared in adverse or suboptimal conditions. For example,
compared to mother-reared individuals, isolation-reared primates show reduced BG receptor
densities for leucine-enkephalin, substance P, somatostatin, calbindin and tyrosine hydroxylase
(mainly in dorsal striatum, GP and SN, and to a lesser extent in NAc; [42]). Impoverished
housing conditions similarly affect basal ganglia [38, 43-45]. For example, barren-housed deer
mice also show lower neuronal metabolic activity (as assessed via cytochrome oxidase, CO, an
indicator of oxidative metabolism shown to correlate with long-term dendritic activity: [46-48])
in the striatum, STN and SN compared to enriched-housed, low-stereotypic individuals ([6, 49,
50; although cf. [51] in laboratory mice Mus musculus). Thus, similar to pharmacologically-
induced and human clinical SB, SB in confined animals may reflect alterations in basal ganglia
functioning.

Evidence on which specific basal ganglia regions and circuitry are involved is mixed,
perhaps reflecting that SBs are a heterogeneous group of behaviours, both within (e.g. [52]) and
between species [53]. As described above, housing differences have been found to be correlated
with neuronal CO-staining of the striatum: enriched-housed, low-stereotypic deer mice show
higher levels of neural activation in both dorsal and ventral striatum [6], and in the dorsal
striatum, also more dendritic arborization and increased expression of neurotrophic factors [54].
In addition, consistent with under-activation of the indirect pathway at the striatal level, deer
mice with high levels of SB had lower levels of neural activity in caudate/putamen, STN and SN,

with individual levels of SB negatively correlating with neuronal metabolic activity in the STN
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and SN [49, 55], and positively correlating with the ratio of two opiate neurotransmitters in the
dorsal striatum: dynorphin (specific to neurons of the direct pathway) and enkephalin (specific to
neurons of the indirect pathway) [56]. Consistent with indirect pathway under-activation
specifically, the ratio difference was driven by decreased enkephalin ([56], although cf. [57] for a
different interpretation). Other studies of individual differences in SB in confined animals also
implicate the nucleus accumbens (and therefore possibly the limbic loop). Highly stereotypic
horses had elevated densities of dopamine (D1 and D2) receptors in the NAc (along with
decreased D1 receptor density and D2 receptor affinity in the caudate: [35]) compared to horses
with little or no SB. In laboratory mice, using markers of long-term neuronal activity (AFosB:
[58]), highly stereotypic standard-housed individuals show evidence of greater NAc activation;
while some of the deer mouse studies [49, 55] found significant negative relationships between
SB and CO activity in the NAc.

Here, we investigated the role of the BG in the SB of a carnivore: the American mink.
Carnivora such as tigers, lions and bears often perform SB in captive situations like zoos and
conservation breeding centres (e.g. [53]), yet this behaviour potentially has negative implications
for the captive breeding of endangered species, as well as for the public perception of zoos (cf.
[59-61]). Understanding Carnivora SB is therefore important. However, Carnivora SB typically
differs from that of the rodents and equids studied to date (potentially reflecting both true
taxonomic differences, and differences in how different species are typically fed, whether via ad
libitum versus discrete meals, [62]). Carnivora favour route-tracing and body movements (e.g.
pacing, body-bobbing) that peak just before the arrival of food (e.g. [63]). In contrast, the mice
studied to date have largely bar-mouthed and jumped (e.g. [55, 58]), while the equine subjects
showed a form of oral SB, crib-biting, that seems triggered by food ingestion (e.g., [35, 62]).
Research on American mink, a behaviourally well-studied stereotypic carnivore, could thus
better yield findings more relevant to captive wild felids, ursids and other Carnivora. Further
making mink a useful research subject, they show clear within species heterogeneity in SB,
allowing us to test whether the correlates of distinct SB forms within one model have similar or
distinct neurological correlates. Thus, they show carnivore-typical locomotor-and-whole body
SB, as mentioned, such as pacing and head twirling (sometimes abbreviated to ‘loco’ SB; [59]).
This correlates with recurrent perseveration [41], predicts failure in mating competitions [60],

and is reduced long-term by enriched-rearing, even in animals transferred to barren conditions
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[59]. But mink also show an idiosyncratic scrabbling or digging with the forepaws. Unlike loco
SB, this sub-type of SB is not Carnivora-typical; is unrelated to perseveration [42]; is elicited by
the proximity of neighbours [64]; does not predict failure in mating competitions [65]; and is not
reduced long-term by enriched-rearing, if enriched-raised mink are transferred to barren

conditions [59].

To investigate whether either of these forms of mink SB resemble or differ from the SB
of other taxa, we tested four hypotheses about their neurobiological bases: 1) that they reflect the
relative under-activity of the indirect pathway; ii) that they involve the dorsal striatum; iii) that
they involve the ventral striatum; and, iv), that the two different sub-types of SB differ in their
neurobiological correlates, or even the extent to which they reflect any long-term neurobiological
changes at all. These hypotheses were tested by regressing regional neuronal metabolic activity
(assessed using CO metabolism: see Methods) in six brain regions against individual differences
in the two sub-types of SB (‘loco’ SB and scrabbling), and by comparing groups of subjects
raised in barren versus enriched environments that should induce, as previously shown [10, 40],
respectively high and low levels of SB. We predicted that, if either mink SB is like that of deer
mice [e.g. 43, 55], it would correlate with changes in neuronal metabolic activity in the striatum.
If instead either sub-type of mink SB is like that of laboratory rodents or horses, then we
predicted changes in this SB to correlate with neuronal metabolic activity in the ventral striatum.
If either SB involves alterations in direct or indirect pathway activity, we predicted altered
neuronal metabolic activity of two regions involved in the indirect pathway (STN and GPe), as
well as an altered ratio in the activity of the two segments of the GP. Specifically, here we
predicted a lower ratio of neuronal metabolic activities in the externus to internus globus pallidus
(GPe:GP1i) in barren-housed, highly stereotypic animals, since this would indicate a relatively

less active indirect pathway (cf. e.g. [56, 66]).

Finally, if any changes reflected the causal bases of housing-induced SB, we should see
them both correlating with individual differences in SB and being affected by NE versus EE
housing. In testing these hypotheses, we also used statistical approaches that could assess
whether SB was best explained by the combined contribution of several of the sampled regions

(rather than just each singly).
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2. Methods and Materials

All housing conditions and experiments were approved by the University of Guelph’s Animal
Care Committee (AUP #07R033) and Michigan State University’s Institutional Animal Care and
Use Committee (AUF #04/07-041-00).

2.1. Subjects and housing

Subjects were 32 adult unrelated black male American mink housed indoors at the Michigan
State University Experimental Fur Farm. Only males were used as they were the subjects of a
larger study investigating phenotypic indicators of male reproductive success [60]. The facility
was artificially lit with fluorescent lights, controlled by a digital timer which automatically
adjusted on/off times to keep natural daylight hours; and was heated to ~10-15°C during winter
months, and kept at ambient temperatures the rest of the year. Mink had continuous access to
drinking water via nipple drinkers; and, as typical for captive carnivores, they were fed a single,
well signaled meal daily (c.12pm).

Our subjects were reared for two years from birth in non-enriched (NE; n = 16) or
enriched (E; n = 16) conditions (as detailed in [40, 41, 60]). Specifically, mink from both groups
were singly housed after weaning (as adolescent and adult mink are naturally solitary in the wild
[67]), and visually screened from their immediate neighbours. Briefly, the NE environments
consisted of a wire mesh home cage (61x76x46cm) with an attached nestbox (bedded year
round). E environments consisted of this basic home cage with a series of overhead structures
(including ramps to climb up and down and a 2.5m tunnel) providing each animal with free
access to an extra compartment double the size of his home cage, and containing an extra
nestbox, a swing, circulating water in which to wade, and several manipulable objects, some
familiar, some new each month [60, 65]. These E conditions are preferred by mink [10] and

reduce their physiological stress [59].

2.2. Stereotypic behaviour

SB was recorded in the subjects’ NE and EE housing environments when they were ¢.23 months
old (i.e. at the end of the study) using a combination of live scan and focal sampling (see [59] for
details). The two sub-types — locomotor forms (e.g. pacing) combined with whole-body forms
(e.g. head-bobbing) (together ‘loco’ for short), and scrabbling (see Introduction) — were always

distinguished. Behavioural data were collected for 4 hours in the morning of 8 consecutive days.
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Both forms of SB were recorded as percentage of active time budget, since compared with scores
as a percentage of total observations, this measure correlates better with recurrent perseveration

[40, 41, 68] and success in mating competitions [60].

2.3. Regional metabolic activity within the basal ganglia

Brains were collected from 30 subjects, killed as humanely as possible less than 24h after the last
day of behavioural data collection (SB in this species is stable across time [69], and the time
course for CO changes to reflect behaviour is slow, taking hours to days or even weeks [70, 71]).
The killing and extraction methods are described elsewhere [65]. Brains were cut at the caudal
end of the medulla, extracted, flash frozen and preserved in dry ice for transport from the farm
and then stored at -80°C until further processing (sample sizes for each recorded variable are
given in Table 1). CO activity was assessed in the following basal ganglia regions: caudate,
putamen, GPe, GPi, STN and NAc (Fig. 1), using methods described elsewhere [6, 55]. Briefly,
CO histochemistry was performed in ten batches to stain all relevant tissue. For each batch, equal
numbers of E and NE brains were removed simultaneously from the - 80° C freezer. Each was
coronally cryosectioned (-20 degrees C) at 20um, until the whole basal ganglia region was
captured. Due to the absence of a stereotaxic mink brain atlas, gross anatomical regions were
determined with the help of cat [72] and dog [73] atlases, as well as photographs of a polecat
brain from the Michigan State University Brain Biodiversity Bank [74]. Sections were then
mounted on slides which were kept in the -80° C freezer overnight before staining the following
day with diaminobenzidine following a published protocol [6, 75]. CO activity was quantified by
optical densitometry (OD; where higher densities indicate higher CO activity [76]) using Fiji
(v.2.0.0; used for the NAc) and ImagePro (Media Cybernetics; other BG regions) on selected
rectangular areas of digitized images by an experimenter blind to treatment conditions and SB
levels. An average of eight such samples per BG region (one sample per hemisphere per section)
of the basal ganglia was obtained (brains with regions that could not be sampled at least eight
times being excluded from analyses pertaining such regions; see Table 1 for final sample sizes
for each region). The reliability of each staining batch was checked by correlating OD readings
for a standard (a homogenate whole brain processed for even staining) smeared at different

thicknesses (from 10 to 100um), to check that staining density increased linearly with slice
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thickness in every batch. This method identified four brains (2E:2NE) as having sub-optimal
staining of the STN. Therefore, those brains were excluded from any analyses involving this
region (again, Table 1 gives final sample sizes per region). Because this region does not have
anatomical boundaries, to locate the NAc in our images we referred to published papers on
ferrets (e.g. [77]) and consulted Dr. Susanne Radtke-Schuller, compiler of the first stereotaxic

ferret brain atlas [78].

2.4. Statistical analyses

Statistical analyses were performed using General Linear Models (GLMs) in JMP statistical
software [79]. When data did not meet the assumptions of parametric testing, they were
transformed to do so (e.g. proportions were arcsine square root transformed). Alpha was set at
0.05, and 2-tailed results are presented. Where models were non-orthogonal, we used the
sequential (Type I) sum of squares [80], placing the factor of interest as the last main effect [81].
GLMs were first used to assess the effect of housing on behaviour, and the relationships between
the two sub-types of SB, before analysis of the CO data.

Because of variation between staining batches, there were strong correlations between the
values obtained for each region and the density of staining in the corresponding 20um standard
from the same batch (for caudate: F,,.=5.36, p<0.05; putamen: F,.,=5.97, p<0.05; GPe: F,.=9.86,
p<0.01; GPi: F.,=12.2, p<0.01; STN: F,..=24.7, p<0.0001; NAc: F,.,=10.2, p<0.001). Therefore,
all analyses involving CO activity did not use raw data, but instead controlled for these batch
differences in degrees of staining by using the residuals of the correlation between the CO
activity values for each BG region and the CO values from the same batch’s standard
homogenates (with large positive residuals thus meaning strong staining for that batch, thence
high relative CO activity; see Fig. 2). To check for internal validity, measures taken from both
left and right hemispheres for each region were also regressed against each other. Values for both
hemispheres were highly positively correlated (R>0.55; p<0.001) for all regions sampled,
indicating good internal consistency. Values from left and right hemispheres were then averaged
for all subsequent analyses.

Relationships between CO activity and SB were analysed by means of GLMs in which
each form of SB (loco or scrabbling) was the dependent variable, and treatment, basal ganglia

metabolic activity (residuals of each region -- see above — and also the GPe:GP1 GP ratio “GPr”),
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and their interaction were independent variables. To assess whether the BG sub-regions (plus
GPr) might act in concert to predict SB more strongly than any individual relationship, we also
ran two forward stepwise regressions (with no restrictions on predictive variables), where
behaviour - either loco or scrabbling - was the dependent variable, and treatment plus CO
activity for each BG region plus the GPr were the predictors (all as main effects with no
interactions). Best model fit was assessed using the Akaike Information Criterion (AIC). Post
hoc, we also ran two further tests to further understand the implications of our results. We ran
GLMs with SB as the dependent variable, NAc activity, housing and their interactions as
independent variables, and adding respectively GP ratio or STN values as additional terms in
order to assess whether including these indices of inhibitory pathway function would increase the
degree of variance (the R2) explained by the model. In addition, for effects on NAc CO values,
we ran GLMs with both loco SB and scrabbling in the model, to assess whether controlling for

one sub-type of SB would reveal otherwise masked correlates of the other to emerge.

3. Results
3.1. Enrichment effects on basal ganglia activity and stereotypic behaviour
Enrichment reduced loco SB (F,.,.=13.866, p=0.0008; see Fig. 3), and tended to reduce scrabbling
(see Fig. 3; the housing effect on scrabbling did not reach statistical significance here, but had
been significant in these same males when they were juvenile, at 7-8 months old [59]). In terms
of the inter-relationships between the two sub-types, ‘loco’ and scrabbling SB typically inversely
correlate, at least in non-enriched mink, such that individuals with high levels of one show little
or none of the other (unpubl. analyses of mink in [10]; unpubl. analyses of male mink in [41, 52];
unpubl. analyses of female mink in [59]). Checking for this pattern in these subjects revealed that
in the NE mink, the two SB sub-types negatively co-varied as expected (F,,=42.78, p<0.0001).
However, they unexpectedly positively co-varied in E mink (note that although only 4 mink
showed both loco and scrabbling, this was enough to make the two forms of SB unexpectedly
positively covary in this group: F, .= 5.65, p<0.05).

Our prediction that enrichment would increase the metabolic activity of the basal ganglia
regions implicated in the indirect pathway was only partly supported. Enriched mink had greater
GP ratios of CO activity (GPe:GPi) than non-enriched mink (F,.=4.723, p=0.003; Figs. 4 and 5).

However, no individual basal ganglia region was significantly affected by environmental
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enrichment (see Table 3). In addition, GP ratio, the one housing-induced basal ganglia change,

did not correlate with SB (see Table 4).

3.2. Correlations between neural activity of the basal ganglia and stereotypic behaviour

Dorsal striatal CO-staining did not correlate with either SB sub-type, and nor did any measure
involving the indirect pathway. However, ventral striatal function was implicated: loco SB
positively co-varied with activity in the NAc (see Table 3, Fig. 6). Scrabbling also covaried with
CO activity in the NAc, but in a pattern that differed between housing groups: in NE mink the
relationship was negative, while in E mink it tended to be positive (see Table 4 and Fig. 3). This
difference between housing groups reflected the way in which loco SB and scrabbling covaried
negatively in NE mink, but positively in EE mink.

Stepwise regressions (summarised in Table 4a) confirmed the importance of the NAc and
the apparent irrelevance of the dorsal striatum and other BG regions. They thus identified that
loco SB was best explained by a combination of NAc activity and an independent housing effect
(in a model that was also itself significant: F,,.=3.14; p<0.05). Consistent with this, when we ran
post hoc GLMs to assess whether the degree of variance in loco SB explained (i.e. the R? of the
model) would be improved by adding GP ratio or STN values to a model including NAc activity
and housing as independent variables, we found no increase. Thus these indices of indirect
pathway function did not even have additive effects on SB acting in concert with the NAc.
Scrabbling, in contrast, was best explained by the relative underactivation of the indirect
pathway alone, although note that consistent with our previous lack of effects, this model was

not significant (see Table 4b).

4. Discussion

Our results yielded limited evidence for a role of altered indirect pathway functioning in mink
stereotypic behaviour, and also no clear evidence for dorsal striatal involvement. Instead, as in
laboratory mice and horses [35, 58], individual differences in measures of nucleus accumbens
(NAc) activity seemed to positively covary with our subjects’ carnivore-typical pacing, bobbing
and repetitive head movements (‘loco’ SB). Such apparent consistency across these three species

is interesting because, as outlined in the Introduction (Section 1), the forms of SB involved are
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very diverse. A similar positive trend also emerged between NAc CO activity and scrabbling in
the E mink. However, this seemed merely to be an artefact of the way that in these subjects,
scrabbling and loco SBs positively covaried (in turn likely just a chance effect, since dependent
on just 3 loco mink, and also not found in other cohorts of E mink [e.g. those studied by [10, 41,
52], nor in the E females raised alongside the males of the current study [59]). Instead, in NE
animals (where both sub-types of SB were more prevalent and time-consuming, and where
scrabbling and loco SB showed the inverse correlation expected from other cohorts of mink),
scrabbling inversely correlated with NAc CO activity. This resembles the pattern found in deer
mice, where high SB is sometimes negatively related to NAc activity [49, 82]. Thus in
stereotypic NE mink, individual differences in SB reflect individual difference in NAc CO
activity: animals with high loco SB but little or no scrabbling showed relatively high NAc CO
activity, while those with little loco SB but much scrabbling showed relatively low NAc CO
activity.

At first sight, such results might suggest that mink SBs involve altered reward
processing, cautiously suggesting aetiologies related to some forms of OCD (e.g. [15]), ‘hyper-
motivated’ compulsive gambling, drug-taking and eating, and stimulant-induced hyper-activity
(reviewed in [58, 83]). However, our data came from differentially reared subjects, and these two
housing groups did not differ in NAc activity, despite the elevated performance of both forms of
SB (especially the loco sub-type) by non-enriched (NE) animals. This lack of housing effect on
NAc CO is important because it reveals that changes in NAc activity are not the primary causes
of housing-induced SB. Instead, individual differences in NAc CO activity are merely correlates
of individual variation in SB that are unrelated to housing conditions. Furthermore, nor could any
of our other CO data explain why SB is more time-consuming and prevalent in NE subjects. We
thus could not replicate in mink what has previously been found in the dorsal striatum and
subthalamic nucleus of differentially housed deer mice [6, 49], where NE animals show lower
levels of CO staining in these regions. Our one significant housing effect was that NE animals
had lower GPe:GPi ratios, revealing, as predicted, reduced indirect pathway activity in their
basal ganglia relative to enriched animals. However, this effect was subtle (individually, neither
GPe nor GP1 CO values differed between the groups), and also unrelated to the behavioural

effects of housing, failing to correlate with SB.
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The apparent lack of treatment effect in the present study thus indicates that other factors
likely underlie the impact of rearing and housing on mink SB, in turn suggesting new directions
for future work. Given the complexity of the cortico-basal ganglia circuitry, one possibility is
that enrichment affects mink basal ganglia in ways that we did not measure. For example,
measuring neuronal activity per unit area might fail to detect changes in regional volume (cf. the
striatal volumetric changes linked with SB in autistic individuals [12]); or perhaps we should
have also assessed substantia nigra activity (as decreases in stereotypic and barren-housed deer
mice [6, 49]), or striosome:matrix activation (as implicated in stimulant-induced SB: [22]).
Alternatively, more focussed analyses could have regionally separated limbic involvement in all
other BG nuclei, not just the striatum (e.g. inhibiting the limbic loop region of the GPe induced
SB in primates: [32]), to more thoroughly assess limbic loop involvement; and/or have analysed
NAc core and shell separately. Looking beyond the basal ganglia also seems a logical next step,
however. Environmental enrichment alters prefrontal cortex function, for instance [45, 84-86]: a
region that interacts with the basal ganglia (e.g. through the striatal 'direct' and 'indirect’
pathways, but also bypassing the striatum relay through the 'hyperdirect' pathway, [87, 88]), is
crucial for behavioural flexibility, and is also implicated in SB [89]. Alternatively, other cortical
and sub-cortical regions could be critical. For example, environmental enrichment increases
neurogenesis in the hippocampus (e.g. [45, 90]) and increases behavioural signs of increased
hippocampal function in mink [40]; while, in rodents, hippocampal lesions can also induce
stereotypic behaviours [91, 92]. Finally, imaging studies have recently also implicated
volumetric changes in the cerebellum to the stereotypic behaviour of autistic humans (reviewed
in [93]): another region to now investigate in mink.

Overall, our results thus implicate the nucleus accumbens in individual variation in the
performance of different forms of SB in mink (the direction of the relationship varying with SB
sub-type). But they also suggest that this region is unaffected by housing, and so unlikely to
explain the effects of housing on SB. Further, our results show that barren housing affects the
balance of the direct and indirect pathways, but without this accounting for the housing effects
on SB. Using this CO-staining approach, we thus found no evidence that a relatively underactive
indirect pathway contributes to barren housing-induced SB in mink, nor any clear support for an
association between basal ganglia dysfunction and SB in this species. However, as well as

suggesting further research directions for Carnivora, as outlined above, our results have four
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important methodological implications for future work on all housing-induced SBs, regardless of
species. First, in showing that individual differences in SB can have different neurological
correlates depending on the sub-type considered, they highlight the heterogeneity of SB, and the
importance of not pooling sub-types whose causes, correlates and triggers may well differ (cf.
[52, 64]). Second, they show that different behaviours can inter-correlate, and that not taking this
into account can influence conclusions. They thus build on previous work linking SB with
elevations in general activity and/or decreased levels of abnormal inactivity [38, 94], and
confirm the importance of both measuring multiple aspects of behaviour and using statistical
tools that can separate out inter-correlated variables. Third, they show that individual
neurological correlates of SB may reveal nothing about the effects of housing on SB, and thus
little or nothing about “altered function™ let alone “impairment” or “dysfunction” (an
extrapolation sometimes erroneously made in studies relying on individual differences alone, e.g.
[38, 57]). Thus meaningful research into housing-induced SB must utilise subjects that come
from known, varying housing treatments. Fourth and finally, our results suggest that previous
studies may have too narrowly focused on the BG, to the exclusion of other regions. Future
studies should now therefore re-test and extend the basal ganglia dysfunction hypothesis by not
only looking at more diverse measures of neural function in the basal ganglia, and always
including diverse treatment groups, but also by broadening scope to consider other regions

including areas external to the cortico-basal ganglia circuitry.

Acknowledgements

We would like to thank first and foremost, the mink. Thanks also to Angelo Napolitano and the
research farm staff. Thank-you as well to Dr. Susanne Radtke-Schuller for helping us locate the
elusive mink NAc in the absence of a mink brain atlas; and to two helpful anonymous referees.
We are also grateful to the following funding agencies: NSERC and the Government of the

Basque Country (both agencies having no role other than financing).
References

[1] GJ. Mason, N.R. Latham, Can't stop, won't stop: is stereotypy a reliable animal welfare

indicator?, Animal Welfare 13 (2004) 57-69.

13



400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430

[2] G.J. Mason, Tail-biting in mink (Mustela vison) is influenced by age at removal from the
mother, Animal Welfare 3 (1994) 305-311.

[3] N. Latham, G.J. Mason, Maternal deprivation and the development of stereotypic behaviour,
Applied Animal Behaviour Science 111 (2008) 84-108.

[4] D.H. Gottlieb, J.P. Capitanio, B. McCowan, Risk factors for stereotypic behavior and self-
biting in rhesus macaques (Macaca mulatta): Animal's history, current environment, and
personality, American Journal of Primatology 75(10) (2013) 995-1008.

[5] ARR. Bechard, N. Bliznyuk, M.H. Lewis, The development of repetitive motor behaviors in
deer mice: Effects of environmental enrichment, repeated testing, and differential mediation by
indirect basal ganglia pathway activation, Developmental Psychobiology 59(3) (2017) 390-399.
[6] C.A. Turner, M.C. Yang, M.H. Lewis, Environmental enrichment: effects on stereotyped
behavior and regional neuronal metabolic activity, Brain Research 938 (2002) 15-21.

[7] C. Hadley, B. Hadley, S. Ephraim, M.H. Lewis, Spontaneous stereotypy and environmental
enrichment in deer mice (Peromyscus maniculatus): reversibility of experience, Applied Animal
Behaviour Science 97 (2006) 312-322.

[8] N. Latham, G. Mason, Frustration and perseveration in stereotypic captive animals: is a taste
of enrichment worse than none at all?, Behavioural Brain Research 211 (2010) 96-104.

[9] S.-L.C. Tilly, J. Dallaire, G.J. Mason, Middle-aged mice with enrichment-resistant
stereotypic behaviour show reduced motivation for enrichment, Animal Behaviour 80 (2010)
363-373.

[10] J.A. Dallaire, R K. Meagher, G.J. Mason, Individual differences in stereotypic behaviour
predict individual differences in the nature and degree of enrichment use in caged American
mink, Applied Animal Behaviour Science 142(1-2) (2012) 98-108.

[11] G. Mason, J. Rushen, A decade or more's progress in the understanding of stereotypic
behaviour, in: G. Mason, J. Rushen (Eds.), Stereotypic Animal Behaviour. Fundamentals and
Applications to Welfare, CABI, Cambridge, 2006.

[12] E. Hollander, E. Anagnostou, W. Chaplin, K. Esposito, M.M. Haznedar, E. Licalzi, S.
Wasserman, L. Soorya, M. Buchsbaum, Striatal volume on magnetic resonance imaging and
repetitive behaviors in autism, Biological Psychiatry 58(3) (2005) 226-232.

[13] J.M. Welch, J. Lu, R.M. Rodriguiz, N.C. Trotta, J. Peca, J.-D. Ding, C. Feliciano, M. Chen,
J.P. Adams, J. Luo, S.M. Dudek, R.J. Weinberg, N. Calakos, W.C. Wetsel, G. Feng, Cortico-

14



431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460

striatal synaptic defects and OCD-like behaviours in Sapap3-mutant mice, Nature 448(7156)
(2007) 894-U2.

[14] J.R. Walters, Abnormal activities in cortico-basal ganglia circuits in movement disorders,
in: H. Steiner, K. Tseng (Eds.), Handbook of Basal Ganglia Structure and Function,
Elsevier2017.

[15] P. Krack, M.I. Hariz, C. Baunez, J. Guridi, J.A. Obese, Deep brain stimulation: from
neurology to psychiatry?, Trends in Neurosciences 33(10) (2010) 474-484.

[16] J.G. McHaffie, T .R. Stanford, B.E. Stein, W. Coizet, P. Redgrave, Subcortical loops through
the basal ganglia, TRENDS in Neurosciences 28(8) (2005) 401-407.

[17] C.R. Gerfen, J.P. Bolam, The neuroanatomical organization of the basal ganglia, in: H.
Steiner, K. Tseng (Eds.), Handbook of Basal Ganglia Structure and Function, Elsevier2017.

[18] C.M. Adler, P. McDonough-Ryan, K.W. Sax, S K. Holland, S. Arndt, S.M. Strakowski,
fMRI of neuronal activation with symptom provocation in unmedicated patients with obsessive
compulsive disorder, Journal of Psychiatric Research 34(4-5) (2000) 317-324.

[19] A. Berardelli, A. Curra, G. Fabbrini, F. Gilio, M. Manfredi, Pathophysiology of tics and
Tourette syndrome, Journal of Neurology 250(7) (2003) 781-787.

[20] J.J. Wolff, H.C. Hazlett, A.A. Lightbody, A.L. Reiss, J. Piven, Repetitive and self-injurious
behaviors: associations with caudate volume in autism and fragile X syndrome, Journal of
Neurodevelopmental Disorders 5 (2013).

[21] K.A.B. Lapidus, E.R. Stern, H.A. Berlin, W.K. Goodman, Neuromodulation for Obsessive-
Compulsive Disorder, Neurotherapeutics 11(3) (2014) 485-495.

[22] J.J. Canales, A .M. Graybiel, A measure of striatal function predicts motor stereotypy,
Nature Neuroscience 3(4) (2000) 377-383.

[23] M. Lyon, T. Robbins, The action of central nervous system stimulant drugs a general theory
concerning amphetamine effects, Essman, Walter B. And L. Valzelli (1975) 79-163.

[24] G.E. Alexander, M.R. Delong, P.L. Strick, Parallel organization of functionally segregated
circuits linking basal ganglia and cortex, Annual Review of Neuroscience 9 (1986) 357-381.
[25] J.A. Obeso, M. Cruz Rodriguez-Oroz, B. Benitez-Temino, F.J. Blesa, J. Guridi, C. Marin,
M. Rodriguez, Functional organization of the basal ganglia: therapeutic implications for

Parkinson's disease, Movement Disorders 23 (2008) S548-S559.

15



461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491

[26] S. Ikemoto, C. Yang, A. Tan, Basal ganglia circuit loops, dopamine and motivation: A
review and enquiry, Behavioural Brain Research 290 (2015) 17-31.

[27] M.R. DeLong, T. Wichmann, Circuits and circuit disorders of the basal ganglia, Archives of
Neurology 64(1) (2007) 20-24.

[28] A.M. Graybiel, The basal ganglia and chunking of action repertoires, Neurobiology of
Learning and Memory 70 (1998) 119-136.

[29] P. Redgrave, T J. Prescott, K. Gurney, The basal ganglia: A vertebrate solution to the
selection problem?, Neuroscience 89(4) (1999) 1009-1023.

[30] R.M. Ridley, H.F. Baker, C.D. Frith, J. Dowdy, T.J. Crow, Stereotyped responding on a 2-
choice guessing task by marmosets and humans treated with amphetamine, Psychopharmacology
95(4) (1988) 560-564.

[31] R. Dias, T.W. Robbins, A.C. Roberts, Dissociation in prefrontal cortex of affective and
attentional shifts, Nature 380(6569) (1996) 69-72.

[32] D. Grabli, K. McCairn, E.C. Hirsch, Y. Agid, J. Feger, C. Francois, L. Tremblay,
Behavioural disorders induced by external globus pallidus dysfunction in primates: I.
Behavioural study, Brain 127 (2004) 2039-2054.

[33] N. Baup, D. Grabli, C. Karachi, S. Mounayar, C. Francois, J. Yelnik, J. Feger, L. Tremblay,
High-frequency stimulation of the anterior subthalamic nucleus reduces stereotyped behaviors in
primates, Journal of Neuroscience 28(35) (2008) 8785-8788.

[34] M.H. Lewis, J.P. Gluck, A.J. Beauchamp, M.F. Keresztury, R.B. Mailman, Long-term
effects of early social-isolation in Macaca mulatta - changes in dopamine receptor function
following apomorphine challenge, Brain Research 513(1) (1990) 67-73.

[35] S.D. McBride, A. Hemmings, Altered mesoaccumbens and nigro-striatal dopamine
physiology is associated with stereotypy development in a non-rodent species, Behavioural Brain
Research 159(1) (2005) 113-118.

[36] D.W. Wolmarans, L. Brand, D.J. Stein, B.H. Harvey, Reappraisal of spontaneous stereotypy
in the deer mouse as an animal model of obsessive-compulsive disorder (OCD): Response to
escitalopram treatment and basal serotonin transporter (SERT) density, Behavioural Brain
Research 256 (2013) 545-553.

[37]J. Sandson, M.L. Albert, Varieties of perseveration, Neuropsychologia 22(6) (1984) 715-
732.

16



492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520

[38] J.P. Garner, G.J. Mason, Evidence for a relationship between cage stereotypies and
behavioural disinhibition in laboratory rodents, Behavioural Brain Research 136 (2002) 83-92.
[39] A. Hemmings, S.D. McBride, C.E. Hale, Perseverative responding and the aetiology of
equine oral stereotypy, Applied Animal Behaviour Science 104 (2007) 143-150.

[40] D. Campbell, J. Dallaire, G. Mason, Environmentally enriched rearing environments reduce
repetitive perseveration in caged mink, but increase spontanous alternation, Behavioural Brain
Research 239 (2013) 177-187.

[41] J. Dallaire, R.K. Meagher, M. Diez-Le6n, J.P. Garner, G.J. Mason, Recurrent perseveration
correlates with abnormal repetitive locomotion in adult mink but is not reduced by
environmental enrichment, Behavioural Brain Research 224 (2011) 213-222.

[42] L.J. Martin, D.M. Spicer, M.H. Lewis, J.P. Gluck, L.C. Cork, Social deprivation of infant
rhesus-monkeys alters the chemoarchitecture of the brain.1. subcortical regions, Journal of
Neuroscience 11(11) (1991) 3344-3358.

[43] M.H. Lewis, M.F. Presti, J].B. Lewis, C.A. Turner, The neurobiology of stereotypy I:
environmental complexity, in: G. Mason, J. Rushen (Eds.), Stereotypic Animal Behaviour.
Fundamentals and Applications to Welfare, CABI, Cambridge, 2006, pp. 190-226.

[44] M. Lobo, S. Zaman, D. Damez-Werno, J. Koo, R. Bagot, J. di Nieri, A. Nugent, E. Finkel,
D. Chaudhury, R. Chandra, E Riberio, J. Rabkin, E. Mouzon, R. Cachope, J.J. Cheer, M.H.Han,
D.M. Dietz, D.W. Self, Y.L. Hurd, V. Vialou, EJ. Nestler, DeltaFosB induction in striatal
medium spiny neuron subtypes in response to chronic pharmacological, emotional and
optogenetic stimuly, The Journal of Neuroscience 33 (2003) 18381-18395.

[45] M.L. Lehmann, M. Herkenham. Environmental enrichment confers stress resiliency to
social defeat through and infralimbic cortex-dependent neuroanatomical pathway. Journal of
Neuroscience 31 (2011) 6159-6173.

[46] A. Poremba, D. Jones, F. Gonzalez-Lima, Functional mapping of learning-related metabolic
activity with quantitative cytochrome oxidase histochemistry, Cytochrome Oxidase in Neuronal
Metabolism and Alzheimer's Disease (1998) 109-144.

[47] M.T.T. Wong-Riley, Cytochrome-oxidase - an endogenous metabolic marker for neuronal-

activity, TRENDS in Neurosciences 12(3) (1989) 94-101.

17



521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550

[48] M.T.T. Wong-Riley, F. Nie, R.F. Hevner, S.Y. Liu, Brain cytochrome oxidase - Functional
significance and bigenomic regulation in the CNS, Cytochrome Oxidase in Neuronal Metabolism
and Alzheimer's Disease (1998) 1-53.

[49] Y. Tanimura, S. Vaziri, M.H. Lewis, Indirect basal ganglia pathway mediation of repetitive
behavior: attenuation by adenosine receptor agonists, Behavioural Brain Research 210(1) (2010)
116-122.

[50] A.R. Bechard, N. Cacodcar, M.A. King, M.H. Lewis, How does environmental enrichment
reduce repetitive motor behaviors? Neuronal activation and dendritic morphology in the indirect
basal ganglia pathway of a mouse model, Behavioural Brain Research 299 (2016) 122-131.

[52] A. Polanco, D.L.M. Campbell, M. Diez-Le6n, G. Mason, Towards a taxonomy of
stereotypic behaviours in the American mink (Neovison vison), a model Carnivore:
Homogeneous or heterogeneous?, Applied Animal Behaviour Science 194 (2017) 95-103.

[53] R. Clubb, G.J. Mason, Natural behavioural biology as a risk factor in carnivore welfare:
how analysing species differences could help zoos improve enclosures, Applied Animal
Behaviour Science 102 (2007) 303-328.

[54] C.A. Turner, M.H. Lewis, M.A. King, Environmental enrichment: effects on stereotyped
behavior and dendritic morphology, Developmental Psychobiology 43 (2003) 20-27.

[55] Y. Tanimura, M.A. King, D K. Williams, M.H. Lewis, Development of repetitive behavior
in a mouse model: roles of indirect and striosomal basal ganglia pathways, International Journal
of Developmental Neuroscience, 2011, pp. 461-467.

[56] M.F. Presti, M.H. Lewis, Striatal opioid peptide content in an animal model of spontaneous
stereotypic behavior, Behavioural Brain Research 157(2) (2005) 363-368.

[57] A. Hemmings, M.O. Parker, C. Hale, S.D. McBride, Causal and functional interpretation of
mu- and delta-opioid receptor profiles in mesoaccumbens and nigrostriatal pathways of an oral
stereotypy phenotype, Behavioural Brain Research 353 (2018) 108-113.

[58] D. Phillips, E. Choleris, K.S.J. Ervin, C. Fureix, L. Harper, K. Reynolds, L. Niel, G.J.
Mason, Cage-induced stereotypic behaviour in laboratory mice covaries with nucleus accumbens
FosB/Delta FosB expression, Behavioural Brain Research 301 (2016) 238-242.

[59] M. Diez-Le6n, S. Bursian, D. Galicia, A. Napolitano, R. Palme, G. Mason, Environmentally

enriching American mink (Neovison vison) increases lymphoid organ weight and skeletal

18



551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580

symmetry, and reveals differences between two sub-types of stereotypic behaviour, Applied
Animal Behaviour Science 177 (2016) 59-69.

[60] M. Diez-Le6n, J. Bowman, S. Bursian, H. Filion, D. Galicia, J. Kanefsky, A. Napolitano, R.
Palme, A L. Schulte-Hostedde, K. Scribner, G. Mason, Environmentally enriched male mink gain
more copulations than stereotypic, barren-reared competitors, PLOS ONE 8 (2013) e80494.

[61] J. Kroshko, R. Clubb, L. Harper, E. Mellor, A. Moehrenschlager, G. Mason, Stereotypic
route tracing in captive Carnivora is predicted by species-typical home range sizes and hunting
styles, Animal Behaviour 117 (2016) 197-209.

[62] G.J. Mason, M. Mendl, Do the stereotypies of pigs, chickens and mink reflect adaptive
species differences in the control of foraging?, Applied Animal Behaviour Science 53 (1997) 45-
58.

[63] R.E. Clubb, S.S. Vickery, Locomotory stereotypies in carnivores: does pacing stem from
hunting, ranging or frustrated escape?, in: G. Mason, J. Rushen (Eds.), Stereotypic animal
behaviour: fundamentals and applications to welfare, CABI international, Wallingford, UK;
Cambridge, USA, 2006.

[64] A. Polanco, M. Diez-Leon, G. Mason, Stereotypic behaviours are heterogeneous in their
triggers and treatments in the American mink, Neovison vison, a model carnivore, Animal
Behaviour 141 (2018) 105-114.

[65] M. Diez-Leon, Effects of Environmental Enrichment on Stereotypic Behaviour and
Reproductive Success in American mink Neovison vison, PhD thesis, University of Guelph,
Guelph, 2014.

[66] G. Heimer, M. Rivlin-Etzion, I. Bar-Gad, J.A. Goldberg, S.N. Haber, H. Bergman,
Dopamine replacement therapy does not restore the full spectrum of normal pallidal activity in
the 1-methyl-4phenyl-1,2,3,6-tetra-hydropyridine primate model of parkinsonism, Journal of
Neuroscience 26(31) (2006) 8101-8114.

[67] N. Dunstone, The Mink (1003), T & A D Poyser, London

[68] S.S. Vickery, G.J. Mason, Behavioral persistence in captive bears: implications for
reintroduction, Ursus 14(1) (2003) 35-43.

[69] G.J. Mason, Individual variation in the stereotypies of caged mink (1992), PhD thesis,
University of Cambridge, UK

19



581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610

[70] F. Gonzalez-Lima, Brain imaging of auditory learning functions in rats: studies with
fluorodeoxyglucose autoradiography and cytochrome oxidase histochemistry, in: F. Gonzalez-
Lima (Ed.), Advances in Metabolic Mapping Techniques for Brain Imaging of Behavioral and
Learning Functions, (1992), Kluwer Academic Publishers, Dordrecht, pp. 39-109.

[71] R.F. Hevner, S. Liu, M.T.T. Wong-Riley, A metabolic map of cytochrom oxidase in the rat
brain: histochemical, densitometric and biochemical studies, Neuroscience 65 (1995), 313-342.
[72] R. Snider, W. Niemer, Stereotaxic atlas of the cat brain, University of Chicago Press,
Chicago, 1962.

[73] RK.S. Lim, C.-n. Liu, R.L. Moffitt, A Stereotaxic Atlas of the Dog’s Brain, Charles C
Thomas, Springfield, 1960.

[74] National Science Foundation, Division of Integrative Biology and Neuroscience,
http://msu.edu/~brains/

[75] F. Gonzalez-Lima, D. Jones, Cytochrome Oxidase in Neuronal Metabolism and
Alzheimer’s Disease, Plenum Press, New York/London, 1998.

[76] F. Gonzalez-Lima, D. Jones, Quantitative mapping of cytochrome-oxidase activity in the
central auditory-system of the gerbil - a study with calibrated activity standards and metal-
intensified histochemistry, Brain Research 660(1) (1994) 34-49.

[77] Y. Takamori, T. Wakabayashi, T. Mori, J. Kosaka, H. Yamada, Organization and cellular
arrangement of two neurogenic regions in the adult ferret (Mustela putorius furo) brain, Journal
of Comparative Neurology 522(8) (2014) 1818-1838.

[78] S. Radtke-Schuller, Cyto- and myeloarchitectural brain atlas of the ferret (Mustela putorius)
in MRI aided stereotaxic coordinates, Springer International Publishing2018.

[79] S.I.Inc., IMP, 2016.

[80] A. Grafen, R. Hails, Modern Statistics for the Life Sciences, Oxford University Press, New
York, 2002.

[81] C.P. Doncaster, A.J.H. Davey, Analysis of variance and covariance. How to choose and
construct models for the life sciences, Cambridge University Press, Cambridge, 2007.

[82] Y. Tanimura, M.C. Yang, M.H. Lewis, Procedural learning and cognitive flexibility in a
mouse model of restricted, repetitive behaviour, Behavioural Brain Research 189 (2008) 250-

256.

20



611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641

[83] S.D. McBride, M.O. Parker, The disrupted basal ganglia and behavioural control: An
integrative cross-domain perspective of spontaneous stereotypy, Behavioural Brain Research 276
(2015) 45-58.

[84] C. Fan, M. Zhang, L. Shang, N.A. Cynthia, Z. Li, Z. Yang, D. Chen, J. Huang, K. Xiong,
Short-term environmental enrichment exposure induces proliferation and maturation of
doublecortin-positive cells in the prefrontal cortex, Neural Regeneration Research 9(3) (2014)
318-328.

[85] A. Del Arco, G. Segovia, P. Garrido, M. de Blas, F. Mora, Stress, prefrontal cortex and
environmental enrichment: studies on dopamine and acetylcholine release and working memory
performance in rats, Behavioural Brain Research 176(2) (2007) 267-273.

[86] G. Segovia, A. Del Arco, P. Garrido, M. de Blas, F. Mora, Environmental enrichment
reduces the response to stress of the cholinergic system in the prefrontal cortex during aging,
Neurochemistry International 52(6) (2008) 1198-1203.

[87] Gerfen, C.R. Gerfen, Molecular effects of dopamine on striatal-projection pathways, Trends
Neuroscience 23 (2000) S64-S70.

[88] A. Nambu, H. Tokuno, M. Takada, Functional significance of the cortico-subthalamo-
pallidal ‘hyperdirect’ pathway, Neuroscience Research 43 (2002) 111-117.

[89] B.K. Lipska, H.A. Al-Amin, D.R. Weinberger, Excitotoxic lesions of the rat medial
prefrontal cortex - effects on abnormal behaviors associated with neonatal hippocampal damage,
Neuropsychopharmacology 19(6) (1998) 451-464.

[90] H. van Praag, G. Kempermann, F.H. Gage, Neural consequences of environmental
enrichment, Nature Reviews Neuroscience 1(3) (2000) 191-198.

[91] GK. Wood, B K. Lipska, D.R. Weinberger, Behavioral changes in rats with early ventral
hippocampal damage vary with age at damage, Brain research. Developmental brain research
101(1-2) (1997) 17-25.

[92] B K. Lipska, D.R. Weinberger, Delayed-effects of neonatal hippocampal damage on
haloperidol-induced catalepsy and apomorphine-induced stereotypic behaviors in the rat,
Developmental Brain Research 75(2) (1993) 213-222.

[93] B.J. Wilkes, M.H. Lewis, The neural circuitry of restricted repetitive behavior: Magnetic
resonance imaging in neurodevelopmental disorders and animal models, Neuroscience and

Biobehavioral Reviews 92 (2018) 152-171.

21



642
643
644

645

646
647
648
649

650

651
652
653
654
655
656

[94] C. Fureix, M. Walker, L. Harper, K. Reynolds, A. Saldivia-Woo, G. Mason, Stereotypic
behaviour in standard non-enriched cages is an alternative to depression-like responses in

C57BL/6 mice, Behavioural Brain Research 305 (2016) 186-190.

Table 1. Sample sizes for the different variables recorded. STN: subthalamic nucleus; GPe:
globus pallidus externus; GPi: globus pallidus internus; NAc: nucleus accumbens. Square

brackets indicate brains for which data were not reliable and so not used in analyses (see main

text).
Enriched Non-enriched
Variable Total
raised raised
Stereotypic behaviour 16 16 32
Cytochrome oxidase
. Caudate 15 15 30

activity in:
Putamen 15 15 30
STN 12 [+ 2] 13 [+ 2] 25 [+ 4]
GPe 13 13 26
GPi 12 12 24
NAc 13 14 27

Table 2. Effects of enrichment on basal ganglia metabolic activity (optical density scores). E:
enriched; NE: non-enriched; STN: subthalamic nucleus; GPe: globus pallidus externus; GPi:
globus pallidus internus; NAc: nucleus accumbens. Significant results in bold. Means are least
squared means; SE is the standard error. All analyses corrected for staining batch effects (see

text).

Statistic p
Mean SE Mean SE

Caudate 0.119 0.007 0.111 0.007 F1,27=0.670 0.210
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663
664

Putamen

STN

GPe
GPi
GPe:GPi

NAc*

0.103

0.198

0.108
0.185
0.596

-1.301

0.007

0.008

0.008
0.016
0.013

2.400

0.097

0.194

0.107
0.197
0.552

1.208

0.007

0.008

0.008
0.015
0.011

2.313

F127=0.429
F126=0.102

F123=0.01
F110=0.310
F1.20=5.840

F125=0.566

0.258

0.376

0.455
0.584
0.012

0.458

* Data on CO activity for the NAc were acquired using a different software (see Methods), which may explain the difference in orders of

magnitude between NAc values and the rest of the sampled BG.

Table 3. Correlations between regional CO activity and two sub-types of stereotypic behaviour

(controlling for housing effects). For loco SB, effects of housing was still significant (see text) in

all models; for scrabbling, effect of housing was still non-significant (see text) in all models. All

analyses again corrected for staining batch effects (see text).

Loco SB

Scrabbling

F126=0.029, p=0.865

F126=0.275, p=0.604

Caudate
(+ve) (+ve)

p F1,26=0.693, p=0.413 F1,26=0.199, p=0.659

utamen

(+ve) (+ve)

GPe:GPi F1,22=0.730, p=0.401 F1,2,=0.00, p=0.995
(+ve) (-ve)

GPe F1,22,=0.197, p=0.662 F12,=1.051, p=0.316
(-ve) (+ve)

GPi Fl,l9=1.009, p=0328 Fl,l9=2.434, p=0135
(-ve) (+ve)

STN F1,25=2.428, p=0.132 F1,25=0.125, p=0.727
(+ve) (+ve)

There was an interaction with
NAc F1.23=6.132

housing: F1,3=6.989, p=0.0145
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665
666
667
668
669
670
671

672
673

p=0.021: +ve

Data were therefore split by

housing to reveal the following:

NE: F1,12=5.013, p=0.045:
-ve
E: F111=3.64, p=0.082

(+ve)

Table 4. Models from forward stepwise regressions: a) Loco; b) Scrabbling.

The best fitting models (according to AICs) are presented, and the best explanatory model is

presented in bold font. Cd: caudate; Pt: putamen; STN: subthalamic nucleous; GPe: globus

pallidus externus; GPi: globus pallidus internus; GPr: ratio of GPe/GPi; NAc: nucleus

accumbens; H: housing

a)

Number of factors in the model

Terms in the best predictive model

Associated AIC value

1 NAc 130.113
2 NAc +H * 128.724 *
3 GPr + Pt + NAc 130.271
4 GPr+ GPi + Pt + NAc 133.715
5 GPr+ GPi+Pt+NAc+H 138.393
6 GPr + GPe + GPi + Cd + Pt + NAC 144.070
7 GPr + Gpe + GPi + Cd + Pt + NAc + H 151.142
8 GPr + Gpe + GPi + STN + Cd + Pt + NAc + H 160.195

b)

Number of factors in the model

Terms in the best predictive model

Associated AIC value

1 GPr * 154.594 *
2 GPi+Cd 155.626
3 GPi + STN + Cd 157.925
4 GPe +STN+Cd +H 161.080
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5 STN + Cd + Pt + NAc + H 164.858
6 GPi+STN+Cd + Pt+ NAC+H 169.590
7 GPi+ GPe + STN + Cd +Pt + NAc + H 176.916
8 GPi + GPe + GPr + STN + Cd + Pt + NAc + H 186.390

Figure 1. Cytochrome oxidase histochemical staining of the basal ganglia of a mink brain. From

top to bottom (rostral to caudal): Cd - Caudate; Pt - Putamen; NAc - Nucleus accumbens; GPe -

Globus pallidus externus; GPi - Globus pallidus internus; STN - Subthalamic nucleus; VHp -

ventral hippocampus (not sampled, as not part of the basal ganglia, but see Discussion).

GPe

Ry

25




674
675
676
677
678
679

5 STN + Cd + Pt + NAc + H 164.858
6 GPi+STN+ Cd + Pt + NAc+H 169.590
7 GPi + GPe + STN + Cd +Pt + NAC + H 176.916
8 GPi + GPe + GPr + STN + Cd + Pt + NAc+ H 186.390

Figure 1. Cytochrome oxidase histochemical staining of the basal ganglia of a mink brain. From

top to bottom (rostral to caudal): Cd - Caudate; Pt - Putamen; NAc - Nucleus accumbens; GPe -

Globus pallidus externus; GPi - Globus pallidus internus; STN - Subthalamic nucleus; VHp -

ventral hippocampus (not sampled, as not part of the basal ganglia, but see Discussion).
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Figure 2. Sample graph showing the correlation between the CO value in the region of interest
(here for the STN, the same process being repeated for each region) and the CO value of the
corresponding standard. This correlation reflects differential staining intensity across batches. To
correct for this in subsequent analyses, residuals are calculated for each data point as the distance
from the line of best fit. For example, [A] is a mink with less regional CO activity in the STN
than expected given his level of standard staining; while [B] is a mink with more regional CO

activity in the STN than expected given his level of standard staining.
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Figure 3. Effects of enrichment on the two subtypes of stereotypic behaviour recorded: loco

(solid bars) and scrabbling stereotypies (open bars).
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Figure 6. Relationship between CO staining in the Nucleus accumbens (NAc) and stereotypic
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(here for the STN, the same process being repeated for each region) and the CO value of the
corresponding standard. This correlation reflects differential staining intensity across batches. To
correct for this in subsequent analyses, residuals are calculated for each data point as the distance
from the line of best fit. For example, [A] is a mink with less regional CO activity in the STN
than expected given his level of standard staining; while [B] is a mink with more regional CO
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