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ABSTRACT 
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(MUS MUSCULUS) 
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University of Guelph, 2021

Advisor: 

Georgia Mason 

The neurobiology of environmentally induced stereotypic behaviours (e.g. pacing 

in zoo carnivores, crib-biting in horses) is hypothesized to involve the disruption of 

coordinated function within the basal ganglia (’Basal Ganglia [BG] Pathways 

Hypotheses’) and/or between the basal ganglia and the cortex (‘Cortico-Striatal-

Thalamo-Cortical [CSTC] Circuits Hypotheses‘). However, these hypotheses have not 

yet been fully supported by the current research. Currently tests of these hypotheses in 

mice (Mus musculus) are incomplete: missing regions of interest, housing, or individual 

difference effects. My research used cytochrome oxidase histochemistry to examine 

neuronal activity in each of the basal ganglia nuclei for enriched versus barren housed 

mice and assessed whether basal ganglia activity correlated with SBs. None of the BG 

Pathways hypotheses were supported. Thus, the neurobiological mechanism for mouse 

SBs remains unknown. Further research is important for understanding the impact of 

captivity on animals’ functioning, and whether SBs are a sign of pathology.  
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1 Chapter 1: Introduction 

Stereotypic behaviours (SBs), “repetitive behaviours induced by frustration, repeated 

attempts to cope, and/or CNS dysfunction” (Mason, 2006, p. 347), are common in farm, 

zoo and laboratory animals housed in poor conditions (e.g. bar-biting pigs, pacing polar 

bears, backflipping mice) (Mason, 1991a, 1991b). Once developed, they become 

difficult to abolish, by either improving housing (e.g. ‘enriching’ with welfare-enhancing 

complexity: e.g. Tilly et al., 2010) or pharmacological treatment (e.g. Mills & Luescher, 

2006; Swaisgood & Shepherdson, 2006), suggesting that the brains of stereotypic 

animals become altered. SBs can also cause or covary with potential harms to fitness 

such as injury (e.g. Jett et al., 2017), gastrointestinal inflammation (e.g. Nicol et al., 

2002), reduced rates of mating (Díez-León et al., 2013) and conception (Benhajali et al., 

2014), suggesting that affected animals are not just altered but impaired. 

Environmentally induced SBs may thus reflect abnormal brain functioning (e.g. Mason, 

2006, p. 347, Garner et al., 2011; Bechard & Lewis, 2012). Understanding how is 

important for classifying and defining different forms of SB in different species and 

evaluating their resemblance to SBs seen in humans with clinical conditions; for 

understanding how captivity impacts and even impairs animals’ functioning; and for 

highlighting and targeting animals’ specific welfare needs.  

However, the neurobiological mechanisms underlying environmentally induced 

SBs remain poorly understood. Most investigations have focused on the basal ganglia: 

a group of subcortical nuclei involved in selecting, activating and suppressing goal-

directed and habitual behaviours (e.g. Yin & Knowlton, 2006; Mannella et al., 2013; 

Humphries, 2014). A few also implicate regions of the frontal cortex that exert top-down 

control over basal ganglia functioning (e.g. Miller & Cohen, 2001). It is generally 

hypothesized that SBs result from disruption of coordinated function within the basal 

ganglia (henceforth the ’Basal Ganglia [BG] Pathways Hypotheses’) and/or between the 

cortex and basal ganglia (henceforth the ’Cortico-Striatal-Thalamo-Cortical [CSTC] 

Circuits Hypotheses‘): ideas largely influenced by current understanding of normal basal 

ganglia function (see e.g. McBride & Parker, 2015), drug-induced SBs (see Randrup & 



 

 

2 

Munkvad, 1967; Robbins et al., 1990; Langen et al., 2011b), and research on disorders 

like Parkinson’s disease, Huntington’s disease, Obsessive Compulsive Disorder, 

Tourette’s syndrome, and autism spectrum disorder (as reviewed Langen et al., 2011a, 

2011b; Wilkes & Lewis, 2018). 

 The aim of this thesis was to assess both the BG Pathways and CSTC Circuits 

Hypotheses in barren versus enriched housed laboratory mice using cytochrome 

oxidase histochemistry as an index of long-term neuronal activity. Importantly, my main 

goal was to find the elusive neurobiological mediator (which has not yet been identified, 

see Chapter 2) that explains how barren housing causes SBs by investigating both of 

the above mentioned hypotheses simultaneously. I hypothesized that barren housing 

alters normal activity in the prefrontal cortex, consequently affecting its top-down control 

over basal ganglia functioning and ultimately causing SBs. As such, this was going to 

be the first study to examine neuronal activity in every sub-region of the prefrontal 

cortex and each of the thalamic relay nuclei, which are largely overlooked when 

investigating the CSTC Circuits Hypotheses (c.f. Chapter 2), thereby filling some major 

research gaps. However, the onset of the COVID-19 pandemic and the consequent 

closing of university facilities forced this plan to change. Instead, I opted for a longer 

literature review (which could be completed while “socially distanced”) critically 

assessing the current support for both ‘BG Pathways‘ and ’CSTC Circuits‘ Hypotheses1, 

and a shorter research component (thus minimizing time spent on campus) that focuses 

on testing the BG Pathways Hypotheses (though I take a ‘sneak peek’ into one of the 

CSTC Circuits Hypotheses). 

  

 

1 A version of this literature review is to be published in the special issue on Clinical Ethology in the 
journal Behaviour. This is accompanied by my overview of our current understanding of cortico-basal 
ganglia anatomy and function, which is provided in Appendix I. 
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 Outline 

Chapter 2 contains the literature review. Here, I begin by outlining both the BG 

Pathways and CSTC Circuits hypotheses and their testable predictions, before 

describing the experimental designs needed to test causal relationships between 

environment, brain function, and SBs (Section 2.1). Next, Sections  2.2 and  2.3  

examine all studies on SBs induced by aspects of the captive environment 

environmentally induced (including enrichment of housing, how animals are fed, and 

weaning age) SBs making neurobiological measurements in relevant brain regions of 

affected animals. I exclude studies not measuring differences within the brain (such as 

those relying on pharmacological manipulations and/or behavioural tests) or looking at 

other types of SB (e.g. drug- or lesion-induced forms). I prioritize my discussion around 

studies that examine both environmental effects and their relation to group and/or 

individual differences in SBs. For all, I assess the strength of their evidence, based on 

how well 1) the experimental design assesses the relationship between environmentally 

induced brain changes and SB and, 2) the chosen measures tackle the two hypotheses. 

Based on this, I explain what can (and cannot) be concluded for both hypotheses. 

Finally, Section 2.4 concludes by discussing the picture so far, the remaining gaps in 

our knowledge, and how we can better address these in future experiments. 

Chapter 3 covers my research. Here I investigate the BG Pathways Hypotheses 

(and part of the Limbic CSTC Circuit Hypothesis) of environmentally induced SBs (bar-

mouthing versus route-tracing) in enriched versus barren housed laboratory mice 

(C57/BL/6J versus DBA/2) with cytochrome oxidase histochemistry. To do this, I 

carefully chose a subset of mice for hypothesis testing (Section 3.2.1). I then had to 

‘optimize’ and validate a histochemistry protocol2 to stain my brains with (Section 0). 

Once stained, the brains were imaged, and the saturation of staining (optical density) 

was measured blindly for each region of interest (Section 3.2.4). Finally, I examine the 

 

2 Appendix II explains how cytochrome oxidase histochemistry works, and my rationale for choosing this 
method. 
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effect of housing on neuronal activity (as indexed by optical density) for each of the 

basal ganglia nuclei, and their relationships with each of the SBs, using Generalized 

Linear Mixed Models (Section 0). I end this chapter with a short discussion to explain 

how my results relate to the predictions made by the BG Pathways Hypotheses (Section 

3.4). 

Chapter 4 is a general discussion relating my research back to my literature 

review. I discuss how my research fits within the existing studies on neuronal activity: 

what gaps I have filled, what hypotheses I have rejected and partially supported, and 

whether this is in agreement with other studies. I then evaluate how my own research 

measures up to the ambitious requirements that I set in the beginning of my literature 

review for evaluating the hypotheses of environmentally induced SBs and discuss some 

limitations. I end with a discussion of my own future directions. 
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2 Chapter 2: Literature Review 

A version of this chapter has been accepted pending revisions for publication in 

Behaviour. 

 The BG Pathways and CSTC Circuits Hypotheses 

The BG Pathways Hypotheses are based on the “classical/canonical” understanding of 

basal ganglia function (see Appendix I), itself largely influenced by our understanding of 

movement disorders like Parkinson’s and Huntington’s disease. In Parkinson’s disease, 

characterized by difficulty initiating movement, a ‘hyperactive’ indirect pathway is 

thought to result from the loss of dopaminergic input to the striatum (STR) (caused by 

neurodegeneration of dopaminergic cells in the substantia nigra pars compacta [SNc]) 

which normally support direct pathway activity and inhibit indirect pathway activity (Albin 

et al., 1989; Delong, 1990). In Huntington’s disease, characterized by difficulty 

preventing movements, a ‘hypoactive’ indirect pathway is thought to result from 

striatopallidal (indirect pathway) cell loss (Albin et al., 1989; Delong, 1990). Both 

scenarios assume that thalamic disinhibition, causing increased activation of the motor 

cortex, increases movement. Since the BG Pathways Hypotheses are derived from 

these views of movement disorders (e.g. Presti and Lewis, 2005; Tanimura et al., 2010), 

they depend on this assumption, suggesting that thalamic disinhibition promotes SBs. 

This could be achieved by increasing direct pathway activity (e.g. hypothesized in Presti 

et al., 2002, 2003, 2004a, 2004b), and/or decreasing indirect pathway activity (e.g. 

hypothesized in Presti and Lewis, 2005; Tanimura et al., 2011; Bechard et al., 2016; 

Díez-León et al., 2019), and/or decreasing hyperdirect pathway activity (e.g. 

hypothesized in Lewis et al., 2018). I term these the ’Hyperactive Direct‘, ’Hypoactive 

Indirect‘ and ’Hypoactive Hyperdirect‘ Pathways Hypotheses, respectively (illustrated in 

Figure 2.1). 
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Figure 2.1: Schematic of the three BG Pathways Hypotheses based on the classical/canonical model of 
basal ganglia function (Gerfen and Bolam, 2017). Black arrows indicate the predicted direction of change 
for neuronal activity in stereotypic animals caused by SB-potentiating environments. No black arrow 
indicates that there should be no significant difference in this region. Lines connecting basal ganglia 
nuclei indicate enhanced neurotransmission and dashed arrows indicate reduced neurotransmission. 
“D1” corresponds to striatonigral neurons of the direct pathway (uniquely expressing D1-type dopamine 
receptors) and “D2” to striatopallidal neurons of the indirect pathway (uniquely expressing D2-type 
dopamine receptors). Black arrows here predict activity specifically for these neurons, not the entire STR. 

Abbreviations: CTX= cortex; STR= striatum; SNc= substantia nigra pars compacta; VTA= ventral 
tegmental area; GPe= external segment of globus pallidus; STN= subthalamic nucleus; GPi= internal 
segment of globus pallidus; SNr= substantia nigra pars reticulata; TH=thalamus. 
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As Figure 2.1 shows, all BG Pathways Hypotheses envisage decreased activity 

in basal ganglia output nuclei and increased thalamic activity which relays back to the 

cortex to activate behaviour. The three BG Pathways Hypotheses are not mutually 

exclusive: they could act in concert. Accordingly, researchers need to examine multiple 

nuclei for observed versus predicted patterns of activity (since support for one 

hypothesis in one location does not rule out the other two hypotheses). Functional 

imbalances between the pathways could also contribute to SBs (e.g. activity of the 

direct pathway relative to the indirect pathway, Presti & Lewis, 2005; Tanimura et al., 

2010). Changes in striatonigral and striatopallidal neurons3, corresponding to direct and 

indirect pathways respectively, should also be assessed to further confirm which 

pathway(s) is(are) involved. 

Furthermore, each of these pathways operates within three functional CSTC 

circuits: the ’sensorimotor‘, ’associative/cognitive‘, and ’emotion/motivation/limbic‘ 

(henceforth limbic) circuits (see Appendix I and Figure 2.2). Disrupting these different 

functional circuits causes different types of behavioural problems (as originally 

hypothesized by Alexander et al., 1986). Malfunction of the sensorimotor circuit can 

cause abnormal movement (e.g. lesion-induced dyskinesia: Francois, 2004; Grabli et 

al., 2004), and has been linked to drug-induced SBs (e.g. Ernst & Smelik, 1966; Jones 

et al., 1989; Saka et al., 2004); of the associative/cognitive circuit, attention deficit 

(caused by lesion: Francois, 2004; Grabli et al., 2004) and some human disorders of 

repetitive behaviour (e.g. Obsessive-Compulsive Disorder: Stern et al., 2012; Dunlop et 

al., 2015; Vaghi et al., 2017); and of the limbic circuit, other types of repetitive behaviour 

(e.g. lesion-induced licking/biting fingers and cage bars: Francois, 2004; Grabli et al., 

2004) and addictive responses in humans and animals (e.g. Belin & Everitt, 2010; Koob 

et al., 2014). Damage to different CSTC circuits has therefore been hypothesized to 

 

3 I use ’striatonigral‘ and ’striatopallidal‘ to refer specifically to the striatal projection neurons which give 
rise to the classical/canonical ’direct‘ and ’indirect‘ pathways. However, activity, functional changes, and 
measures associated with these neurons are not synonymous with activity/functional changes/measures 
of the direct and indirect pathways: striatonigral neurons have collaterals that bridge the two pathways, 
and striatopallidal neurons only form the first part of the multisynaptic indirect pathway (Gerfen and 
Bolam, 2017). See Supplementary Material for further discussion. 
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produce different kinds of SB, along with corresponding motor, cognitive or motivational 

impairments (Mason, 2006; Garner, 2006; Garner et al., 2011; Roberts et al., 2015). 

Malfunction in the sensorimotor circuit is thus hypothesized to cause inappropriate 

‘motor repetition’ (without affecting instrumental or goal-directed behaviours); 

malfunction in the cognitive/associative circuit, inappropriate ‘response repetition‘ via 

disrupted instrumental responding; and malfunction in the limbic circuit, the continual 

pursuit of the same goal. And again, such malfunctions are not mutually exclusive: 

environmentally induced SBs could result from abnormal functioning in the sensorimotor 

circuit and/or associative/cognitive circuit and/or limbic circuit. 

So, what should be measured to determine which CSTC circuit(s) underlie 

environmentally induced SBs? Examining each functional circuit at the same time (i.e. 

each relevant sub-region in the prefrontal cortex [PFC] each relevant functional domain 

of the STR, and each relevant thalamic relay nucleus (see Figure 2.2), is ideal, since 

again support for one hypothesis does not rule out the other two. Furthermore, 

examining neurobiological changes in each major region of each circuit (i.e. 

cortex/striatum/thalamus) would identify any origin of disrupted functioning along the 

circuit(s) and/or of coordinated functioning between circuits) while testing competing 

hypotheses about which circuits are involved (illustrated in Figure 2.2). Additionally, it 

would evaluate key assumptions of the Pathways Hypotheses (that thalamic 

disinhibition, and consequent cortical excitation, cause SBs). 

However, as we will see in Sections 2.2 and 2.3, these are ambitious 

requirements: typically the information needed to fully test all Pathways and CSTC 

Circuits Hypotheses is not collected in a single study, nor even in a corpus of studies. 

Consequently, although progress has been made over the four decades of work 

reviewed here, what we do not know still outweighs what we do.  
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Figure 2.2: Schematic of the CSTC Circuits Hypotheses, based on anatomy outlined in (Mailly et al., 
2013; Groenewegen et al., 2017; Haber, 2017). Each key region to be investigated, including subregions 
of the PFC and motor cortices, are coloured: red for limbic; orange for regions that cross the limbic and 
associative/cognitive functional domain; yellow for associative/cognitive; blue for sensorimotor.  

Abbreviations for prefrontal and motor cortices: VO/MO= ventral & medial orbital cortices; DLO= 
dorsolateral orbital ctx; VLO= ventrolateral orbital ctx.; vACC= ventral anterior cingulate ctx; cACC= 
dorsal anterior cingulate ctx; PrL= prelimbic crtx.; IL= infralimbic ctx.; M1= primary motor ctx. M2= 
secondary motor cortices. 
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2.1.1 Investigating dopaminergic functioning 

Since dopaminergic agonists can enhance locomotion and cause SBs (e.g. Cooper & 

Dourish, 1990; Robbins et al., 1990), one of the earliest ideas to be tested was that 

elevated striatal dopamine contributes to environmentally induced SBs (e.g. Fry et al., 

1981; see Section 2.2.1). Such effects could operate by increasing activity of 

striatonigral neurons (via D1-type dopamine receptors: D1DRs) and/or reducing activity 

of striatopallidal neurons (via D2-type dopamine receptors: D2DRs) (see Appendix I), 

potentially producing SBs in accordance with both Hyperactive Direct and Hypoactive 

Indirect Pathways hypotheses. As for which CSTC circuits are affected, enhanced 

dopaminergic transmission in the nigrostriatal system, affecting the dorsal striatum, is 

thought to cause the more rigid, predictable forms of drug-induced SB (e.g. Ernst & 

Smelik, 1966; Creese & Iversen, 1975; Costall et al., 1977; Jones et al., 1989), while 

enhancing the mesoaccumbens dopamine system affects the NAc and is thought to 

promote more general motor stimulation (e.g.  Kelly et al., 1975; Cools et al., 1976; 

Pijnenburgh et al., 1976; Jones et al., 1989; Lewis et al., 2006). Thus, elevated 

dopamine in both sensorimotor and limbic regions of the striatum could potentiate the 

performance of SBs.  

Direct measurement of striatal dopamine is required to confirm/reject these 

hypotheses, in both dorsal striatum and NAc (which should directly reflect 

activity/dopamine release from the SNc and VTA respectively: Sulzer et al., 2010). 

Dopamine content and concentrations of dopamine metabolites (HVA: dopamine’s 

major metabolite, and DOPAC: the metabolic precursor to HVA when dopamine is 

broken down by monoamine oxidase: Eisenhofer et al., 2004) can also be measured, to 

indicate when there may be an excess or deficit of extracellular dopamine. Likewise, the 

availability of the dopamine transporter (DAT: which facilitates the reuptake of 

dopamine: Torres et al., 2003) could also suggest a surplus or deficit of dopamine in 

synapses. Alternatively, tyrosine hydroxylase [TH] activity (the rate-limiting enzyme for 

dopamine biosynthesis which converts tyrosine to L-DOPA, the precursor of dopamine: 
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Eisenhofer et al., 2004) could indicate whether more or less dopamine is being 

synthesized in the SNc and VTA.  

However, these measures alone do not quantify dopamine’s effects on the cell; 

the density (inferred from maximum ligand binding capacities [Bmax]) and binding 

affinities (dissociation constants [Kd] calculated from proportions of unbound ligand) of 

D1-type and D2-type striatal dopamine receptors should also be examined, to evaluate 

changes in receptor sensitivities (Carter and Shieh, 2010a). Together, dopaminergic 

effects on striatonigral and striatopallidal neurons can then be inferred from whether 

dopamine transmission and receptor sensitivities are increased, decreased or 

unaltered. 

2.1.2 Investigating endogenous opioid functioning 

Since striatonigral and striatopallidal neurons selectively express/release dynorphins 

and enkephalins respectively, measuring these neuropeptides could also test the 

Hyperactive Direct and Hypoactive Indirect Pathways Hypotheses. As striatonigral and 

striatopallidal activity is increased, more dynorphins and enkephalins are released. 

Accordingly, the balance between them in the striatum could reveal the balance 

between direct and indirect pathway activity (cf. how elevated enkephalin gene 

expression [relative to dynorphin] reflects overactivity of striatopallidal neurons in 

Parkinson’s disease: Gerfen et al., 1990). However, the role of striatal dynorphins and 

enkephalins is to inhibit activity of striatonigral and striatopallidal neurons, modulating 

the direct and indirect pathways (see Appendix I). Thus, it is also important to measure 

striatal kappa-opioid receptor (KOR) and delta-opioid receptor (DOR) densities and 

affinities, to infer the effects of dynorphins and enkephalins (respectively)4 on 

striatonigral and striatopallidal activity. Accordingly, just as argued for dopamine, these 

 

4 All endogenous opioids bind with different degrees of affinity to mu-opioid receptors (MORs: in order of 
greatest affinity: endorphins > enkephalins > dynorphins) (Le Merrer et al., 2009). Thus, measurement of 
MORs is less informative for testing the Pathways Hypothesis, but useful for examining the role of 
endogenous opioids in the CSTC Circuits Hypotheses. 
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opioids’ effects on cellular activity are best inferred from both their concentrations and 

their receptor sensitivities. 

Furthermore, endogenous opioids have different functional and behavioural 

consequences depending on which brain region and CSTC circuit they affect. The 

endogenous opioid system is involved in analgesia, reward processing, and addiction, 

and some brain regions in each CSTC circuit are thus involved in such effects. For 

example, stress-induced analgesia is mediated by opioids involving the frontal cortex -- 

particularly the sensorimotor circuit’s somatosensory cortex, the associative/cognitive 

circuit’s medial prefrontal cortex, and part of the limbic circuit’s orbitofrontal cortex 

(Butler and Finn, 2009). In brain regions of the limbic circuit (e.g. amygdala, NAc, 

ventral pallidum, VTA), endogenous opioids acting on mu-opioid receptors (MOR), are 

also thought to produce the ’positive affect‘ response to reward that contributes to 

reinforcement (Le Merrer et al., 2009). Such functions (albeit less well understood at the 

time) inspired some 1980s work on the role of opioids in SBs due to interests in whether 

SBs have “coping” effects (e.g. Cronin et al., 1985). More recently, overactivation of 

MORs in the prefrontal cortex has been hypothesized to induce impulsive responses, by 

reducing prefrontal-striatal inhibitory control (Baldo, 2016) – a process attributed to the 

associative/cognitive circuit. Investigations into the role of endogenous opioids can thus 

help pinpoint the CSTC circuit(s) involved in SB. 

2.1.3 Investigating neuronal activity 

A third research approach sidesteps individual neurotransmitters, taking a more holistic 

view by assessing long-term neuronal activity (stable states lasting for months). The 

typical measure has been cytochrome oxidase (CO) activity, an index of basal 

metabolic capacity that accurately reflects both increases and decreases in neuronal 

activity (Wong-Riley, 1989). Alternative measures include dendritic spine density and 

arborization: indices for activity-dependent neuroplasticity wherein greater dendritic 

spine densities and arborization are associated with higher degrees of coordinated 

neuronal activity (van Pelt et al., 2014). Another is ∆FosB/FosB expression: a stable 

immediate early gene protein product that accumulates and stays in the cell for weeks 
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after sustained neuronal stimulation (Nestler, 2015). These measures may not 

accurately reflect quantitative increases and decreases in neuronal activity as well as 

CO activity does (c.f. Hoffman & Lyo, 2002; Kovács, 2008), but they provide 

complementary indices of how the brain is affected by long-term perturbations.  

2.1.4 What types of experimental design allow researchers to test these 

hypotheses? 

Collecting data from relevant regions of interest is necessary for testing the BG 

Pathways and CSTC Circuits Hypotheses, but not sufficient: study design is important 

too. Key issues to consider are the sources of variance in SB (environmental effects 

[e.g. housing type, weaning age etc.], individual differences, or both); whether 

longitudinal data (e.g. Tanimura et al., 2011 and Bechard et al., 2017) can be collected 

to assess whether neurological changes precede or follow from behavioural changes; 

whether experimental manipulations of regions of interest (e.g. those applied in 

Tanimura et al., 2010; Lewis et al., 2019a; 2019b) can be used to test for causality; 

whether multiple forms of SB are pooled or considered separately; and whether other 

potential behavioural confounds are considered (e.g. the general activity levels of the 

animals being studied). I review these next.  

If environments that induce SBs do so by altering cortico-basal ganglia function, 

then any environmental effects here must also correlate with individual differences in 

SBs. The variance caused by environment effects and by individual differences in SB 

should thus both yield similar patterns for a given region to play a causal role in SB (see 

Figure 2.3 for illustrations). This would still merely be correlational evidence however. 

Causal evidence would further demonstrate that temporally, these changes 

precede/develop along with SBs (rather than following on after them); and that 

experimental manipulations of the relevant brain regions have corresponding effects on 

SB. 
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Other important aspects of experimental design relate to how behavioural data are 

collected and processed. The CSTC Circuits Hypothesis suggests that different forms of 

SBs (both within and between species) may have different underlying causes (Mason, 

2006; Polanco et al., 2017; 2018; Díez-León et al., 2019). Accordingly, different forms 

should be analyzed separately to avoid pooling heterogenous SBs. Additionally, other 

behavioural variables that are affected by environment (e.g. general activity, inactivity, 

or enrichment use; see e.g. Díez-León, 2014; Nip, 2018; Adcock, 2019; Decker, 2019) 

should also be recorded and assessed as potential confounds (see Presti & Lewis, 

2005 for a nice example).  

 

Figure 2.3: Potential relationships between the effects of different environments, and individual 
differences in SB, and a brain variable being investigated. a) Environmental effects on and individual 
differences in the brain variable both support the hypothesis that this brain variable is implicated in 
environmentally induced SBs. b) Environmental effects influence the brain variable, but individual 
differences in SB do not, ruling this variable out as a sole causal factor of SBs. c) Individual differences in 
the brain variable covary with SB, but the lack of environmental effects on the brain variable again rule it 
out as a sole causal factor of environmentally induced SBs.  
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 Testing the Basal Ganglia Pathways Hypotheses 

2.2.1 The role of dopamine: Enhancing the direct and suppressing the indirect 

pathway 

Elevated levels of striatal dopamine could contribute to SBs, as outlined in Section 

2.1.1, by enhancing direct pathway activity and suppressing indirect pathway activity. 

However, current evidence rejects this hypothesis for environmentally induced SBs. 

First, striatal dopamine concentrations are unaltered in piglets (Sus scrofa domesticus) 

who were tube-fed (versus bottle-fed) or early-weaned (versus staying on the sow) (Fry 

et al., 1981; Sharman et al., 1982)5. Likewise, in pigeons (Columba livia), individual 

differences in food deprivation-induced pecking, head bobbing, head shaking, and 

locomotor SBs (pooled, and measured via home cage observation) are not explained by 

telencephalic dopamine concentrations (Goodman et al., 1983). Third, striatal dopamine 

reuptake (measured by DAT availability) is unaffected in dogs with “compulsive” 

behaviours (e.g. tail chasing, shadow chasing, route tracing) compared to “normal” dogs 

(Vermeire et al., 2012). Finally, nor did the jumping, backflipping and route-tracing of 

barren-housed deer mice (Peromyscus maniculatus) (again pooled, but here measured 

via a photobeam apparatus separate from the home cage) covary with striatal dopamine 

concentration (Güldenpfennig et al., 2011; Powell et al., 1999). Together, this suggests 

that neither SB-potentiating environments, nor high individual levels of SBs, are 

associated with elevated striatal dopamine (see Table 2.1 for full results).  

Nevertheless, dopamine receptor sensitivity could still alter striatonigral and 

striatopallidal neuron function despite normal dopamine transmission, via changes in 

receptor affinity and/or density. However, studies of deer mice suggest that dopamine 

receptor sensitivities are not altered either (Powell et al., 1999). Thus, in barren-housed 

versus enriched-housed deer mice, for jumping, backflipping and route-tracing 

 

5 In these studies, snout rubbing, licking, and repetitive chewing were reported for tube feeding and early 
weaning conditions compared to bottle feeding and sow-rearing conditions (respectively: Fry et al., 1981; 
Sharman et al., 1982). However, the effects of treatment on SBs were not statistically assessed, nor was 
the relationship between striatal dopamine and SBs. 
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(observed in the home cage, and pooled), both housing and individual differences in 

SBs failed to predict striatal dopamine concentrations (as outlined above), nor D1DR 

and D2DR receptor densities (see full results in Table 2.1). However, enriched mice 

almost exclusively route-traced, while barren-housed mice jumped and back-flipped. SB 

forms were thus differentially affected by housing, and treating these as homogeneous 

could possibly have led to Type II errors.  

In horses (Equus caballus), a different pattern emerges. Crib-biting subjects 

(whose high SB reflected a combination of environmental effects and individual 

differences that could not be parsed apart) had higher densities of D1DRs and D2DRs 

in the NAc than non-stereotypic horses (Mcbride and Hemmings, 2005). This could 

potentially enhance dopaminergic effects on striatonigral and striatopallidal neurons, 

increasing and decreasing their activity respectively, as consistent with Hyperactive 

Direct and Hypoactive Indirect Hypotheses. Furthermore, high SB horses also showed 

increased D2DR affinity in the caudate nucleus but decreased D1DR density. This could 

decrease the effects of dopamine on striatonigral neurons, making them less active – 

inconsistent with the Hyperactive Direct Hypotheses -- and increase the effect of 

dopamine on striatopallidal neurons, also making them less active – consistent with the 

Hypoactive Indirect Hypothesis. Through these differential changes in dopamine 

receptors in the striatal functional domains, these results also suggest that pathway 

activity may be differentially altered in different CSTC circuits. In future work, the effects 

of altered dopamine receptor sensitivities on the activity of striatonigral and 

striatopallidal neurons, and downstream direct and indirect pathway activity 

(respectively) should be tested to further test this hypothesis. 
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Table 2.1: A summary of results from papers that examined concentrations [C] of dopamine (DA), receptor densities (Bmax) and receptor affinities 
(Kd). The direction of the arrow represents the change in the measure for SB- potentiating environment and/or highly stereotypic animals. Note 
how no single paper finds effects related to both environment and individual differences. ”-“ indicates where a region was not examined, and n.s.d. 
indicates that a region was examined but no significant differences were found. Abbreviations: TH = Tyrosine hydroxylase, OT = Olfactory 
Tubercle, HYP = Hypothalamus. 

1Smaller Kd indicates greater receptor affinity 

2The correlation with SBs was not significant 

3The group difference (high vs. low SB) was not significant 

*Did not check correlations with SBs 

Source Species Source of variance in SB  Measure Cn/DMS Pt/DLS NAc OT GP HYP SNr SNc VTA 

Fry et al., 1981* Pigs Environment 
(Tube-feeding vs. Bottle-feeding) 

DA [C] n.s.d. n.s.d. n.s.d. n.s.d.  -  n.s.d. n.s.d.  -  
DOPAC[C] n.s.d. n.s.d. n.s.d. n.s.d.  -  n.s.d. n.s.d.  -  
HVA[C] n.s.d. ↓ ↓ n.s.d.  -  n.s.d. n.s.d.  -  

Sharman et al., 1982* Pigs Environment 
(Early-weaning vs. Sow-rearing) 

DA [C] n.s.d.  -   -   -   -   -   -   -  
DOPAC[C] ↓  -  ↓ n.s.d.  -   -  n.s.d.  -  
HVA[C] ↓  -  ↓ ↓  -   -  n.s.d.  -  
TH activity ↓  -   -   -   -   -   -   -  

Goodman et al., 1983* Pigeons Individual DA [C] n.s.d.   -   -   -  

Powell et al., 1999* Deer Mice Environment 

(Barren vs. Enriched) + Individual 
DA [C] n.s.d.  -   -   -   -   -   -  
DOPAC [C] n.s.d.  -   -   -   -   -   -  
HVA [C] n.s.d.  -   -   -   -   -   -  
D1DR density n.s.d.  -   -   -   -   -   -  
D2DR density n.s.d.  -   -   -   -   -   -  

Mcbride & Hemmings, 2005* Horses Individual D1DR Bmax ↓ n.s.d. ↑  -   -   -  n.s.d. n.s.d. 
D2DR Bmax n.s.d. n.s.d. ↑  -   -   -  n.s.d. n.s.d. 
D1DR Kd n.s.d. n.s.d. n.s.d.  -   -   -  n.s.d. n.s.d. 
D2DR Kd ↓1 n.s.d. n.s.d.  -   -   -  n.s.d. n.s.d. 

Güldenpfennig et al., 2011 Deer mice Individual DOPAC [C] n.s.d.2,3  -   -   -   -   -  
HVA[C] n.s.d.2,3  -   -   -   -   -  
DA [C] n.s.d. 2,3  -   -   -   -   -  

Vermeire et al., 2012 Dogs Individual DAT n.s.d. 2,3  -   -   -   -   -  
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2.2.2 Endogenous opioids: Differential activity of striatonigral and striatopallidal 

neurons?  

As introduced in Section 2.1.2, assessing striatal dynorphin and enkephalin content can 

estimate relative striatonigral and striatopallidal activity. Only one study (Zanella et al. 

1996) has examined effects of both environment (here being tethered versus group-

housed) and individual differences in SB, in research investigating tongue rolling and 

sham chewing in pigs. Tethering increased striatal MOR binding affinity, potentially 

increasing dynorphin and enkephalin binding, altering the functional balance of striatal 

opioids. However, individual differences in SBs did not covary with this measure, 

indicating that this change is not causally related to SBs (full results in Table 2.2). 

Furthermore, there were no changes in striatal KORs or DORs, suggesting no 

differences in specific dynorphin and enkephalin sensitivities. Together this indicates 

that strong effects on striatonigral and striatopallidal activity on SB are unlikely. 

However, an examination of striatal opioids themselves is also needed to determine 

their full effect on environmentally induced SBs in pigs. 

Returning to crib-biting horses, (Hemmings et al. 2018) also measured striatal 

MOR and DOR densities and affinities (but not KORs, so effects of dynorphins were not 

included). They found increased MOR densities in the caudate nucleus in stereotypic 

compared to non-stereotypic horses but decreased MOR affinity (thus unlike pigs in SB-

potentiating conditions). DOR density and affinity, in contrast, did not covary with SB in 

any striatal region. Since enkephalins bind with the highest affinity to DORs, this 

suggests that enkephalins are not suppressing striatopallidal activity in crib-biting 

horses (through receptor sensitization), nor is it likely that striatopallidal neurons have 

recently been released from suppression (through receptor desensitization). Instead, 

changes in MOR density/affinity might affect which endogenous opioid ligands are 

binding to these receptors (since all have some affinity to MORs), potentially altering the 

balance of striatal opioid functioning. Decreased MOR affinity might increase selectivity 

of ligand binding, favouring the ligand with the highest affinity (β-endorphin), whereas 

increased receptor density will allow more ligand to bind, potentially enhancing its 

effects. But why such changes in these opioid receptors have occurred, and what effect 
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they have on striatonigral and striatopallidal activity is still unclear, since striatal opioid 

concentrations were not measured.  

Turning to stereotypic deer mice (whose jumping and backflipping SBs pooled, 

were measured via photobeam apparatus), here researchers investigated opioid levels 

rather than opioid receptors. In barren-housed animals, high SB individuals had lower 

striatal enkephalin content, but no differences in levels of dynorphin, leading to higher 

dynorphin:enkephalin ratio, than non-stereotypic individuals (Presti and Lewis, 2005). 

Furthermore, individual differences in SBs negatively covaried with enkephalin content 

and positively covaried with dynorphin:enkephalin ratios, while striatal dynorphin 

concentrations showed no relationship. This suggests that striatopallidal neuron activity 

is reduced in stereotypic deer mice, while striatonigral activity is unaltered – as 

consistent with the Hypoactive Indirect Pathway Hypothesis, and inconsistent with the 

Hyperactive Direct Pathway Hypothesis. Importantly, individual differences in normal 

locomotion were also compared, and for this aspect of behaviour, there was no 

relationship with striatal opioid content. The changes in striatal opioid concentration 

were thus specific to SBs.  

These results therefore support the Hypoactive Indirect Pathway Hypothesis by 

suggesting underactivity in striatopallidal neurons. However, differentially housed deer 

mice have not yet been examined to confirm that SB-potentiating environments 

influence these measures. Furthermore, a recent study could not replicate these results 

(Augustine et al., 2020) (see Table 2.2 for full results). These two experiments did 

examine different forms of SB, however: Presti and Lewis (2005) pooled jumping and 

backflipping, while for deer mice studied by Augustine et al., (2020), backflipping were 

virtually absent, so that only vertical jumping was quantified. Accordingly, the different 

findings might reflect underlying differences between backflipping and jumping, with 

more research needed to resolve the discrepant results. 
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Table 2.2: A summary of results from papers examining endogenous opioid concentration [C], receptor densities (Bmax) and receptor affinities (Kd). 
The direction of the arrow represents the change in the measure for SB-potentiating environment and/or highly stereotypic animals. Where both 
environment and individual differences were examined, green indicates a significant environmental effect, and yellow indicates a significant effect 
of individual differences. Note how no single paper finds effects related to both environment and individual differences. ”-“ indicates where a region 
was not examined, and n.s.d. indicates that a region was examined but no significant differences were found. In animals with a caudate and 
putamen (pigs, horses) merged dorsal striatal cells correspond to the Cn and merged ventral striatal cells (excluding NAc) correspond to the Pt. 
Abbreviations: MOR= mu-opioid receptor; KOR= kappa-opioid receptor; DOR= delta-opioid receptor. 

1Negative correlation with SBs 

2Larger Kd indicates lower receptor affinity 

3Smaller Kd indicates greater receptor affinity 

4Positive correlation with SBs 

Source Species Source of variance in SB  Measure PFC FC DLS DMS VMS VLS NAc SN VTA 

Zanella et al., 1996 Pigs Environment 
(Tethering vs. Group 

housing) + 
Individual 

MOR Bmax  -  ↑ n.s.d.  -   -  

KOR Bmax  -  ↓1 n.s.d.  -   -  

DOR Bmax  -  n.s.d. n.s.d.  -   -  

MOR Kd  -  ↑2 ↓3  -   -  

KOR Kd  -  n.s.d. n.s.d.  -   -  

DOR Kd  -  n.s.d. n.s.d.  -   -  

Presti & Lewis, 2005 Deer mice Individual Enkephalin  -   -  ↓1  -   -   -   -   -   -  

Dynorphin  -   -  n.s.d.  -   -   -   -   -   -  

Dyn:Enk  -   -  ↑4  -   -   -   -   -   -  

Hemmings et al., 2018 Horses Individual MOR Bmax  -   -  ↑ n.s.d. ↑ n.s.d. ↑ 

DOR Bmax  -   -  n.s.d. n.s.d. n.s.d. n.s.d. n.s.d. 

MOR Kd  -   -  ↑2 n.s.d. n.s.d. n.s.d. n.s.d. 

DOR Kd  -   -  n.s.d. n.s.d. n.s.d. n.s.d. n.s.d. 

Augustine et al., 2020 Deer mice Individual Enkephalin  n.s.d. ↓1 n.s.d. n.s.d. n.s.d. n.s.d.  -   -   -  

Dynorphin n.s.d. ↓1 n.s.d. n.s.d. n.s.d. n.s.d.  -   -   -  
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2.2.3 Neuronal activity: Predicted patterns in the basal ganglia pathways? 

Most studies testing Pathway Hypotheses by examining neuronal activity have been 

conducted on deer mice. Vertical jumping and backflipping were pooled (again 

measured in an automated photocell apparatus separate from the home cage), and 

other aspects of behaviour (e.g. general activity) not measured. One other relevant 

study was on American mink ([Neovison vison]: Díez-León et al., 2019). Here SBs were 

measured via home cage observations, quantified as a proportion of overall activity as 

well as overall time budget, and divided by form (locomotor vs. scrabbling). In all the 

following studies, SBs were induced by barren housing. 

In terms of results, no study simultaneously examining effects of both housing 

and individual differences in SB (deer mice: Bechard et al., 2016, 2017; American mink: 

Díez-León et al., 2019) found housing effects on neuronal activity that also explain 

individual difference in SB (see Table 2.3 for full results). Thus in mink, the GPe was 

relatively less active than the GPi (indicated by a smaller GPe:GPi activity ratio) in 

barren-housed than enriched-housed subjects, suggesting that the indirect pathway 

may actually be relatively more active than the direct pathway: a direct contradiction to 

the Hypoactive Indirect Pathway Hypothesis. But GPe:GPi activity did not covary with 

individual differences in either form of SB, nor account for the effect of housing on these 

animals’ SBs either. Furthermore, neither housing nor individual levels of SB predicted 

activity of the GPe or GPi alone. Further contradicting the Hypoactive Indirect Pathway 

Hypothesis (see Figure 2.1), there were also no significant effects of housing or 

individual differences on the STN. Thus, this hypothesis (and also the Hypoactive 

Hyperdirect Pathway Hypothesis: see Figure 2.1) seems rejected for locomotor and 

scrabbling SBs in American mink.   

In contrast, for deer mice, STN and SNr activity was lower in barren-housed than 

enriched-housed animals (Tanimura et al., 2010). Highly stereotypic deer mice also had 

reduced activity in the STN compared to non-stereotypic individuals, with STN and SNr 

activity negatively covarying with individual rates of jumping/backflipping (Tanimura et 

al., 2011). Together, these results suggest that barren housing reduces STN activity, so 
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reducing basal ganglia output (SNr activity) and potentially enhancing SBs, as 

consistent with both Hypoactive Indirect and Hyperdirect Pathways Hypotheses (see 

Figure 2.1).  

However, decreased activity in these regions did not precede the appearance of 

SBs, nor even change over time as SBs become more time-consuming (Tanimura et al., 

2011), suggesting that hypoactivity in Indirect or Hyperdirect pathways did not cause 

SBs (even if they may enhance them). Adding to the complexity, Bechard et al. (2016, 

2017) found that STN activity was reduced by barren housing (compared to enriched) 

for male but not female deer mice, despite both sexes being equally affected by housing 

and showing similar rates of SB. STN activity was also significantly higher in barren-

housed male (but not female) deer mice (compared to enriched) at 42 days old, even 

though barren-housed animals showed more SBs by this age. Only at 62 days – after 

SBs had developed further – was STN activity lower in barren-housed than enriched 

male mice (Bechard et al. 2017). Thus, reduced activity in the STN seemed to reflect 

rather than cause environmentally induced SBs in male deer mice, while no 

relationships at all could be detected for females, firmly rejecting the Hypoactive Indirect 

and Hyperdirect Hypotheses in females. Furthermore, null results for the SNr (no 

housing or individual difference effects: Bechard et al., 2016, 2017), suggest that any 

changes in STN activity did not affect basal ganglia output (challenging the underlying 

assumption of all Pathways hypotheses).  

In a different approach, the Hypoactive Indirect Pathway Hypothesis has been 

tested on barren-housed deer mice with drug combinations designed to alter indirect 

pathway activity by targeting adenosine, dopamine, and glutamate receptors uniquely 

expressed on striatopallidal neurons (Tanimura et al., 2010; Lewis et al., 2019a). Here, 

treatments hypothesized to increase striatopallidal activity significantly reduced SBs, but 

not normal locomotor behaviour (Tanimura et al., 2010), while those hypothesized to 

decrease striatopallidal activity significantly increased SBs without affecting normal 

locomotion (Lewis et al., 2019a). This suggests that indirect pathway activity can affect 

rates of environmentally induced SBs, supporting the Hypoactive Indirect Pathway 

Hypothesis. However, this cannot be confirmed, as drugs were administered 
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systemically, such that SB rates could have been affected through other neural 

mechanisms (as seems to have occurred in a similar study on Mus musculus, below). It 

also only indicates that manipulating the Indirect Pathway can alter pre-existing SBs: 

not the same as demonstrating that the Indirect Pathway plays a causal role in their 

emergence. Together, these studies thus provide only inconclusive evidence for 

Hypoactive Indirect and Hyperdirect Hypotheses in deer mice.  

Turning to C58 laboratory mice (Mus musculus), STN activity is reduced in 

stereotypic compared to non-stereotypic mice (Lewis et al., 2018). Individual differences 

in SBs also positively correlate with volume of the STR and STN (as a proportion of total 

brain volume) (Wilkes et al., 2019). But STN activity was unaffected by housing 

(analyzed separately in a different cohort), through barren housing did reduce dendritic 

spine density in the STN (individual differences in SBs not being evaluated using this 

measure) (Lewis et al., 2018)6. However, activity in the GP and SNr were not 

significantly different in stereotypic C58 mice (Lewis et al., 2018), again suggesting that 

the reduction in STN activity did not affect basal ganglia output. Drug combinations 

hypothesized to increase striatopallidal activity also significantly reduced SBs (and not 

normal locomotor behaviour: Lewis et al., 2019b). But the specific role of the indirect 

pathway again cannot be confirmed; indeed dorsal-striatal expression of fos transcripts 

(indicating increased neuronal activity) was increased in both striatopallidal and 

striatonigral neurons after administration, indicating that the indirect pathway was not 

the only one affected. Thus, the evidence for Hypoactive Indirect or Hyperdirect 

Hypotheses in C58 mice remains inconclusive. 

Therefore, overall, in American Mink, the Pathways hypotheses seem to be 

rejected, while in deer mice and C58 lab mice, there is mixed evidence both supporting 

and rejecting the Hypoactive Indirect and Hyperdirect Pathways Hypotheses. Section 

2.4 discusses these inconsistencies. 

 

6 They also found 7 genes (out of 148 analyzed) that were differentially expressed in the STN 
(significance maintained after 20% false discovery rate correction) for barren-housed versus enriched-
housed C58 mice. Barren housing decreased expression of Eohb2, NR1, mGluR7, CaMKIIa, Ppp3ca, 
Egr1 and increased expression of mGluR3 (Lewis et al., 2018). 



  

24 

Table 2.3: A summary of results from papers examining neuronal activity in areas relevant to the Pathways Hypotheses. The direction of the arrow 
represents the change in the measure for barren-housed (compared to enriched) and/or highly stereotypic animals. Where both housing and 
individual differences were investigated, green indicates a significant housing effect, and yellow indicates a significant effect of individual 
differences. Note how no single paper finds effects related to both housing and individual differences. ”-“ indicates where a region was not 
examined, and n.s.d. indicates that a region was examined but no significant differences were found. In animals with a caudate and putamen 
(mink) merged dorsal striatal cells correspond to the caudate and merged ventral striatal cells (excluding NAc) correspond to the putamen. 

1The correlation with SBs was not significant 

2The group difference (high vs. low SB) was not significant 

3Did not run correlations 

4Correlation with individual SB levels only significant when a highly stereotypic outlier (> 2 SD above the mean) is included 

5Group differences related to SBs only significant when a highly stereotypic outlier (> 2 SD above the mean) is included 

6Relationship only significant when highly stereotypic barren-housed mice were compared to non-stereotypic enriched-housed mice (thus 
confounding behaviour with housing) (cf. Figure 2.4) 

7Relationship only significant for male mice 

*Group differences between barren-housed vs. enriched, and stereotypic vs. non-stereotypic mice assessed separately in different cohorts of mice 

+First arrow when housing differences in SBs first significant, second arrow when housing differences in SBs are maximal 

Source Species 
Source of variance in 

SB  Measure DLS DMS VMS VLS NAc GPe GPi STN SNr SNc 

Tanimura et al., 2010* Deer Mice Individual CO activity n.s.d. n.s.d. ↓1,5 n.s.d. n.s.d. - ↓4 ↓4,5 n.s.d. 

Housing CO activity n.s.d. n.s.d. n.s.d. n.s.d. n.s.d. - ↓ ↓ ↓ 

Tanimura et al., 2011 Deer Mice Individual CO activity n.s.d. n.s.d. n.s.d. ↓1 ↓ - ↓ ↓2 ↓ 

Bechard et al., 2016 Deer Mice Housing + 
Individual 

CO activity n.s.d. - - - - ↓1,6 ↓1,6,7 n.s.d. n.s.d. 

Dendritic spine 
density 

n.s.d. - - - - n.s.d. ↓1,6 n.s.d. - 

Bechard et al., 2017+ Deer Mice Housing + 
Individual 

CO activity n.s.d. - - - - n.s.d. ↑1,7↓1,7 n.s.d. - 

Lewis et al., 2018* C58 Mice Housing CO activity n.s.d. n.s.d. n.s.d. n.s.d. n.s.d. n.s.d. 
Dendritic spine 

density 
- - - - - - ↓3 - - 

Individual CO activity n.s.d. n.s.d. n.s.d. ↓3 n.s.d. n.s.d. 

Díez-León et al., 2019 American 
Mink 

Housing + 
Individual 

CO activity n.s.d. n.s.d. ↑ ↓Gpe:GPi n.s.d. - - 

Wilkes et al., 2019 C58 Mice Individual % Total brain 
volume 

↑ - - ↑ - - 
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 Assessment of The Cortico-Straiatal-Thalamo-Cortical Circuits 

Hypotheses 

2.3.1 Dopamine transmission: Role of the mesoaccumbens and/or nigrostriatal 

system? 

Despite rejecting the hypothesis that elevated dopamine causes environmentally 

induced SBs (Section 2.2.1), dopamine could still contribute by causing functional 

imbalances between dorsal and ventral striatum (see Appendix I). This could occur in 

the nigrostriatal dopamine system (SNc → dorsal STR), affecting the sensorimotor and 

associative/cognitive striatum, and the mesoaccumbens dopamine system (VTA → 

NAc), affecting the limbic striatum. Three of the five dopamine studies considered 

earlier provide data relevant to this: the studies on deer mice did not examine different 

striatal domains (Powell et al., 1999, Güldenpfennig et al., 2011) and so cannot inform 

the CSTC Circuits Hypotheses. 

In the early work on piglets, the two treatments that potentiated oral SBs (tube 

feeding and early weaning) were associated with altered concentrations of the 

monoamine metabolite HVA. Compared to bottle-fed piglets, tube-fed piglets had lower 

HVA concentrations in both the putamen (sensorimotor striatum) and NAc (limbic 

striatum), but not in the caudate nucleus (associative/cognitive striatum) (Fry et al., 

1981). Likewise, compared to sow-reared piglets, early-weaned piglets had lower 

concentrations of HVA, and also of DOPAC, in the caudate nucleus and NAc (the 

putamen not being examined in this study; Sharman et al., 1982). Additionally, early-

weaned piglets had lower tyrosine hydroxylase activity in the caudate nucleus (with 

other striatal regions not being assayed). However, individual differences in SBs were 

not examined in these studies, meaning that these broad group-level differences may 

reflect something else, such as the degree of prevention of normal feeding. 

Furthermore, since the metabolites measured are not specific to dopamine (e.g. also 

produced by the breakdown of norepinephrine and epinephrine and serotonin) these 

changes could reflect altered function in other monoamines. Thus, further research is 
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needed. Pending that, these results are at least consistent with the balance, and 

consequent function, of monoamines in the sensorimotor, cognitive/associative, and 

limbic striatum being altered in different ways by SB-inducing environments.   

Turning to the other relevant study, again of an oral SB, dopamine receptor 

sensitivities were differentially altered in the caudate (receiving dopamine from the SNc) 

and NAc (receiving dopamine from the VTA) of crib-biting compared to non-stereotypic 

horses. They had reduced D1DR density and increased D2DR affinity in the caudate, 

and increased density of both D1DRs and D2DRs in the NAc (Mcbride & Hemmings, 

2005). This suggests that the associative/cognitive and limbic striatum, but not the 

sensorimotor striatum, might have altered dopaminergic functioning in stereotypic 

horses. The effects of these changes depend on whether dopamine transmission from 

the nigrostriatal and mesoaccumbens systems respectively, is unaltered, increased, or 

decreased. Measuring neuronal activity in these regions would be an informative next 

step (perhaps using CO staining) since this would reflect the amount of dopamine 

released (Sulzer et al., 2010).  

 Finally, of the two dopamine-focussed deer mouse studies, one cannot speak to 

the CSTC Hypotheses as the whole striatum was pooled (Güldenpfennig et al., 2011). 

The other only examined the dorsal striatum (Powell et al., 1999), finding no significant 

differences in dopamine concentration (as mentioned), nor D1 and D2-type receptor 

densities and affinities, neither for housing effects nor individual differences in SBs.  

2.3.2 Endogenous opioids: Altered functioning in the CSTC circuits? 

Endogenous opioids have such important functional consequences in each CSTC 

circuit that examining changes here could not only inform which circuits are involved in 

environmentally induced SBs but also help reveal why animals engage in them (e.g. are 

SBs rewarding? A coping strategy? Or a result of behavioural disinhibition?). Of the four 

opioid papers outlined in Section 2.2.2, (see Table 2.2) two are relevant here. 

Hemmings et al., (2018), in their equine work, found changes in the endogenous opioid 

system in the NAc and VTA of crib-biting horses: MOR densities were elevated in both 
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regions compared to non-stereotypic horses. This result implicates the limbic circuit, 

suggesting that the mesoaccumbens system might have heightened sensitivity to 

endogenous opioids in crib-biters. If so, this could increase dopamine transmission from 

the VTA (e.g. Langlois & Nugent, 2017), potentially resulting in heightened reward 

processing in these animals.  

In contrast, the motor areas of the frontal cortex were implicated in the one 

relevant deer mouse study. Here, individual differences in vertical jumping negatively 

covaried with both dynorphin and enkephalin content in non-PFC regions of the frontal 

cortex (Augustine et al., 2020). This finding for these more posterior regions suggests 

that both frontal GABAergic interneurons (which produce enkephalins) and pyramidal 

neurons (which produce dynorphins) (e.g. Evans et al., 2007) may have reduced activity 

in the motor areas of the frontal cortex in highly stereotypic subjects. However, housing 

was not manipulated in this study, so whether such effects reflect responses to SB-

potentiating environments requires further investigation. Further, other deer mouse 

studies consistently fail to implicate sensorimotor circuits, as we will see next. 

2.3.3 Neuronal Activity in the CSTC Circuits 

Studies examining neuronal activity in the CSTC circuits have focused mostly on the 

cortex and functional domains of the striatum. Most find null results (see Table 2.4 for 

full results). For instance, in deer mice, Turner and colleagues (2003) found that barren 

housing was associated with less dendritic arborization in layer-V motor cortex 

pyramidal neurons and in medium spiny neurons (MSNs) in the dorsolateral striatum. 

However, individual differences in SB (jumping and backflipping pooled, measured via 

photobeam apparatus) did not have similar correlates. Furthermore, no other deer 

mouse study investigating neuronal activity or dendritic morphology has found housing 

effects or correlates of individual SB levels in either the motor cortex or dorsolateral 

striatum (Tanimura et al., 2010; 2011; Bechard et al., 2016, 2017). Some do indicate 

that enriched non-stereotypic mice are different (with higher dendritic spine density 

[Turner et al., 2003] and CO activity [Turner et al., 2002]) in these regions see) from 

stereotypic enriched deer mice and all barren-housed deer mice. But since barren-
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housed stereotypic and non-stereotypic deer mice did not differ, such effects cannot be 

playing a causal role in SBs. A similar absence of housing effects on activity on the 

sensorimotor circuit has been reported for C58 mice (Lewis et al., 2018) and American 

mink (Díez-León et al., 2019); and individual differences in SBs also do not covary with 

activity in sensorimotor circuits in either of these species (Lewis et al., 2018, Díez-León 

et al., 2019) nor C57 mice (Phillips et al. 2016). This rejects the hypothesis that altered 

cortico-striatal activity in the sensorimotor circuit is responsible for environmentally 

induced SBs in these three species. 

 

Figure 2.4: Recreation of Figure 2 (spine density in M1) and 3 (spine density in DLS) from Turner et al. 
2003 and Figure 3 (CO activity in M1) from Turner et al., 2002 depicting these effects.   

In contrast, individual differences in SB might relate to either altered activity of 

the NAc, the striatal region for the limbic circuit (see Figure 2.2). Thus, two of three 

studies found that NAc activity was lower in more stereotypic (jumping/backflipping) 

than less or non-stereotypic deer mice (Tanimura et al., 2010, Tanimura et al., 2011), 

although Turner et al. (2002) failed to find such effects. In Tanimura et al. (2011) all 

subjects had the same housing so effects of the environment could not be ascertained. 

However, housing (enriched versus barren) was found to not affect activity in this region 

in the companion paper (Tanimura et al. 2010).  
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A different pattern was found in one study of laboratory Mus musculus. Phillips et 

al., (2016), examining FosB/ΔfosB7, found that unlike in deer mice, individual 

differences in SBs (proportion of daily activity spent bar-biting, route-tracing and 

patterned-lid climbing pooled in C57 mice) positively covaried with NAc activity. Housing 

effects were not examined, however. Furthermore, in C58 mice, neither housing8 nor 

individual differences in SBs (assessed separately) were associated with changes in 

NAc activity (Lewis et al., 2018).  

The NAc correlates of individual differences in SB, where they exist, thus 

contradict each other in the two rodent species. This could reflect differences in SB 

form, a hypothesis supported by the next study. In American mink, Díez-León and 

colleagues (2019) found that NAc activity covaried with SBs, but the direction of this 

effect differed with form. Locomotor-whole body SBs (e.g. pacing and head twirling) 

positively correlated with NAc activity, while ‘scrabbling’ (digging with the forepaws) 

negatively correlated with NAc activity. But NAc activity was again not affected by 

housing, showing that altered NAc activity (in any direction) cannot be the causal link 

between environment and either form of SB in mink.

 

7 Since this study used FosB/ΔFosB the interpretation here is that increased chronic stimulation by NAc 
afferents (e.g. VTA, mPFC, amygdala and ventral HPC: Lobo et al., 2013) are associated with SBs. 
However, this might not necessarily match the activity of NAc neurons themselves.  
8 The lack of significance for a housing effect in Lewis et al., (2018) may be a type II error, as brains for 
this analysis were held over (perhaps as long as 5 years) from a previous study (Muehlmann et al., 2012) 
and CO activity diminishes over time (Gonzalez-Lima and Cada, 1998b). 
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Table 2.4: A summary of results from papers examining neuronal activity in areas relevant to the CSTC Circuits Hypotheses. The direction of the 
arrow represents the change in the measure for barren-housed (compared to enriched) and/or highly stereotypic animals. Where both housing and 
individual differences were investigated, green indicates a significant housing effect, and yellow indicates a significant SB effect. Note again how 
no single paper finds effects related to both housing and individual differences. ”-“ indicates where a region was not examined, and n.s.d. indicates 
that a region was examined but no significant differences were found. Abbreviations: S1=Somatosensory cortex, FC=Frontal cortex, DG=Dentate 
gyrus, CA1 & CA3=CA1 & CA3 regions of the hippocampus, H= molecular layer of the hippocampus, O=Olfactory nucleus, A=Amygdala, 
VMH=Ventromedial nucleus of the hypothalamus. In animals with a caudate and putamen (mink) merged dorsal striatal cells correspond to the 
caudate nucleus and merged ventral striatal cells (excluding the NAc) correspond to the putamen. 

xSignificant interaction: non-stereotypic enriched mice were different from stereotypic enriched and all (whether stereotypic or not) barren-housed 
mice - indicating no consistent relationship with SB. (cf. Figure 2.4) 

^Significant difference between stereotypic and non-stereotypic mice in enriched, but not in barren housing  

1The correlation with SBs was not significant 

2Did not run correlations 

3Group differences only significant when a highly stereotypic outlier (> 2 SD above the mean) is included 

*Group differences between barren-housed vs. enriched, and stereotypic vs. non-stereotypic mice assessed separately in different cohorts of mice 

Source Species 
Source of variance 

in SB Measure M1 S1 FC DLS DMS VLS VMS NAc DG CA1 CA3 H O VL A VMH 
Turner et al., 2002 Deer mice Housing + 

individual 
CO activity ↓x^ - ↓x^ ↓x^ ↓x^ ↓^ ↓^ ↓x^ n.s.d. ↓x ↓^ ↓^ n.s.d. ↓x^ ↓2 n.s.d. 

Turner et al., 2003 Deer mice Housing + 
individual 

Dendritic 
spine 

density 

↓x - - ↓x - - - - n.s.d. - - - - - - - 

Dendritic 
arborization 

↓2 - - ↓2 - - - - n.s.d. - - - - - - - 

Tanimura et al., 2010* Deer mice Individual CO activity n.s.d. n.s.d. - n.s.d. n.s.d. n.s.d. ↓1,3 n.s.d. n.s.d. - - - - 
Housing CO activity n.s.d. n.s.d. - n.s.d. n.s.d. n.s.d. n.s.d. n.s.d. n.s.d. - - - - 

Tanimura et al., 2011 Deer mice Individual CO activity n.s.d. n.s.d. - n.s.d. n.s.d. ↓1 n.s.d. ↓ n.s.d. - - - - 
Bechard et al., 2016 Deer mice Housing + 

Individual 
CO activity n.s.d. - - n.s.d. - - - - n.s.d. - - - - 

Dendritic 
spine 

density 

- - - n.s.d. - - - - - - - - - 

Phillips et al., 2016 C57 mice Individual ∆FosB/FosB - - - n.s.d. n.s.d. n.s.d. n.s.d. ↑ - - - - - - - - 
Bechard et al., 2017 Deer mice Housing + 

Individual 
CO activity n.s.d. - - n.s.d. - - - - - n.s.d. - - - - - 

Lewis et al., 2018* C58 mice Individual CO activity n.s.d. - - n.s.d. n.s.d. n.s.d. - - - - 

Housing CO activity n.s.d. - - n.s.d. n.s.d. n.s.d. - - - - 

Díez-León et al., 2019 American 
mink 

Housing + 
Individual 

CO activity - - - n.s.d. n.s.d. ↑ - - - - - - - - 
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 Discussion  

2.4.1 What has been found so far? 

Currently, little evidence supports any BG Pathways or CSTC Circuits hypothesis. For 

the BG Pathways Hypotheses, we have yet to demonstrate that any predicted pattern of 

basal ganglia nuclei activity are both caused by SB-potentiating environments and 

relate to individual differences in SBs. Likewise, for CSTC Circuits Hypotheses, no 

entire circuit, imbalance between circuits or imbalance between brain regions within a 

circuit, has been shown to reflect both environmental effects and individual differences 

in SBs. Thus, for no BG Pathways or CSTC Circuits hypothesis do results meet all 

necessary conditions in Figure 2.1, Figure 2.2, and Figure 2.3). Furthermore, evidence 

often remains incomplete (e.g. missing regions of interest, environmental differences, or 

individual difference effects). Further complicating matters, results are sometimes 

inconsistent, even within a single species. Nevertheless, progress has been made. 

Some hypotheses can apparently now be rejected (Section 2.4.1.1); others partly 

supported, with potential reasons for inconsistencies being identified (Section 2.4.1.2); 

while the NAc may play a role in individual differences but not environmental effects 

(Section 2.4.1.3). Table 2.5 provides a summary.  
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Table 2.5: A cumulative summary of conclusions from all papers examining brain regions relevant to the BG Pathways and CSTC Circuits 
Hypotheses. For each species, it is indicated whether the current body of evidence warrants rejection, tentative rejection, has mixed evidence, has 
been partially supported, or uninvestigated. Note how no hypothesis has been confirmed in any species investigated to date. Rejection is 
warranted when the brain variable is conclusively unrelated to SB-potentiating environments or individual differences in SBs. Tentative rejection is 
warranted when a region of interest has produced a null result related to environment or individual differences in SBs, but other regions necessary 
to confirm a hypothesis have not yet been examined. A hypothesis has mixed evidence when environmental and individual difference effects have 
been found by one or more studies but the same region has produced null results in others. A hypothesis is partially supported when either an 
environmental or individual difference effect has been found, but the other has not been investigated and/or other regions necessary to confirm a 
hypothesis have not been investigated. For the predictions made by each hypothesis, see Figure 2.1 and Figure 2.2. 

*In deer mice, this mixed evidence may reflect sex differences. 

Hypothesis Deer mice C58 Mice C57 Mice Mink Horses Pigs 

BG PATHWAYS HYPOTHESES:       

Hyperactive Direct REJECT TENTATIVELY REJECT UNINVESTIGATED REJECT UNINVESTIGATED UNINVESTIGATED 

Hypoactive Indirect 
MIXED 

EVIDENCE* 
PARTIALLY 

SUPPORTED 
UNINVESTIGATED REJECT UNINVESTIGATED UNINVESTIGATED 

Hypoactive Hyperdirect 
MIXED 

EVIDENCE* 
PARTIALLY 

SUPPORTED 
UNINVESTIGATED REJECT UNINVESTIGATED UNINVESTIGATED 

CSTC HYPOTHESES:       

Sensorimotor Circuit REJECT REJECT 
TENTATIVELY 

REJECT 
TENTATIVELY 

REJECT 
TENTATIVELY 

REJECT 
PARTIALLY 

SUPPORTED 

Associative/Cognitive Circuit 
TENTATIVELY 

REJECT 
TENTATIVELY REJECT 

TENTATIVELY 
REJECT 

TENTATIVELY 
REJECT 

PARTIALLY 
SUPPORTED 

PARTIALLY 
SUPPORTED 

Limbic Circuit 
MIXED 

EVIDENCE* 
TENTATIVELY REJECT 

PARTIALLY 
SUPPORTED 

TENTATIVELY 
REJECT 

PARTIALLY 
SUPPORTED 

PARTIALLY 
SUPPORTED 
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2.4.1.1 Little support for involvement of the sensorimotor circuit or elevated 

dopamine levels 

Perhaps the most interesting consistent finding is that neither the sensorimotor circuit 

nor enhanced striatal dopamine content seem to be involved in environmentally induced 

SBs. The hypothesis that elevated striatal dopamine concentrations affect 

environmentally induced SB animals can be rejected for pigs, pigeons and deer mice. 

Involvement of the sensorimotor circuit can also be rejected for deer mice and C58 

mice, and tentatively also C57 mice, mink and horses (though for these species, more 

data are needed on non-striatal parts of this circuit to confirm). Together such results 

suggest that the environment-induced SBs investigated to date have very different 

aetiologies from drug-induced SBs (see Section 2.1.1). This conclusion is concordant 

with evidence from other types of research; that drugs which induce SBs (typically by 

acting as dopamine agonists within the sensorimotor striatum; e.g. D-amphetamine, 

apomorphine, cocaine: see Cooper and Dourish, 1990; Robbins et al., 1990) do not 

potentiate (and can even decrease) the performance of environmentally induced SBs (in 

capuchin monkeys [Cebus sapajus]: Korsgaard et al., 1985; pigs: Terlouw et al., 1992a; 

bank voles [Clethrionomys glareolus]: Vandebroek and Odberg, 1997; deer mice: Presti 

et al., 2002; Tanimura et al., 2009). Note that this does not rule out a role for dopamine 

though; it just indicates that any potential effects are mediated by changes in regional 

receptor affinity and/or density (cf. e.g. McBride & Hemmings, 2005). 

2.4.1.2 NAc function may influence the SBs of lab mice, pigs and horses… or 

merely reflect individual differences in SB-proneness 

Multiple lines of evidence suggest that the NAc is involved in individual differences in 

the performance of SBs: changes in dopamine function in pigs and horses, opioid 

receptor sensitivity in horses, and neuronal activity in deer mice, lab mice and mink. 

These data further show, however, that effects varied with species, sex, and/or form, 

emphasizing the risks of pooling sub-types of SB or extrapolating between species. 

Other regions of the limbic circuit (e.g. VTA, amygdala, infralimbic cortex) could now be 
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investigated to better understand how the whole circuit is affected. Since the 

relationship with NAc activity seems to vary with SB form, the role of striatonigral, 

striatopallidal, and even striatal interneuron activity should also be investigated in 

different models to try and ascertain why. This research avenue into potential 

associations with NAc activity is interesting because it could suggest affected animals 

have enhanced motivations to engage in SBs or their source behaviours, and/or that the 

SBs are reinforced by the brain’s reward system, akin to addictive behaviours (see 

Section 2.1.2 and e.g. in human patients with Obsessive-Compulsive Disorder: Figee et 

al., 2011) 

However, only in mink and deer mice was the relationship between NAc 

variables and housing tested, and crucially, this extra step ruled out the NAc as causal 

for environmentally induced SBs: in both species, the NAc seemed unaffected by 

housing conditions that potentiate SBs. Such findings indicate that the NAc reflects 

individual differences that are manifest independently of housing, acting perhaps merely 

as SB risk factors. Thus in the mink work (Díez-León et al., 2019), model selection tests 

revealed that mink SB was statistically best explained by the combination of NAc activity 

plus an independent but unknown housing effect (this housing effect not being the GP 

ratio result presented in Section 2.2.3).  

Will this be the case for other species and other types of SBs? After all, the NAc 

is not immune to the effects of deprived rearing environments (e.g. Martin et al., 1991). 

Future investigations should therefore examine housing/husbandry effects on NAc 

activity, dopamine, and opioid functioning in C57 mice, pigs, and horses. Meanwhile, for 

mink and deer mice, such results raise two key questions. First, how does NAc activity 

relate to individual predispositions? For example, NAc activation reflects appetitive 

responses to food (e.g. Le Merrer et al., 2009; Olivo et al., 2017) and in mink, locomotor 

SBs are largely triggered by expectations of the daily meal: animals with greater NAc 

activation at mealtime may thus be more predisposed to engage in these SBs. Second, 

how does housing combine with such effects: what additional brain regions, pathways, 

or combinations are altered by sub-optimal conditions? For example, work by Haber 



 

 

35 

suggests a limbic → cognitive/associative → sensorimotor (ventral → dorsal) 

information flow in the striatum (Haber et al., 2000), putting the NAc in a position of 

influence over the other circuits. This integrative process is thought to contribute to the 

development of both normal habits and addictive behaviours (Graybiel, 2008). 

2.4.1.3 Mixed evidence for the Hypoactive Indirect and Hyperdirect Pathways 

Hypotheses in deer mice, with age and sex emerging as important 

mediators  

Another emergent picture is that support for the Hypoactive Indirect and Hyperdirect 

Pathways Hypotheses in deer mice – by far the best-studied animal – is inconsistent, 

and thus inconclusive for the species as a whole. Nevertheless, this impressive corpus 

of work yields some valuable insights. One is that sex may be a reason for apparent 

inconsistency across studies; and a second is that patterns obtained once SBs have 

developed might reflect the consequences rather than the causes of SB: crucial lessons 

for work on other species. Thus Bechard et al., (2016; 2017) found significant results for 

STN activity and dendritic spine density only in male mice, but not females. Other deer 

mouse studies that found similar effects did not examine sex differences (Tanimura et 

al., 2010, 2011), but perhaps importantly, Tanimura et al., (2010) (sex was not reported 

in Tanimura et al., 2011) used male-biased subjects (15 males:6 females when 

assessing individual differences in SBs; and 14 males:9 females when assessing 

housing effects). Together, this cautiously suggests that male deer mouse SBs (but not 

female) are related to Hypoactivity in Indirect or Hyperdirect pathways. However, even 

in males such effects cannot be causal, because such effects post-dated but did not 

pre-date the emergence of SB (Bechard et al. 2017): an important illustration of how 

crucial it is not to infer causality from mere patterns of correlation.  
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2.4.2 What research gaps still need filling? 

2.4.2.1 Regions needing more consistent study  

There are striking gaps in the literature. For example, when investigating the BG 

Pathways Hypotheses, most studies have examined most of the basal ganglia nuclei 

necessary (Figure 2.1), but activity of the striatonigral and striatopallidal neurons, giving 

rise to the direct and indirect pathways respectively, have never been directly 

investigated: only indirectly inferred via endogenous opioid concentrations (Presti and 

Lewis, 2005). Filling this gap is important: finding the predicted changes in neuronal 

activity here (see Figure 2.1) plus the ones in the subsequent basal ganglia nuclei, 

would provide the most conclusive evidence for BG Pathways Hypotheses.  

Furthermore, the CSTC Circuits Hypotheses have received far less attention, 

most studies so far have only examined different functional domains in the striatum. 

Beyond this, typically only the motor cortices, or the ‘frontal cortex’ (diverse sub-regions 

pooled) are examined. Thus, the cortico-striatal connection of mainly the sensorimotor 

CSTC circuit has been prioritized. In contrast, the different sub-regions of the PFC 

giving rise to other CSTC circuits, and all thalamic relay nuclei (see Figure 2.2), have 

yet to be investigated. This renders the current picture incomplete; and -- given the 

great overlap in cortical projections to the striatal ‘functional zones’ (see Supplementary 

Material) -- means that the current evidence based solely on the striatum is insufficient 

to implicate (or confidently rule out, for example, in C57 mice, mink and horses where 

the sensorimotor Circuit hypothesis is tentatively rejected see Table 2.5) any one 

circuit’s involvement in environmentally induced SBs. Comprehensively investigating 

additional specific cortical and thalamic regions is thus now important to determine 

which CSTC circuits are involved (or not). Furthermore, patterns of basal ganglia 

pathway activation may well differ in different CSTC circuits since all could be 

differentially affected (as I outlined in the Introduction). Measuring neuronal activity of 

the striatonigral and striatopallidal neurons in every functional striatal domain is the 

most direct way to investigate this (a topic I return to in Section 2.4.3).  
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Such investigations could also evaluate the most basic assumption of the 

Pathways Hypotheses: that thalamic disinhibition and consequent cortical excitation 

causes SBs. Moving forward, it seems crucial (as we see below) to test this key 

assumption of the BG Pathways Hypotheses by measuring neuronal activity in both 

basal ganglia output nuclei, each of the thalamic relay nuclei, and their receiving 

cortices. 

2.4.2.2 Fundamental issues still needing addressing 

That basal ganglia pathways may produce SBs by disinhibiting the thalamus (see 

Appendix I) is an assumption taken from work on Parkinson’s and Huntington’s disease. 

All BG Pathways Hypotheses thus predict that basal ganglia output activity (GPi/SNr) 

should be reduced and thalamic activity increased when the environment elicits SBs. 

However, as we have seen (Section 2.2.3), this is not always the case; for example, 

some results in deer mice and C58 mice reveal this does not hold for basal ganglia 

output, while for deer mice the one time the ventrolateral nucleus of the thalamus was 

examined, it showed the greatest activation in enriched non-stereotypic deer mice 

(Turner et al. 2002) -- a direct contradiction to this assumption. This questions the 

underlying premise of the Pathways Hypotheses, such that all Pathway Hypotheses 

should be rejected. Indeed, this is not unlikely, since contemporary views indicate that 

the cortico-basal ganglia system is far more complex than the Pathways Hypotheses 

assume (see Supplementary Material). If this assumption, and thence all Pathways 

Hypotheses are rejected, could basal ganglia pathway activity still be involved in 

environmentally induced SBs? Some results to date (see Table 2.5), as well as human 

clinical and animal drug data, suggest yes. But exactly how may not be resolved until 

the fundamental understanding of basal ganglia function is more complete (see 

Supplementary Material). 
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2.4.3 Directions for future research into environmentally induced SBs 

Understanding the neurobiology of environmentally induced SBs is clearly challenging. 

As we have seen, the behaviours are heterogeneous, such that extrapolating between 

species and forms is ill-advised; they are potentially influenced by multiple changes in 

multiple brain regions, with individual idiosyncrasies and environmental effects 

sometimes having diverging effects; the correlates of SB observed post-mortem are not 

necessarily causal; and both SBs and the brain regions studied may be affected by 

variables that we do not have data on, such as aspects of subjects’ past lives (as in the 

horse studies and dogs) or in-cage behavioural time-budgets (as in many of the deer 

mouse publications); and finally, as the deer mouse studies exemplify, the importance 

of replication: the individual studies on horses, mink, dogs and C57 mice all need 

replication to check their robustness. 

Consequently, one set of future recommendations just reinforces and refines 

those in the Introduction. Future studies should examine multiple brain regions in 

parallel (much of the Lewis lab deer mouse work nicely exemplifying this); and parse out 

group-level environmental effects from the correlates of spontaneous individual 

variation. Furthermore, future studies should record and analyze diverse forms of SB 

without pooling, ideally using in-cage observation to capture the true nuances of their 

long-term behaviour (Zanella et al., 1996; Mcbride & Hemmings, 2005; Hemmings et al., 

2018; and Díez-León et al., 2019 being good examples; see also Wolmarans et al., 

2013 on how certain SBs are missed when using automated techniques). This should 

include abnormal self- or allo-grooming (e.g. ‘barbering’), a SB rarely studied (e.g. Vieira 

et al., 2017). Activity levels should be measured too, again ideally using long-term in-

cage data (with Zanella et al., 1996; Powell et al., 1999; Tanimura et al., 2010; Phillips 

et al., 2016; Lewis et al.,2019a; 2019b; and Díez-León et al., 2019 illustrating different 

approaches here). This is partly because behavioural activity may be a confound (e.g. 

Garner & Mason, 2002) and partly because increased general activity may be a 

predicted effect of some basal ganglia changes (especially in the NAc cf. e.g. Kelly et 

al., 1975; Cools et al., 1976; Pijnenburgh et al., 1976; Jones et al., 1989; Lewis et al., 
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2006). As evidence grows that housing/husbandry/management affects diverse forms of 

behaviour as well as SB (e.g. agonism [Nip et al., 2019]  learned helplessness and 

abnormal forms of inactivity [Fureix et al., 2016]) these should be recorded too, both as 

potential confounds and as potential causes of patterns of results like those seen in 

Figure 2.4. 

Finally, more research investigating the developmental timing of effects (e.g. 

Tanimura et al., 2011; Bechard et al., 2017), and/or manipulating, key regions 

experimentally (cf. Tanimura et al., 2010; Lewis et al., 2019a; 2019b) is greatly needed. 

One potential new technique to adopt for studying temporal changes, not yet applied to 

environmental-induced SB, is to use two markers of neuronal activity at once -- one with 

a long time course (e.g. cytochrome oxidase or FosB/ΔFosB) and one with a short time 

course (e.g. 2-DG autoradiography or c-Fos) -- as successfully used to assess effects of 

two different environmental contexts (using a repeated measures design) on patterns of 

neurons activation in the NAc (Mattson et al., 2008). Thus this could examine the effects 

of moving animals between housing conditions, and/or see if brain regions that differ 

between housing conditions before SBs develop (using the long-term marker) are the 

same as those that differ after SBs emerge (using the short term marker). Turning to 

experimental manipulations, one technique with potential value is using intracerebral 

cannulae to administer drugs (and induce lesions, or place electrodes for cellular 

recording/stimulation) selectively to regions of interest (cf. e.g. Carter & Shieh, 2010b; 

Eagle et al., 2008). Another is optogenetics, using light to activate specific neurons 

genetically modified to express light-sensitive ion channels (see: Carter & Shieh, 2010c;  

Kravitz et al., 2010).  

To these recommendations, I would add three more: concerning the brain 

regions analyzed, the subjects selected for study, and the statistical approaches used. 

First, future research should improve the anatomical accuracy with which regions of 

interest are defined. Testing hypotheses as well as possible requires not losing defining 

brain regions (e.g. ‘frontal cortex’: Zanella et al., 1996; Turner et al., 2002; Wolmarans 

et al., 2013) nor should pooling sub-regions with diverse functions (e.g. GPe and GPi: 
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Bechard et al., 2016, 2017; Lewis et al., 2018; SNr and SNc: Fry et al., 1981; Sharman 

et al., 1982; McBride & Hemmings, 2005; the entire striatum: Zanella et al., 1996; 

Güldenpfennig et al., 2011; Lewis et al., 2018; Wolmarans et al., 2013) the diverse 

regions of the PFC: Augustine et al., 2020). Instead, as outlined above, I urge that 

future work considers the full implications of the Pathways and CTSC Circuits, 

measuring all relevant regions wherever possible. Future work might also take 

volumetric measures as well as assessing binding affinities, dendritic branching or CO 

activity per unit area, allowing the evaluation of how the total functioning of each entire 

region is altered. Such work could usefully build on what we are starting to learn for 

mice, dogs, horses, mink and pigs, especially as the impressive body of deer mouse 

research shows how important it is to try and replicate (as well as build on) past 

findings.  

However, there is merit too in considering two new species for study: ones 

whose basal ganglia are both relatively large and also very well understood. One is 

rhesus monkeys, Macaca mulutta, for which limbic, associative/cognitive, and 

sensorimotor functional divisions in the basal ganglia nuclei are now very well mapped 

out (Francois, 2004; Karachi et al., 2005; Obeso et al., 2008; Gerfen & Bolam, 2017; 

Haber, 2017; Wilkes & Lewis, 2018). In the indoor housing systems where they are 

widely held for biomedical research, these animals display a diverse array of well 

understood stereotypic behaviours influenced by both early rearing and current housing 

(e.g. Martin et al., 1991; Gottlieb et al., 2013). The other is the rat, Rattus norvegicus: 

the rodent species with the best understood neuroanatomy and function (e.g. Winter et 

al., 2008; Mailly et al., 2013; Laubach et al., 2018). Although often not considered to be 

overtly stereotypic, rats do perform functionless repetitive behaviour like tail-carrying 

and bar-mouthing (e.g. Hurst et al., 1996, 1999) as well as abnormal fur-plucking 

behaviours termed ‘barbering’ (e.g. Bresnahan et al., 1983; Harkness, 2001). They also 

have larger brain than mice, making it easier to perform analyses on functionally diverse 

(yet typically small in mice) brain regions (e.g. in analyses requiring tissue 

homogenization of sufficient volume these regions are pooled: Wolmarans et al., 2013). 

In the interests of animal welfare, I would urge working collaboratively to make 
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opportunistic use of the many thousands of rats and monkeys already involved in 

biomedical research (rather than adding to them); and using enrichment as a housing 

manipulation that would increase their well-being as well as manipulate SB levels.  

 Finally, the complexity of the research problem should be mirrored by the 

sophistication of the statistical tools used. For example, Generalized Linear (Mixed) 

Models, as used by Turner et al., (2002); Bechard et al., (2016); and Díez-León et al., 

(2019) allow environmental effects and individual differences to be explored in a single 

model, and also additional variables such a general locomotor activity, sex, age, animal 

strain/breed, type of SB etc. to be statistically controlled for. The multi-level modelling 

approaches developed by epidemiologists could be valuable too (e.g. Rasbash & 

Browne, 2008). Complementary automated model fit procedures can also reveal how 

values from different brain regions might best combine to explain SBs (cf. Díez-León et 

al., 2019); and PATH analyses could also be used to similar effect (e.g. Mitchell, 2001), 

especially when datasets contain many variables. Tools like Principal Component 

Analyses (PCAs) can also be used to assess how different forms of SB cluster (e.g. 

Rommeck et al., 2009; Ferreira et al., 2016; Hopper, Freeman, & Ross, 2016), and 

potentially how the functioning of different brain regions inter-relate, in a way that could 

clarify understanding and also simplify subsequent analyses. Together, statistical tools 

that allow the assessment of multiple effects at once and their potentially multilayered 

inter-connections could help better indicate whether functional imbalances between 

pathways, CSTCs circuits, or changes in the functional relationship between regions 

(e.g. factors such as activity ratios, or those representing correlated activity between 

regions) that explain housing and individual differences in SBs. 

 I would end by emphasizing why all this is worthwhile. Tens of millions of animals 

on farms, in labs, and zoos display SBs (e.g. Mason & Latham, 2004). Millions of pets 

also show ‘spontaneous’ abnormal behaviours (e.g. tail-chasing in dogs and over-

grooming in cats). If research shows that these should be considered signs of 

impairment, this would have both ethical and animal welfare implications, and perhaps 

practical ones too (e.g. validity for the use of affected animals in science [Garner, 
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2005]). Understanding the neurobiology of such effects is therefore important for 

classifying and defining different forms of SB and evaluating their resemblance to the 

repetitive behaviours seen in humans with clinical conditions. Perhaps most importantly 

of all, it could refine and motivate future efforts to treat and prevent such behaviours.  
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3 Chapter 3: Research Component 

 Introduction 

Here I investigate the neurobiological bases of environmentally induced SBs in enriched 

versus barren housed laboratory mice with cytochrome oxidase histochemistry (see 

Chapter 2). Importantly, I am investigating two forms of SBs, bar-mouthing and route-

tracing. Bar-mouthing (holding cage-bar in diastema and chewing, either in one spot or 

while moving back-and-forth along the bar: Wurbel, 2006) develops early in the mouse’s 

life (e.g. Wurbel et al., 1996) from repeated attempts to escape (e.g. Lewis and Hurst, 

2004; Nevison et al., 1999). While the etiology and ontogeny of route-tracing (a.k.a. 

‘patterned running’: running around the cage on a fixed route [Wurbel, 2006]) on the 

other hand, is less well understood in mice, it seems to develop later in life and may be 

related to the space available/physical arrangement of the cage (Powell et al., 1999). 

Examining these heterogeneous forms of SB could help with categorizing and possibly 

re-defining (i.e. by their neurological bases) different SBs within a species. I am also 

using two different strains of mice, C57/BL/6J and DBA/2, who are known to differ in 

their propensity to develop SBs (Cabib, 2006), with DBA mice spending more time 

stereotyping than C57s (e.g. Nevison et al., 1999b). Thus, my work is the first to 

investigate the role of neuronal activity in environmentally induced SBs in DBA mice, 

and to assess different forms of mouse SBs separately (c.f. Chapter 2). This approach 

may be particularly useful for parsing out neurobiological differences that relate to 

predisposition/propensity to develop SBs (i.e. pre-existing difference in C57s vs. DBAs) 

from those that are causally related (i.e. affected by housing and predict SBs). 
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3.1.1 Hypothesis Testing 

I am primarily testing the BG Pathways Hypotheses, so looking for housing effects on 

neuronal activity of the basal ganglia nuclei that match the predictions for one (or all) of 

the BG Pathways Hypotheses (see Table 3.1), and then also assessing whether any 

such changes in neuronal activity also explain individual differences in bar-mouthing 

and/or route-tracing. However, I also take a ‘sneak peek’ into the Limbic Circuit 

Hypothesis by examining neuronal activity of the nucleus accumbens (only a partial test 

of this hypothesis since relevant prefrontal regions and thalamic nuclei have not yet 

been examined). This predicts that nucleus accumbens activity will be affected by 

housing and also covary in the same direction with SB. 

Table 3.1: Predictions for basal ganglia neuronal activity made by the three BG Pathways Hypotheses 
(Hyperactive Direct Pathway, Hypoactive Indirect Pathway, Hypoactive Hyperdirect Pathway: see Chapter 
2). Predicted patterns hold for both effects of NE compared to EE housing, and for individual differences 
within same-housed groups (high compared to low/absent SB). 

* The ratio of activity between the GPe and GPi (GPe:GPi or “GPr”) was also added to assess relative 
activity of the direct and indirect pathways (in accordance with Díez-León et al., [2019]). For each 
hypothesis, the GPe:GPi is expected to be greater than 1 since all predict less activity of the basal 
ganglia output nuclei. However, the greatest ratio (largest effect) is expected for the hypoactive indirect 
pathway hypothesis. 

Hyperactive Direct Pathway Hypothesis 

Predictions No difference  
GPe activity 

No difference  
STN activity 

>1 GPe:GPi 
activity ratio* 

↓GPi/SNr activity 

     

Hypoactive Indirect Pathway Hypothesis 

Predictions ↑GPe activity ↓STN activity  >>1 GPe:GPi 
activity ratio*  

↓GPi/SNr activity 

     

Hypoactive Hyperdirect Pathway Hypothesis 

Predictions No difference  
GPe activity 

↓STN activity >1 GPe:GPi 
activity ratio* 

↓GPi/SNr activity 
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 Methods 

3.2.1 Subjects, Housing and Brain Selection 

Mouse brains used for cytochrome oxidase (CO) histochemistry come from C57/BL/6J, 

55 DBA/2 (henceforth C57, DBA) females used by (Nip, 2018; Nip et al., 2019) and 

(Adcock, 2019; Adcock et al. in press). Here, these mice were raised from 3-4 weeks to 

17 months of age in either enriched (EE) or non-enriched (NE) housing (see Nip et al. 

2019 for details). Behavioural data were collected regularly via home cage observations 

and quantified as lifetime average proportions of total observations. SBs were defined 

as “repetitive and apparently functionless actions that arise from needing to cope, 

central nervous system dysfunction, or frustration” (Nip, 2018, p. 1, citing Mason and 

Latham, 2004; Harper et al., 2015) with route-tracing comprising running or climbing 

along a fixed route or cage lid for 3 or more repetitions (Nip, 2018) and bar-mouthing as 

chewing on the cage bars for 1 second or longer (Nip, 2018). 

Sixty-two mice were selected for perfusion by randomly sampling C57 and DBA 

mice within each quartile (for each strain, n = 7 - 8) of all SBs pooled. Mice were deeply 

anesthetized by IP injection of Avertin (40mg/Kg) (first batch) or pentobarbital 

(200mg/Kg) (second batch to guarantee anesthetic plane). For some mice, Isoflurane 

was also used to maintain anesthesia. They were then transcardially perfused first with 

10-20mL of chilled saline (0.9%) followed by 10 – 20mL of chilled paraformaldehyde 

(PFA: 4%). Brains were extracted from the cranium and immersion-fixed in 4% PFA for 

three hours then moved to 30% sucrose solution at 4°C until they sank (~2 days) and 

stored at -80°C until they were sectioned. Each whole brain was sectioned coronally at 

50 µm on a cryostat (Leica CM1950, Leica Biosystems). The sections were split into 

four series, creating four full brain replicates stored floating in cryoprotectant at -20°C 

until staining. 

Of these 62 perfused brains, four were not viable for CO histochemistry because 

they were only immersion-fixed (potentially causing inconsistent staining because of 

uneven fixation), and a further 9 were not viable because isoflurane was used during 
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anesthesia, which inhibits the electron transport chain, which CO is a part of (see 

Appendix II). Two viable brains were used for optimization of the CO histochemistry 

protocol (see below), leaving 48 brains (n = 7 enriched C57, n = 9 enriched DBA, n = 19 

non-enriched C57, n = 16 non-enriched DBA). Twenty-four of these brains were chosen 

for CO histochemistry allowing for two staining batches (12 brains per batch)9.  

The 24 brains for staining were picked based on the subjects’ time-budgets 

devoted to route-tracing and bar-biting. First, mice were split by quartile (for non-

enriched mice) or medians (for enriched mice, where quartiles could not be calculated 

due to small group size) for each behaviour (bar-biting, route tracing) within their 

respective housing/strain groups. For each housing/strain group, equal numbers of mice 

in each quartile or median split were randomly selected. Then, all the mice (merging 

housing/strain groups) were sorted into quartiles for each form of SB, and every mouse 

in the top quartiles was added to the sample to minimize left-skew of the data, and 

under-sampling of the rare highly stereotypic mice (see Table 3.2). This sometimes 

necessitated the use of cage-mates, but this is not problematic, since neither bar biting 

(F1, 20.08 = 2.67, p = 0.1180) nor route tracing (F1, 9.27 = 0.25, 0.6303) was found to 

covary between cage-mates for both strains. The final sample of 24 contains n = 4 

enriched C57s, n = 4 enriched DBAs, n = 5 non-enriched C57s, and n = 11 non-

enriched DBAs. These were sorted into two staining batches (n = 12 mice each) such 

that each had a) an equal spread of phenotypes (low/med/high rates of bar-biting and 

route-tracing), b) similar counts of mice from each housing-strain group and c) similar 

numbers of highly stereotypic mice (see Figure 3.1). 

  

 

9 Sample size of 24 was chosen for the maximum number of brains that could be practically stained per 
batch (n = 12) and minimize loss of degrees of freedom for statistically controlling for batch variation (2 
batches). Furthermore, this sample size was sufficient to detect significant changes in regional activity in 
previous studies using the same methodology as the present study (e.g. N = 20: Turner et al., 2003; N = 
24: Lewis et al., 2018). 



 

 

47 

 

Figure 3.1: Time budgets (proportion of observed behaviour) averaged across all months for route-
tracing, bar-mouthing for each strain (C57 and DBA) of mouse in each housing condition (Enriched vs. 
Non-Enriched). Each bar represents one mouse.  

 

Table 3.2: Number of mice selected for each housing/strain group in each quartile (1st being the lowest, 
4th being the highest) of the overall selection pool (i.e. merging housing/strain groups) for each behaviour. 
n = 4 Enriched C57, n = 4 Enriched DBA, n = 5 Non-enriched C57, n = 11 Non-Enriched DBAs. 

 Bar-Bite Route-Trace 

Quartile Enriched Non-enriched Enriched Non-enriched 

 C57 DBA C57 DBA C57 DBA C57 DBA 

1st 3 0 1 3 4 4 0 2 

2nd 1 2 3 1 0 0 5 1 

3rd 0 2 1 2 0 0 0 2 

4th 0 0 0 5 0 0 0 6 
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3.2.2 Refining the Cytochrome Oxidase Histochemistry Protocol 

3.2.2.1 Histochemistry Rationale  

To test these hypotheses, I need to examine neuronal activity (i.e. depolarization 

resulting in action potentials). But it is often impractical, sometimes impossible to 

directly measure neuronal activity in awake behaving mice. Instead, activity can be 

inferred post mortem by staining brain tissue for specific cellular products (‘markers’). 

This is typically done by staining for markers of metabolic activity or staining for 

immediate early gene expression (IEG: genes that are rapidly and transiently expressed 

in response to changes in extracellular and intracellular signals [Carter and Shieh, 

2010c]). Our lab has used both of these approaches. Phillips et al., (2016) used 

immunohistochemistry (the staining of specific proteins using their antibodies: Carter 

and Shieh, 2010a) of ΔFosB/FosB (a stable IEG protein product that accumulates and 

stays in the cell for weeks after sustained neuronal stimulation: Nestler, 2015). In 

contrast, Díez-León et al., (2019) 10  used enzymatic-histochemistry (creating a visible 

reaction product with a chromogenic chemical using an enzyme’s endogenous activity: 

Carter and Shieh, 2010b) of cytochrome oxidase (CO): a protein involved in oxidative 

metabolism in neurons reflecting extended energy use (e.g. Wong-Riley, 1989). Both 

may be considered markers of ‘long term’ (i.e. weeks to months rather than seconds to 

minutes) neuronal activity, and in our previous experiments, both revealed differences in 

regional activity between stereotypic and non-stereotypic individuals (ΔFosB/FosB: 

Phillips et al., 2016; CO: Díez-León et al., 2019). However, the most fitting approach for 

my hypotheses is CO histochemistry, because I am critically interested in evaluating 

both increases and decreases in neuronal activity (see Chapter 2, Figure 2.1 and Table 

3.1) which only CO histochemistry can reliably indicate (see Appendix II for more detail).  

In brief, CO activity has been shown to reflect neuronal activity through extensive 

research. Indeed, CO activity has proven a particularly sensitive marker for investigating 

the effects of regional activity patterns on behaviour (for further discussion, see Sakata 

 

10 This protocol was first used to test these hypotheses in deer mice by Turner et al., 2002. The staining 
procedure for the Díez-León et al (2019) study was done by the Lewis lab. 
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et al., 2004). Its capacity to reflect the effects of both inhibition and excitation on the 

generation of action potentials allows for a clear test of my predictions and interpretation 

of my results. Thus, CO activity is the ideal marker of neuronal activity for testing my 

hypotheses (see Table 3.1). 

3.2.2.2 Optimization of quantitative cytochrome oxidase histochemistry protocol 

Since I did not already have a CO histochemistry protocol that could be used on 

perfusion-fixed brains, only on flash-frozen brains11 (as originally used in Turner et al., 

2002; adapted from Gonzalez-Lima and Jones, 1994), I searched for recent publications 

that used CO histochemistry on perfused (preferably mouse) brains and e-mailed the 

corresponding authors for protocols. I got one response, from the authors of Lauer et al. 

(2017) and Lenschow and Brecht (2018), who shared three slightly different protocols 

and a publication outlining their methods (Lauer et al., 2018). Their protocol is based on 

the one developed by Divac et al., (1995). Since some of their methods differed from 

mine (e.g. using a lower concentration of PFA during perfusion) I needed to adjust 

various aspects of the protocol (e.g. reagent amounts and combinations, incubation 

time and temperature) for optimal staining of my brains. This process of ‘optimization’ 

(using brains from two behaviorally mid-range individuals: a NE C57 and NE DBA) was 

largely trial and error, but I was also able to make some informed decisions based on 

my knowledge of how the protocol works (e.g. the addition of catalase adds more O2 for 

CO to react with), and some basic chemistry knowledge (e.g. how the pH of a solution 

can change the equilibrium of the reagents) which greatly improved the quality of the 

stain. But before I could stain the brains selected for hypothesis testing, I needed to 

 

11 Quantitative analysis of CO activity via histochemistry requires cytochrome-c to exchange electrons 
with a donor: 3,3’ – diaminobenzidine (DAB), producing an oxidized DAB polymer (the reaction product) 
that can be detected with electron or light microscopy (Seligman et al., 1968; Wong-Riley, 1989) and 
measured via optical densitometry. However, this process requires continued reoxidation of cytochrome-c 
by cytochrome oxidase for the reaction product to become visible. Thus, accumulation of the visible 
reaction product depends on CO activity. Because active CO is required, this histochemical process is 
typically done on flash-frozen (i.e. unfixed) brains (e.g. Gonzalez-Lima and Jones, 1994; Turner et al., 
2002; Díez-León et al., 2019) as perfusion-fixation may produce inaccurate estimates of CO activity and 
distribution due to significant and inconsistent reductions in CO activity (e.g. reductions up to 10.5% of 
regular activity occurring in some neurons but not others: (Chalmers and Reggie, 1989). 
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check that my protocol was valid for quantitative measurements (i.e. that the staining 

intensity accurately reflects CO activity), as explained below (see Appendix II for more 

details). 

3.2.2.2.1 Linearity check 

The validity of a staining protocol for quantitative analysis (i.e. assessing whether optical 

density (OD) approximates actual CO activity) can be tested12. Quantitative 

histochemical protocols that are validated with actual CO activity (measured 

biochemically via spectrophotometry) consistently demonstrate a positive linear 

relationship between CO activity and OD with increasing incubation time and section 

thickness in whole-brain homogenate ‘standards’. This has been shown when using 

both fixed (e.g. in rats: Hevner et al., 1995; Nobrega et al., 1993) and unfixed brains 

(e.g. in rats: Gonzalez-Lima and Garrosa, 1991; Čada et al., 1995; Poremba et al., 

1998; gerbils [Meriones unguiculatus]: Gonzalez-Lima and Jones, 1994; and humans: 

Melendez-Ferro et al., 2013). However, this is not always the case, poor staining quality 

may distort the relationship between CO activity and OD (e.g. in macaques [Macaca 

fasicularis]: Hevner and Wong-Riley, 1990) resulting in erroneous estimates of CO 

activity based on OD. Thus, the validity of a staining protocol for quantitative estimation 

of CO activity should be checked by directly comparing OD to known increasing 

concentrations of CO activity, or indirectly comparing OD to whole-brain homogenate 

standards of increasing section thickness or incubation time. If no biochemical analysis 

of CO activity is performed, a valid protocol demonstrates that OD increases linearly 

with section thickness (10 µm – 80 µm) and/or incubation time (Gonzalez-Lima and 

 

12 Early CO histochemistry protocols demonstrate that it is still possible to generate enough visible 
reaction product in fixed brains (e.g. Hevner and Wong-Riley, 1989) especially if a metal chromogen (e.g. 
nickel or cobalt) is added to boost staining contrast (e.g. Silverman and Tooteil, 1987; Liu et al., 1993; 
Divac et al., 1995). But can you take valid quantitative measurements? If relative quantification of regional 
CO activity via optical densitometry (OD) is the goal (i.e. comparing regional activity between groups as 
opposed estimating absolute CO activity units) then CO activity histochemistry on fixed brains is still 
viable. When examining CO activity at the regional level (as opposed to cellular level) only minor 
reductions in CO activity after perfusion-fixation are found (e.g. Gonzalez-Lima and Jones, 1994) at 
values similar to those from biochemical assays, with no significant variation in regional optical density 
(which indicates saturation of stain as a proxy for CO activity) (Hevner et al., 1995).  
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Cada, 1998, Ch. 2, Sect. 3.3). Thus, valid quantitative measurements are possible on 

fixed tissue if the proper protocol is applied and linearity is checked. 

3.2.2.2.2 Methods and Results 

I tested whether stain intensity increased linearly with incubation time. I used a single 

mouse brain (behaviorally mid-range NE C57) sectioned at 50 µm and split evenly over 

six incubation wells (i.e. creating six similar replicates of the full brain). Each full brain 

replicate was incubated in my optimized staining solution for six different durations (1hr, 

2hrs, 3hrs, 4hrs, 5hrs, 6hrs). The average optical density of each slice was measured 

(Fiji, Image J) and then the average whole-brain optical density for each of the six 

copies was calculated (see Figure 3.2). This value was then subtracted from the 

average background OD, measured from each of the 4 empty corners on the slide. The 

relative optical density (ROD = average whole-brain OD – average background OD) 

was plotted against incubation time (see Figure 3.3) and the correlation coefficient was 

calculated. This revealed the relationship to be linear, and the correlation coefficient (r = 

.993, p < 0.01) was similar to those previously reported in other quantitative CO 

analyses. Thus, any differences in staining intensity in my protocol should accurately 

reflect differences in CO activity related to differences in behaviour/housing conditions.  
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Figure 3.2: Image used to calculate whole-brain average optical density (OD) for the linearity check. 
Average OD was measured for each slice and the average of the average OD was calculated for each of 
the six brain copies. This value was then subtracted from the average background OD (taken on a blank 
space of each slide) to get the OD value used to check linearity. 

 

Figure 3.3: Graph depicting the linear relationship between whole-brain average optical density and 
incubation time. As incubation time increases there is a proportional increase in staining intensity.  
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3.2.2.3 Optimal incubation time for each housing/strain group and region of 

interest 

To determine the optimal incubation time for detecting differences in my regions of 

interest (ROI) between enriched and non-enriched DBAs and C57s, I selected eight 

‘representative’ individuals: two from the top and bottom quartiles for IBA and SBs from 

each housing/strain group (see Figure 3.4). Stain intensity was assessed at two 

different incubation durations: 3 hours for one full brain replicate and 4 hours for the 

other. These incubation durations were selected based on quality of staining obtained in 

the Linearity test, where 3 and 4 hours both produced a dark, but not diffuse or 

oversaturated stain. ‘Optimal’ incubation time was defined as the greatest difference in 

optical density in each ROI between enriched and non-enriched mice of the same 

strain. Non-enriched mice were expected to have lower whole-brain optical density than 

enriched mice, and this difference should vary by ROI (c.f. Turner et al., 2002).  

 

Figure 3.4: Mice used to determine optimal incubation. Two individuals were selected from each housing 
x strain group, representative of the min and max expression of IBA and SBs. In the follow-up test, only 
DBA 1, C57 10, DBA 42, and C57 48 were used. 
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Unfortunately, the stain for this “ROI test” turned out darker than expected. From 

the linearity test, 3 hrs incubation was expected to produce a mean whole-brain ROD of 

≈ 50, and 4 hrs a mean ROD of ≈ 65, but the ROI test produced a mean whole-brain 

ROD of 87 (range: 41 – 101) at 3 hrs and 108 (range: 77 – 122) at 4 hrs. Thus, optical 

densities for each ROI were not measured for these brains, as they were much too 

saturated and outside of the quantifiable range based on the linearity test (max ROD ≈ 

90). A “follow-up” test was conducted to identify the problem and determine a solution. 

Here, I used four of the eight brains selected for the ROI test (see Figure 3.4): these 

individuals had the darkest and lightest stains from the ROI test. This time, one copy of 

each brain was split randomly into three wells for incubation at 2, 3 and 4 hrs. If they 

stained as dark, this could be detected by the 3 and 4 hours incubation durations, and 

the 2 hrs was added to assess whether this would be a more ‘optimal’ incubation 

duration given the variation between individuals. The results from this test were used to 

decide on the final incubation duration. 

The brains were still dark at 3 and 4 hours of incubation (average whole-brain 

ROD at 3 hrs = 76 [range: 64-84], at 4 hrs = 103 [range: 86-115). However, 2 hrs of 

incubation produced an average whole-brain ROD (48) that was closer to what was 

expected for 3 hrs based on the linearity test (50). Furthermore, the range of whole-

brain RODs (34 – 62) was well within the quantifiable range based on the linearity test. 

Thus, regions of interest were examined at 2 hrs incubation. However, since the brains 

were split randomly13 across three incubation time points, not every ROI would be 

present for each individual at 2 hrs incubation. Thus, stain intensity for each ROI could 

not be assessed as originally planned. Fortunately, most ROIs were captured and 

examination of stain intensity and specificity suggested that 2 hrs incubation would be 

acceptable (if not optimal) (example pictured in Figure 3.5).  

 

13 A serial split would have been preferrable to make sure the different regions of interest were in each 
incubation timepoint. However, a random split was necessary as only one full brain replicate remained for 
this impromptu follow up test, 



 

 

55 

 

Figure 3.5: Example range of stain intensity using the Nucleus Accumbens (NAc). Figure A depicts the 
ROD of the NAc for each individual incubated for 2 hours. Figure B shows the range of stain intensities 
for the NAc incubated for 2 hours. 

 

3.2.3 Final CO Histochemistry Protocol 

The first series of sections (i.e. first replicate [most anterior sections] of four) was used 

for hypothesis testing. A modified version of the Lauer et al. (2018) protocol was used. 

Brain sections were pre-washed in 0.1M HEPES buffer (pH ≈ 7.4) on a shaker for 15 

mins. The incubation solution was made in 0.1M HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) buffer (Sigma H0887) and contained: 116.96 mM 

sucrose; 3.16 mM Ammonium Nickle(II) Sulfate Hexahydrate (Sigma A1827); 2.80 mM 

3,3’ – Diaminobenzidine (DAB: Sigma D8100); 800 nM catalase from bovine liver 

A) 

B) 
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(Sigma C9322); and 16.15 µM cytochrome c from equine heart (Sigma C2506). DAB 

and cytochrome c were added to the solution just before incubation. Brain slices were 

incubated free-floating in a 37°C oven for 2 hours. They were washed three times (10 

mins each) in 0.1M HEPES buffer before being mounted on gelatin-coated microscope 

slides. Slides were dehydrated in progressive (60%[60 sec], 80%[60 sec], 96%[120 

sec], 100%[180sec], isopropanol [300 sec]) ethanol baths and cleared with xylene (300 

sec) before being cover-slipped with DPX mounting medium. Slides were left to dry 

overnight before being transferred to a slide box for storage. 

3.2.4 Imaging and Optical Density Measurements 

Digital images of the basal ganglia14 (STR; NAc; GPe; GPi; STN; SNr: defined by Allen 

Mouse Brain Atlas Version 2 [2011] and Paxinos and Franklin Mouse Brain Atlas in 

Stereotaxic Coordinates [2001]) were taken with a Leica DM 4500 light using the 5x 

objective. Microscope settings were kept constant throughout imaging (Intensity: 10; 

Exposure: 24.6 ms). Monochrome images were captured at 12-bit and analyzed as 8-bit 

grayscale images in Fiji (ImageJ). Before any measurements were taken, I was blinded 

to mouse ID. Optical density was measured as the mean grayscale value for the whole 

region of interest, selected using the Paxinos and Franklin [2001] stereotaxic atlas: first 

section position in anterior-posterior axis was approximated, then ROI shape/position 

was matched to that of the atlas. Artifacts (e.g. holes in the brain where light shines 

through unabsorbed, or particles creating dark spots) were excluded by setting the 

image threshold value (the min and max grayscale values) and “restricting 

measurement to threshold”: the range of grayscale values of the entire ROI were 

included in the ‘threshold’ while grayscale values of the artifacts were excluded. 

 

14 The striatum (including dorsolateral, dorsomedial, and ventral domains) will be assessed along with the 

PFC when the Circuits Hypotheses are tested (see Chapter 1: Introduction in Chapter 1). These 

regions were not imaged at this time since accurate identification of the sub-regions could not be 
achieved at 5x magnification and require a lower magnification allowing the inclusion of ‘landmarks’ for 
identifying the sub-regions. A microscope form the Molecular and Cellular Imaging center will be used 
when open again after the pandemic. 
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Relative optical density (ROD) was then calculated by subtracting the mean grayscale 

value for the ROI from the mean grayscale value for the background15 (i.e. where light 

shines through the slide and unstained white matter). These steps are shown in Figure 

3.6. Measurements were taken from each section in which the ROI was present and 

averaged together (RODROI = ∑ ROD / total number of sections with ROI) for each 

mouse. 

 

Figure 3.6: The entire NAc is first outlined as the region of interest. This restricts measurements to the 
area within the yellow line (the NAc). Image threshold is set so that the NAc is highlighted in red 
(grayscale values within the threshold) and extreme dark (particles) or light (holes) values are excluded, 
restricting measurement to only pixels highlighted in red. Then the threshold is reversed (and ROI 
unselected) so that the background, including empty slide space and unstained white matter, is 
highlighted and the mean grayscale value of the highlighted area is measured.  

 

15 Background OD of the slide is typically subtracted from the ROI OD to correct for optical distortions due 
to lighting/lens/camera (Gonzalez-Lima and Cada, 1998b). Grayscale values range from 0 (black) to 255. 
(white). Thus, the OD of the ROI (dark, low value) was subtracted from the OD of the background (light, 
high value) to work in positive integers. 
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3.2.5 Statistical Analysis 

First, the effect of housing and strain on bar-mouthing and route-tracing (lifetime 

average as a proportion of observed behaviours) were assessed in two separate 

ANOVAs. Then I checked the reliability of my stain by assessing the covariance 

between regions of interest that are expected to positively covary (GPi and SNr: both 

output nuclei receiving similar projections from upstream nuclei) and negatively covary 

(GPe and STN: GPe inhibits STN, and the STN inhibits its own activity via negative 

feedback through the GPe, [see Appendix I]). Relationships between regional brain 

activity and housing were then assessed using Generalized Linear Mixed Models 

(GLMM) in SAS, using the model ‘ROI activity’ = housing|strain + batch[random]. To 

investigate relationships with SB, I first checked whether bar-mouthing and route-tracing 

SBs covaried. Then, separate GLMMs were constructed for bar-mouthing and route-

tracing (cf. Chapter 2, Section 2.1.4) as the dependent variable. In all, brain region, 

housing, strain, and housing by strain interaction and ROD for each ROI were fixed 

effects and staining batch was a random effect; thus: 

SB = housing|strain|ROI activity + batch[random]  

One brain was excluded from all analyses due to uneven fixation and consequent 

staining saturation (final sample size N = 23). For all models, data for SBs were arcsine 

square-root transformed to meet the normality assumption. Likewise, a unique 

covariance structure (adjustment to the R-side residual covariance matrix) was 

computed for each level of the fixed effects to correct for heterogeneity of variance. All 

models utilized the Kenward-Roger degrees of freedom method. All tests were two-

tailed with alpha set at .05, post hoc comparisons applying the Tukey-Kramer p-value 

adjustment. All models except one (see Results, Section 3.3.3) met both homogeneity 

of variance and normality assumptions.  
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 Results 

3.3.1 Housing effects on SBs and regional activity 

In my final sample, housing significantly affected bar-mouthing (F1, 12.76 = 4.51, p = 0.05) 

as did strain (F1, 12.76 = 16.07, p = 0.002), with DBA mice engaging in more bar-mouthing 

than C57 mice: a pattern consistent across housing conditions (housing*strain: F1, 12.76 = 

0.58, p = 0.46). Route-tracing was also affected by housing (F1, 10.36 = 37.57, p < 0.0001) 

and strain (F1, 10.36 = 13.69, p = 0.004), but with a significant interaction (F1, 10.36 = 13.35, 

p = 0.004). This was because NE > EE in route-tracing in both strains (EE vs. NE DBA: 

t9.06 = -5.07, p = 0.002; EE vs. NE C57: t4.13 = -4.66, p = 0.004); but DBAs were the more 

stereotypic strain only in NE housing (strain effect in NE: t10.27 = -3.68, p = 0.02; strain 

effect in EE: t4.88 = -0.35, p = 0.98); see Figure 3.7). 

Importantly, bar-mouthing and route-tracing SBs negatively covary (F1, 10.46 = 

37.84, p < 0.001). However, their relationship differs based on housing (F1, 9.77 = 27.55, 

p < 0.001) and strain (F1, 15.13 = 26.28, p < 0.001), though the three-way interaction 

between bar-mouthing, housing and strain was non-significant (F1, 5.78 = 0.40, p = 0.55). 

Bar-mouthing and route-tracing negatively covary in DBAs (t10 = -6.21, p < 0.001), 

without interacting with housing (F1, 10 = 0.40, p = 0.54); and in non-enriched mice (t11 = 

-6.29, p < 0.001) without interacting with strain (F1, 11 = 1.50, p = 0.25). In contrast, in 

C57 mice this relationship is positive, though non-significantly so (t5 = 0.64, p = 0.55) 

with no interaction with housing (F1, 5 = 0.08, p = 0.79); and in enriched mice this 

relationship is slightly negative albeit non-significantly so (t4 = -0.39, p =0.71), with no 

interaction with strain (F1, 4 = 0.02, p = 0.90). These interactions are depicted in Figure 

3.8. In subsequent analyses, bar-mouthing and route-tracing will be considered 

confounds in DBA mice (to be statistically controlled for), since they so strongly 

negatively covary in this strain. 
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Figure 3.7: Effect of housing and strain on bar-mouthing and route-tracing SBs (N = 23). There is a 
significant effect of strain on bar-mouthing and a significant housing*strain interaction for route-tracing. 
For this interaction, the only non-significant comparison is identified. All other comparisons for route-
tracing are significant. Error bars indicate ± 1 SE. 

*p < .05 
**p < .01 

 

Figure 3.8: Interaction between bar-mouthing and housing, and bar-mouthing and strain, on route-
tracing. Significant relationships are shown by a solid line. 

N.B. This is a simplified figure and does not capture all the corrections made by the model. Thus, the fit 
lines may exaggerate the actual detected relationship.
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There were no significant effects of housing on activity for any brain region 

investigated (see Table 3.3). For all brain regions, enriched mice had more activity than 

non-enriched mice (consistent with predicted differences for STN, GPi, and SNr, but not 

for GPe and the GPe:GPi ratio [GPr]) but never significantly so. The one significant 

effect was of strain (F1, 19 = 6.70, p = 0.02): C57s (M = 1.60, SE = 0.08) had a higher 

GPr than DBAs (M = 1.31, SE = 0.07).  The regional activities for each housing by strain 

group are depicted in Figure 3.9.  

Importantly, basal ganglia nuclei that are expected to positively covary (GPi and 

SNr) in their activity do (F1, 4.83 = 32.81, p = 0.003), doing so consistently across housing 

(F1, 4.83 = 0.47, p = 0.52) and strain (F1, 4.83 = 0.87, p = 0.40) groups. However, those 

expected to negatively covary (GPe and STN) instead positively covary (F1, 6.59 = 62.33, 

p < 0.001), and again this was consistent across housing (F1, 6.65 = 0.49, p = 0.51) and 

strain (F1, 7.25 = 0.63, p = 0.45). Furthermore, the relative activity between ROIs were 

consistent across these groups, with STN and NAc being the most active regions 

followed by the SNr then GPe and GPi (see Figure 3.9). This suggests my staining was 

consistent across housing and strain, but specific predictions regarding covariance of 

activity between regions may require further attention (see Chapter 4).  
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Figure 3.9: Regional activity (as inferred by the relative optical density of a stain for CO) for each region 
of interest split by housing and strain. Error bars indicate ± 1 SE. Housing and housing*strain were never 
significant. 
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Table 3.3: Effects of housing and strain on regional brain activity. Significant effects are bolded. Housing effect size is reported as Cohen’s delta; 
EE > NE in all cases. 

*GP ratios were equal between enriched and non-enriched mice 

Effect of housing and strain on regional brain activity 

ROI 

 

Housing 

 

Strain 

 

Housing*Strain 
 

Housing effect 
size 

Predicted 
difference 

Observed 
matches 

predicted? 

NAc activity F1, 19 = 1.39, p = 0.25 F1,19 = 0.16, p = 0.70 F1,19 = 0.36, p = 0.56 d = 0.65 

No specific 
direction 
predicted N/A 

           

STN activity  F1,18 = 1.14, p = 0.30  F1, 18.16 = 0.63, p = 0.44  F1, 18.16 = 0.10, p = 0.76  d = 0.54 EE > NE yes 

           

GPe activity  F1, 19 = 1.25, p = 0.28  F1, 19 = 0.04, p = 0.84  F1, 19 = 0.23, p = 0.64  d = 0.54 EE < NE no 

           

GPi activity  F1, 19 = 1.43, p = 0.25  F1, 19 = 3.57, p = 0.07  F1, 19 = 0.14, p = 0.71  d = 0.40 EE > NE yes 

           

GP ratio  F1, 19 = 0.30, p = 0.60  F1, 19 = 6.70, p = 0.02  F1,19 = 0.31, p = 0.58  d = 0* EE < NE no 

           

SNr activity  F1, 19 = 0.93, p = 0.35  F1, 19 = 2.80, p = 0.11  F1, 19 = 0.09, p = 0.77  d = 0.32,  EE > NE yes 
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3.3.2 Relationships between regional activity and bar-mouthing 

Bar-mouthing had a trend negative relationship with NAc activity, and was also 

predicted by a significant interaction between NAc activity and strain (F1, 12.86 = 4.63, p = 

0.05). This was because for C57s (n = 9), NAc activity did not account for significant 

variation in bar-mouthing (F1, 7 = 0.00, p = 0.99), while for DBAs (n = 14), there was a 

negative trend relationship (F1, 12 = 3.46, p = 0.09) (see Figure 3.10). In these analyses, 

there was no interaction between NAc activity and housing for either C57s (F1, 5 = 0.06, 

p = 0.81) or DBAs (F1, 10 = 0.00, p = 0.96). No other relationship between bar-mouthing 

and any other ROI was significant (see Table 3.4). 

 

Figure 3.10: An interaction between strain and NAc activity on bar-mouthing reflected a trend negative 
relationship for DBAs and no relationship for C57s. The trending relationship is shown by the solid line. 

N.B. This is a simplified figure and does not capture all the corrections made by the model. Thus, the fit 
lines may exaggerate the actual detected relationship.
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Because in DBA mice, high bar-mouthing is significantly associated with low 

route-tracing, making route-tracing a potential confound, I then assessed the 

relationship between bar-mouthing and ROI activity statistically controlling for route-

tracing behavior (see Table 3.5). Importantly, with route-tracing as a covariate, NAc 

activity no longer predicts bar-biting (F1, 6.90 = 1.63, p = 0.24), but significantly interacts 

with housing (F1, 6.88 = 14.07, p = 0.007), and is trending towards significance for an 

interaction with route-tracing (F1, 6 = 4.52, p = 0.08). The GPe also had a significant 

interaction with housing (F1, 5.81 = 7.77, p = 0.03), and a trending interaction with route-

tracing (F1, 5.81 = 4.01, p = 0.09), as well as the STN (F1, 6 = 4.47, p = 0.08).  

When split by housing, the models did not compute for enriched mice (n = 4). But 

for non-enriched mice, NAc activity negatively predicted bar-mouthing (F1, 6 = 6.35, p = 

0.05) and had a trending interaction with route-tracing (F1, 6 = 4.52, p = 0.08). On the 

other hand, the negative relationship with GPe activity was not significant for non-

enriched mice (F1, 6 = 3.16, p = 0.13). To investigate the interactions between ROI 

activity and route-tracing, I used a median split to sort mice into ‘low’ and ‘high’ route-

tracers and re-examined the effect of regional activity on bar-mouthing for each group 

separately. Decreased NAc activity is associated with bar-mouthing in mice who engage 

in lower levels of route-tracing, (F1, 2. 05 = 26.86, p = 0.04), but not in mice who engage in 

high levels of route-tracing (F1, 5 = 0.16, p = 0.71) (Figure 3.11).  However, decreased 

GPe and STN activity did not explain bar-mouthing in either low (GPe:  F1, 2.05 = 0.25, p 

= 0.66; STN:  F1, 2.06 = 0.01, p = 0.93) or high (GPe: F1, 5 = 0.53, p = 0.50; STN: F1, 5 = 

0.06, p = 0.82) route-tracing mice.  
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Figure 3.11: Relationship between bar-mouthing and NAc activity controlling for “low” and “high” levels of 
route-tracing in DBA mice. The significant relationship is shown by the solid line. 

N.B. This is a simplified figure and does not capture all the corrections made by the model. Thus, the fit 
lines may exaggerate the actual detected relationship.
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Table 3.4: The relationships between bar-mouthing and regional activity. Significant effects are bolded; trends are italicized. 

Model Outputs 

NAc 

 ROI 
 

ROI*housing 
 

ROI*strain 
 

ROI*strain*housing 

F1, 12.86 = 3.97, p = 0.07 F1, 12.86 = 0.00, p = 0.99 F1, 12.86 = 4.63, p = 0.05 F1,12.18 = 0.06, p = 0.80 

STN 
 

F1, 11.86 = 0.40, p = 0.54  F1, 11.86 = 0.88, p = 0.37  F1, 11.86 = 0.57, p = 0.47  F1, 11.86 = 0.70, p = 0.42 

GPe 
 

F1, 12.36 = 0.41, p = 0.53  F1, 12.36 = 0.16, p = 0.69  F1, 12.36 = 0.76, p = 0.69  F1, 12.36 = 0.24, p = 0.63 

GPi 
 

F1, 12.84 = 0.05, p = 0.82  F1, 12.84 = 0.23, p = 0.64  F1, 12.84 = 0.09, p = 0.77  F1, 12.84 = 0.00, p = 0.96 

GPr 
 

F1, 13.46 = 0.32, p = 0.58  F1, 13.46 = 0.04, p = 0.84  F1, 13.46 = 1.58, p = 0.23  F1, 13.46 = 2.24, p = 0.16 

SNr 
 

F1, 11.08 = 0.04, p = 0.84  F1, 11.08 = 0.01, p = 0.92  F1, 11.08 = 0.20, p = 0.66  F1, 11.08 = 0.18, p = 0.68 

 

Table 3.5: The relationships between bar-mouthing and regional activity in DBA mice controlling for route-tracing. Significant effects are bolded; 
trends are italicized. 

Model Outputs 

 
 ROI  ROI*housing  ROI*RT 

NAc  F1, 6.90 = 1.63, p = 0.24  F1, 6.88 = 14.07, p = 0.007  F1, 6 = 4.52, p = 0.08 

STN  F1, 1.65 = 0.82, p = 0.48  F1, 1.35 = 0.96, p = 0.47  F1, 6 = 4.47, p = 0.08 

GPe  F1, 5.81 = 1.19, p = 0.32  F1, 5.81 = 7.77, p = 0.03  F1, 5.81 = 4.01, p = 0.09 

GPi  F1, 6 = 0.09, p = 0.77  F1, 6 = 1.51, p = 0.26  F1, 6 = 0.58, p = 0.48 

GPr  F1, 1.76 = 0.02, p = 0.89  F1, 1.41 = 4.24, p = 0.23  F1, 6 = 3.67, p = 0.10 

SNr  F1, 2.38 = 1.44, p = 0.34  F1, 1.70 = 1.20, p = 0.40  F1, 6 = 3.30, p = 0.12 
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3.3.3 Relationships between regional activity and route-tracing 

For these route-tracing analyses, one model (pertaining to NAc activity) still did not have 

normal residuals; for this a beta distribution (for proportional data) was used.  NAc 

activity explained a significant proportion of individual variation in route-tracing (F1, 11.4 = 

5.41, p = 0.04): increased NAc activity was associated with increased route-tracing. This 

effect showed trend interactions with both housing (F1, 11.4 = 3.40, p = 0.09) and strain 

(F1, 11.4 = 3.51, p = 0.09), though the three-way interaction was non-significant (F1, 11.4 = 

0.75, p = 0.40). The two-way interactions appear to be the result of a positive relationship 

between NAc activity and route-tracing for non-enriched DBAs only (see Figure 3.12).  

However, when housing and strain groups were assessed separately, their relationships 

with NAc activity were non-significant (EE (n = 8): F1, 3 = 1.92, p = 0.26, NE (n = 15): F1, 

11 = 2.43, p = 0.15, C57 (n = 9): F1, 5 = 0.49, p = 0.51, DBA (n =14): F1, 10 = 0.49, p = 

0.50). Furthermore, NAc activity did not interact with housing for either C57s (F1, 5 = 

0.43, p = 0.54) or DBAs (F1, 10 = 0.41, p = 0.54). Strain did not interact with NAc activity 

for non-enriched mice (F1, 11 = 1.38, p = 0.26), but this interaction was trending towards 

significance for enriched mice (F1, 3.2 = 5.65, p = 0.09). No other relationships were 

significant (see Table 3.6). 

 

Figure 3.12: Interactions between NAc activity (Relative optical density: ROD) and strain, and NAc 
activity and housing for route-tracing. All depicted relationships were non-significant. 

N.B. This is a simplified figure and does not capture all the corrections made by the model. Thus, the fit 
lines may exaggerate the actual detected relationship.
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Again, because route-tracing and bar-mouthing were confounded in DBAs, I then 

re-analysed each ROI relationship while statistically controlling for bar-mouthing (Table 

3.7). When bar-mouthing was added into the model, NAc activity significantly predicted 

route-tracing (F1, 5.71 = 58.35, p < 0.001) with significant interactions with housing (F1, 5.71 

= 90.27, p < 0.001), bar-mouthing (F1, 5.71 = 109.50, p < 0.001) and a three-way 

interaction between NAc activity, bar-mouthing, and housing (F1, 5.71 = 199.16, p < 

0.001). Interestingly, decreased STN activity was now associated with increased route-

tracing behaviour (F1, 6 = 9.41, p = 0.02), though this relationship interacted with bar-

mouthing (F1, 6 = 24.85, p = 0.003). The SNr also had a significant interaction with bar-

mouthing (F1, 5.90 = 14.88, p = 0.009) and a trending negative relationship with route-

tracing (F1, 5.90 = 5.28, p = 0.06). 

To investigate these interactions, again I used a median split to sort mice into 

‘low’ and ‘high’ bar-mouthers and re-examined the effect of regional activity on route-

tracing for each group separately. For ‘high’ bar-mouthers, increased NAc activity 

significantly predicted route-tracing (F1, 4.00 = 8.36, p = 0.04) and interacted with housing 

(F1, 4.00 = 8.36, p = 0.04). The model would not compute for ‘low’ bar-mouthers when the 

housing interaction term was included, but when removed, this revealed a non-

significant negative relationship with route-tracing (F1, 3.01 = 1.45, p = 0.31). These 

relationships are depicted in Figure 3.13. However, the relationships with decreased 

STN and SNr activity were no longer significant for either ‘low’ bar-mouthers (STN: F1, 

3.90 = 2.46, p = 0.22; SNr: F1, 3.02 = 2.21, p = 0.23) or ‘high’ bar-mouthers (STN: F1, 5 = 

0.00, p = 1.00; SNr: F1, 1 = 0.00, p = 0.98). 
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Figure 3.13: Relationship between route-tracing and NAc activity controlling for “low” and “high” levels of 
bar-mouthing in DBA mice. The significant relationship with route-tracing is shown by the solid line. 

N.B. This is a simplified figure and does not capture all the corrections made by the model. Thus, the fit 
lines may exaggerate the actual detected relationship.



 

 

71 

Table 3.6: The relationships between regional activity and route-tracing. Significant effects are bolded; trends are italicized. 

Model Outputs 

NAc  

ROI 
 

ROI*housing 
 

ROI*strain 
 

ROI*strain*housing 

F1, 11.4 = 5.41, p = 0.04 F1, 11.4 = 3.40, p = 0.09 F1, 11.4 = 3.51, p = 0.09 F1, 11.4 = 0.75, p = 0.40 

STN  F1, 9.11 = 2.05, p = 0.19  F1, 9.11 = 2.84, p = 0.13  F1, 9.11 = 1.02, p = 0.34  F1, 9.11 = 1.62, p = 0.23 

GPe  F1, 8.69 = 1.34, p = 0.28  F1, 8.69 = 1.83, p = 0.21  F1, 8.69 = 0.08, p = 0.79  F1, 8.69 = 0.23, p = 0.65 

GPi  F1, 9.17 = 0.28, p = 0.61  F1, 9.17 = 0.42, p = 0.54  F1, 9.17 = 0.17, p = 0.69  F1, 9.17 = 0.05, p = 0.83 

GPr  F1, 10.86 = 1.60, p = 0.23  F1, 10.86 = 1.49, p = 0.25  F1, 10.86 = 2.18, p = 0.17  F1, 10.86 = 1.30, p = 0.28 

SNr  F1, 8.98 = 0.65, p = 0.44  F1, 8.98 = 0.91, p = 0.37  F1, 8.98 = 0.16, p = 0.69  F1, 8.98 = 0.32, p = 0.58 

 

Table 3.7: The relationships between regional activity and route-tracing in DBA mice controlling for bar-mouthing. Significant effects are bolded; 
trends are italicized. 

Model Outputs 

  ROI  ROI*housing  ROI*BR  ROI*BR*housing 

NAc 
 

F1, 5.71 = 58.35, p < 0.001  F1, 5.71 = 90.27, p < 0.001  F1, 5.71 = 109.50, p < 0.001  F1, 5.71 = 199.16, p < 0.001 

STN 
 

F1, 6 = 9.41, p = 0.02  F1, 6 = 0.19, p = 0.68  F1, 6 = 24.85, p = 0.003  F1, 6 = 0.01, p = 0.91 

GPe 
 

F1, 6 = 0.00, p = 0.97  F1, 6 = 0.01, p = 0.94  F1, 6 = 0.00, p = 0.98  F1, 6 = 0.01, p = 0.94 

GPi 
 

F1, 4.11 = 0.34, p = 0.59  F1, 4.11 = 0.20, p = 0.67  F1, 4.11 = 0.21, p = 0.67  F1, 4.11 = 0.20, p = 0.68 

GPr 
 

F1, 6 = 0.00, p = 0.97  F1, 6 = 0.01, p = 0.97  F1, 6 = 0.00, p = 0.97  F1, 6 = 0.01, p = 0.97 

SNr 
 

F1, 5.90 = 5.28, p = 0.06  F1, 5.90 = 0.02, p = 0.89  F1, 5.90 = 14.88, p = 0.009  F1, 5.90 = 0.70, p = 0.44 
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 Discussion 

3.4.1 Housing effects on SBs and regional activity 

Despite the efficacy of barren housing to significantly induce bar-mouthing and route-

tracing SBs in both strains of mice, barren housing did not have a significant effect on 

regional brain activity. This means that we have still not found the brain variable that 

mediates the relationship between barren housing and SBs. However, our ability to 

detect such a difference between housing groups may be limited because measures of 

regional activity are influenced by whole-brain activity, which is expected to be globally 

reduced by barren housing (c.f. Turner et al., 2002). This may explain why all regions 

were (non-significantly) less active in non-enriched mice compared to enriched mice. 

Controlling for whole-brain activity (e.g. by calculating a ratio of regional activity to 

whole-brain activity for both housing groups) may yet reveal housing effects on regional 

activity to be significant, and may be more sensitive to changes where increased activity 

is predicted in non-enriched mice (c.f. Wilkes et al., 2019). Indeed, the GPe:GPi ratio 

(GPr: which indexes the relative activity between the direct and indirect pathways) was 

significantly greater in C57 than DBA mice, suggesting that for both strains of mice, the 

indirect pathway is relatively less active than the direct pathway (thus facilitating 

behavioural output), but this difference is greater in C57s: a difference that was not 

detected by GPe or GPi activity alone. In the future, analysis of functional connectivity 

(correlations between regional metabolic activity: Horwitz, 1991) may better detect 

changes in pathway activation. I discuss this further in Chapter 4. 

3.4.2 Relationships between regional activity and bar-mouthing 

None of the BG Pathways Hypotheses were supported for bar-mouthing. Instead, the 

Limbic Circuit Hypothesis is partially supported, as there was a trend relationship 

between decreased NAc activity and increased bar-mouthing in DBA mice, but not C57 

mice. Importantly, adding in route-tracing as a covariate for DBA mice revealed some 

more significant and trending relationships. Particularly interesting are the trending 

interactions between ROI activity (STN, GPe, and NAc) and the covariate route-tracing. 
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In each of these cases, there appears to be a stronger relationship with decreased ROI 

activity for mice who exclusively bar-mouth (i.e. ‘low’ route-tracers) than those who also, 

or exclusively, engage in route-tracing (i.e. ‘high’ route-tracers). However, this effect 

was only significant for the NAc, indicating a negative relationship between NAc activity 

and bar-mouthing. Interestingly, GPe and STN activity positively covaried; though they 

are expected to negatively covary based on current knowledge of basal ganglia function 

and anatomy (c.f. Appendix I). I discuss this more in Chapter 4. 

3.4.3 Relationships between regional activity and route-tracing 

When all mice were assessed together, and bar-mouthing was not included as a 

covariate, none of the BG Pathways Hypotheses were supported for route-tracing, but 

the Limbic Circuit Hypothesis was again partially supported: in non-enriched DBAs, 

increased NAc activity was associated with increased route-tracing. However, 

controlling for bar-mouthing in DBA mice, route-tracing was now significantly associated 

with decreasing STN activity and trending towards significance for decreased SNr 

activity. This supports the Hypoactive Hyperdirect Pathway Hypothesis, but again, these 

relationships were significantly affected by bar-mouthing behaviour. However, neither 

relationship between route-tracing and STN nor SNr activity remained significant when 

‘low’ and ‘high’ bar-mouthers were split. For the NAc, on the other hand, there was a 

significant positive relationship with route-tracing only for ‘high’ bar-mouthers, and a 

non-significant negative relationship for ‘low’ bar-mouthers. Thus, it appears that when 

one form of SB is performed exclusively (either bar-mouthing or route-tracing) they 

negatively covary with NAc activity, but when performed together, they positively covary 

with NAc activity. I discuss further interpretation and the implications of these results in 

Chapter 4. 
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4 Chapter 4: General Discussion 

 Context for my work 

As reviewed in Chapter 2 there is currently little support for any of the BG Pathways or 

CSTC Circuits Hypotheses (see Section 2.4), largely due to incomplete evidence (e.g. 

missing regions of interest, housing, or individual difference effects). Thus, for mice 

some hypotheses have been partially supported, while others can be tentatively 

rejected: see Table 4.1 and Table 4.2 for a summary. 

Table 4.1: Past findings relevant to the BG Pathways Hypotheses in mice (Mus musculus). The 
Hypoactive Indirect and Hyperdirect Pathways Hypotheses are partially supported in C58 mice by 
decreased STN activity. Sources of variation in Lewis et al. (2018) were assessed in different groups of 
mice. 

Test of the BG Pathways Hypotheses 

 

Source Species Source of variance in SB  Measure GP STN SNr 

Lewis et al., 2018 C58 Mice Housing CO activity n.s.d. n.s.d. n.s.d. 

   Dendritic spine density - ↓ - 

  Individual CO activity n.s.d. ↓ n.s.d. 

 

Status of Hypotheses 

Hyperactive Direct Pathway Hypothesis: Tentatively Reject 

Predictions: No difference GPe activity No difference STN activity ↓GPi/SNr activity 

 Not investigated No match No match 

Hypoactive Indirect Pathway Hypothesis: Partially Supported 

Predictions: ↑GPe activity ↓STN activity ↓GPi/SNr activity 

 Not investigated Match No match 

Hypoactive Hyperdirect Pathway Hypothesis: Partially Supported 

Predictions: No difference GPe activity ↓STN activity ↓GPi/SNr activity 

 Not investigated Match No match 
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Table 4.2: Past findings relevant to the CSTC Circuits Hypotheses in mice (Mus musculus). The Limbic 
CSTC Circuit Hypotheses is partially supported in C57 mice by increased NAc activity. Sources of 
variation in Lewis et al. (2018) were assessed in different groups of mice. 

Tests of the CSTC Circuits Hypotheses 

 

Source Species Source of variance in SB Measure M1 DLS DMS VLS VMS NAc 

Phillips et al., 2016 C57 mice Individual ∆FosB/FosB - n.s.d. n.s.d. n.s.d. n.s.d. ↑ 

Lewis et al., 2018 C58 mice Individual CO activity n.s.d. n.s.d. n.s.d. 

  Housing CO activity n.s.d. n.s.d. n.s.d. 

 

Status of Hypotheses 

Sensorimotor Circuits: Tentatively Reject 

Predictions: Altered activity in motor cortices Altered activity in DLS Altered activity VL nucleus 

 No match C58 Not investigated C57 No match Not investigated 

Associative/Cognitive Circuit: Tentatively Reject 

Predictions: Altered activity in associative cortices Altered activity in DMS Altered activity VA nucleus 

 Not investigated No match Not investigated 

Limbic Circuit: Partially Supported 

Predictions: Altered activity in limbic cortices Altered activity in NAc Altered activity MD nucleus 

 Not investigated Match C57 
No match 

C58 Not investigated 
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 My findings to date 

My research attempted to address these gaps by, a) examining both housing and 

individual differences in SB, b) examining each of the basal ganglia nuclei so that the 

full pattern of predicted changes in activity could be evaluated for each of the BG 

Pathways Hypotheses, and c) examining different forms of SBs separately. Below I 

discuss my findings on the BG Pathways Hypotheses for C57 and DBA mice, and my 

(somewhat confusing) partial test of the Limbic Circuit Hypothesis. 

4.2.1 Findings relevant to the BG Pathways Hypotheses 

First and foremost, housing did not affect long-term neuronal activity for any of the basal 

ganglia nuclei for either C57 or DBA mice, which is at odds with a causal role for all 

three of the BG Pathways Hypotheses. Furthermore, activity in the BG Pathways did not 

covary with either bar-biting or route-tracing SBs in C57 mice. Thus, all BG Pathways 

Hypotheses appear to be rejected for C57 mice. In DBA mice, for bar-mouthing SB, all 

three hypotheses similarly appeared to be rejected. However, there was possibly partial 

support for the Hypoactive Hyperdirect Pathway Hypothesis: for mice who exclusively 

route-traced, this seemed negatively associated with STN activity.  However, this 

interacted with bar-mouthing in a way that my analyses could not really unravel.  

4.2.2 Findings relevant to one Circuit Hypothesis: The Limbic Circuit 

NAc activity was also not affected by housing, thus again ruling out a causal role in 

environmentally induced SBs. This finding is in accordance with all other studies that 

have examined housing effects on NAc activity in stereotypic animals (American mink: 

Díez-León et al., 2019; C58 mice: Lewis et al., 2018; Deer mice: Tanimura et al., 2010; 

Turner et al., 2002). I also found that NAc activity was not associated with individual 

differences in SBs in C57 mice. This is in contrast to Phillips et al., (2016), who found 

that NAc activity was positively correlated with SBs (all forms pooled) in C57s. This is 

likely due to the difference in rates of SBs between studies: the mice in Phillips et al. 

(2016) were much more stereotypic (SBs consuming up to 55.5% of their active time 
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budget) than the C57s in the present study (SBs only accounting for up to 7% of 

observed behaviours).  

My DBAs, on the other hand, were just as stereotypic as the mice in Phillips et 

al., (2016), with SBs accounting for up to 47% of observed behaviours. Furthermore, I 

found some signs that NAc activity was associated with individual differences in SBs in 

these mice. Effects were complex, however, when I statistically controlled for the fact 

that bar-mouthing and route-tracing negatively covary. Thus bar-mouthing was 

associated with decreased NAc activity, but only when this is the predominant SB (i.e. 

route-tracing is low); and route-tracing is also associated with decreased NAc activity 

when this is the predominant SB (i.e. bar-mouthing is low). However, it was positively 

associated with NAc activity when mice also engage in bar-mouthing. This suggests 

there could be non-linear relationships with NAc activity that depends on whether one 

SB dominates the behavioural repertoire. However, the robustness of these results is 

questionable: they do not make immediate biological sense, and may simply reflect the 

limitations of my study (see below). Were it confirmed, however, that regional activity 

covaries with SB but not housing (and thus are merely correlational to SBs), then what 

could this mean? Brain variables associated with SBs but not housing may be markers 

of individual vulnerability (e.g. related to personality, coping style, or a behavioural 

syndrome: de Boer et al., 2017; Ijichi et al., 2013; Silber et al., 2019), that combine with 

an as yet unidentified effect of housing to produce SBs. 

 Limitations of my research to date 

There are four reasons to be cautious about my results to date: problems that I plan to 

rectify in future work. The main limitation is the small sample size, in that very few mice 

engaged in high rates of SB. As described in Chapter 3, the sample size of 24 was 

chosen as the most practical for staining multiple batches while losing the least degrees 

of freedom (controlling for random batch variation), but only 5 of the mice spent above 

40% of observed behaviours engaging in SB. Another limitation was the poor quality of 

preservation of the brains: they were filled with holes likely caused by slow freezing and 
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ice crystal formation (e.g. Ester, 2010). Although I dealt with this by avoiding the holes 

using the threshold adjustment in ImageJ (see Chapter 3), this reduced the viable area 

for measuring optical density within each ROI, potentially reducing accuracy of the 

measurements and increasing the likelihood of Type II errors. Third, although I used the 

lifetime average of SB (as a proportion of all observed behaviours) averaged over 4 

months (observations spanning 9 months in assigned housing conditions), all animals 

were killed approximately 7 months after their last behavioural observation. If the 

proportion of time mice spent engaging in SB was significantly different from their 

lifetime average in the last month before they were killed, this might not match CO 

activity, which is typically sensitive to changes in neuronal activity occurring monthly 

(Wong-Riley et al., 1997). Fourth and finally, the unexpected positive covariance 

between GPe and STN highlighted how the predicted changes in neuronal activity for 

each of the BG Pathways Hypotheses might need to be reconsidered. Furthermore, 

significant changes in regional CO activity may be masked by overall global changes in 

brain activity, such that analyzing activity in each region independently (as I did) may 

not reveal much about changes in pathway function. 

 Future Directions 

4.4.1 Future research planned on these subjects 

When I have access to appropriate microscopes (i.e. with a wide field of view to capture 

anatomical landmarks allowing for more accurate ROI identification), I plan to assess 

regions not studied for this MSc: namely the dorsal striatum (differentiating between the 

functionally distinct dorsolateral ‘motor’ and dorsomedial ‘associative’ striatum) and also 

frontal regions (the primary and secondary motor cortices, the dorsal and ventral 

anterior cingulate cortices, the prelimbic and infralimbic cortices, and the ventral, 

medial, ventrolateral, and dorsolateral orbitofrontal cortices). These will allow me to fully 

assess each of the CSTC Circuits Hypotheses for the very first time. I will also assess 

whole-brain activity, and then use these to obtain ‘normalized’ estimates of regional 

activity (cf. Čada et al., 1995), as well as run functional connectivity analyses 
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(assessment of the strength of activity covariance between ROIs: Čada et al., 1995; 

Sakata et al., 2000). This should give me more resolution to detect changes in ROI 

activity. 

Since there is a chance that CO histochemistry, as a measure of baseline 

metabolic rate, is simply too broad/general for detecting subtle changes/differences, I 

also accounted for potential weaknesses in CO staining quality and validity by retaining 

three unstained whole-brain replicates for future use. After all, the regular use of CO 

staining in deer mice (and its single use in mink), as well as my own work, has failed to 

identify any housing effects that also explain SBs. Therefore, complementary measures 

of neuronal activity and function may be applied in the future to these adjacent sections 

(e.g. ΔFosB to check specifically for sustained excitatory stimulation [see Appendix II] c-

fos for short term-activation, Golgi stain to examine dendritic morphology) which may 

help reveal previously undetected, and different kinds of relationships, with barren 

housing and SBs. 

As I described briefly in Chapter 1, arguably the most novel goal for my MSc 

research was to measure activity in the prefrontal cortex, thus expanding our (so far 

unsuccessful) search for the neurobiological basis of SBs. The current findings (or 

rather, lack there-of) further emphasize the importance of examining brain regions 

outside of the basal ganglia. By examining each of CSTC Circuits Hypotheses in full (via 

their distinct origins in the various sub-regions of the PFC, each of the functional 

domains of the STR, and the three thalamic relay nuclei: see Figure 2.2) I will be filling 

some major research gaps (see Chapter 2, Section 2.4.2). But what if none of the CSTC 

Circuits nor any of the BG Pathways Hypotheses meet the necessary predictions for a 

causal role in SBs? Fortunately, I sectioned the entire brain for this cohort of mice, from 

olfactory bulbs to about halfway through the cerebellum. Thus, I can examine any 

number of other regions; particularly, I might measure activity of the cerebellum to 

investigate a different motor regulatory system (e.g. Kandel et al., 2013; Scott, 2004) 

and/or medial prefrontal cortex, amygdala, hippocampus, and hypothalamus to 
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investigate the limbic-HPA axis system (e.g. Jankord and Herman, 2008), as just two 

alternative hypotheses. 

4.4.2 Future research planned on a more recent cohort: Mice killed in 2020 

To boost my power and get more stereotypic mice into the sample, I will also repeat my 

analysis with the next cohort of mice, adding them into the existing group and re-running 

the stats controlling for cohort as a random effect. From this more recent cohort, I have 

collected 31 barren housed mouse brains (DBA: n = 16; Balb: n = 7; C57: n = 8) and 24 

enriched housed mouse brains (DBA: n = 13; Balb: n = 7; C57: n = 4). Here there are 

many more DBA mice who are highly stereotypic (pers. obs.), making them particularly 

useful. A refinement applied to this cohort of brains was flash freezing: for better 

anatomical preservation for more accurate measurements of regional optical density. 

Furthermore, various other modifications to our methods and measurements have 

already been applied to this new cohort which might help improve chances of finding 

meaningful significant effects. 

For a start, I recorded their behaviours within one month of being killed, and so 

can check the fit of this measurement with CO activity against the fit of their lifetime 

average SBs. Furthermore, I measured their SBs in different ways, collecting detailed 

qualitative data (i.e. identifying mixed and transitionary [e.g. partial backflipping where 

the mouse cannot yet do a full rotation] forms of SBs vs. stable non-mixed forms) and 

quantitative (i.e. bout frequency, bout durations and total time spent in SB). This is 

important because I am now thinking that neural correlates of SB may relate, not just to 

simple time budgets, but instead be linked to other attributes (e.g. bout duration vs. bout 

frequency, rigidity vs. flexibility of SB performance, diversity vs. impoverishment of 

behavioural repertoire). Such measures may be particularly relevant to some 

hypotheses. Thus, McBride and Parker, (2015) relate qualitatively different types of 

behavioural dysfunction to the BG Pathways Hypotheses; and Garner, (2006); Mason, 

(2006) relate different types of behavioural dysfunction to the CSTC Circuits 

Hypotheses. Their ideas suggest that bout duration and total SB count (as used by the 

Lewis lab) might better relate to hypotheses regarding the inability to stop motor 



 

 

81 

repetition (e.g. the Sensorimotor Circuit and Hypoactive Indirect/Hyperdirect 

Hypotheses), while bout frequency might reflect increased behavioural initiation (e.g. 

Hyperactive Direct Pathway): an interesting avenue for my future research. 

4.4.3 Future directions for future cohorts (my PhD and beyond?) 

4.4.3.1 Investigating complex interactions between brain activity and SBs 

If multiple forms of SB exist at high rates in a subject’s repertoire or are even combined 

together into a “mixed” form, how might we parse out the effects of different 

neurobiological mechanisms? The simplest approach might be to only use subjects who 

exclusively express one form of SB, and first gain an understanding of how neural 

correlates differ between forms of SBs. Moving forward, we could then see whether/how 

such correlates interact when an individual performs multiple distinct SBs at high rates 

or mixes SBs in a single bout. It would be particularly interesting the neural correlates of 

SBs differed between these types of individuals, importantly raising questions about 

whether ‘form’ really matters. 

4.4.3.2 Examining the development of SBs and corresponding brain changes 

As pointed out in Chapter 2, even if we are able to identify a brain variable that is 

affected by housing and also covaries with individual differences in SB, this analysis is 

still only correlational (though it can point us in the causal direction) and there are two 

more necessary conditions: 1) such brain changes must precede/develop along with 

SBs; and 2) experimental manipulations of the relevant brain variable have 

corresponding effects on SB. In future work, I plan to address the question of 

temporality. However, such a task is difficult when you have to kill your subjects to get a 

measure from their brain. The usual workaround is to kill mice at different 

developmental time points and compare brain and SB measures between the groups 

(e.g. Bechard et al., 2017; Tanimura et al., 2011). This lacks the same predictive validity 

of a repeated measures approach, as there is no correlation between the subjects. I 

have piloted a potential solution using genetically identical DBA sisters raised in the 
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same cage: one to be killed at an early stage of SB development and compared to the 

other killed at a later stage. The utility of this approach rests on the hypothesis that the 

SBs of the two sisters will strongly (positively) covary as they develop, such that they 

have predictive validity for each other's behaviour and brain activity. To test this, I 

observed their SBs constantly, recording both qualitative and quantitative changes as 

they developed from approximately 1-month old to 5-months old (225 total hours of 

observations). Promisingly, in the last month of behaviour observations, the DBA 

sisters’ SBs were strongly positively correlated (Backflipping: r = .89, p < .001; Bar-

mouthing: r = .91, p < .01; Route-Tracing r = .99, p < .01). If their SBs consistently 

covary across development, and their measures of brain activity covary at end of life, 

then the next step would be to repeat the pilot, killing groups of sisters at different time 

points to see if their brain activity also consistently (positively) covaries across 

development. This could be extremely valuable for determining which brain changes 

precede, and which follow, the development of SBs. 

4.4.3.3 Evaluating the case for SB pathology 

In Chapter 1, I brought attention to the possibility that stereotypic animals might not just 

be ‘abnormal’, but they may even be impaired. Indeed, some scientists are suggesting 

that some SBs might reflect pathology caused by brain dysfunction (e.g. Bechard et al., 

2017; Bechard and Lewis, 2012; McBride and Parker, 2015; Wurbel, 2001), likening 

animal SBs to some human disorders (e.g. obsessive-compulsive disorder [Eilam et al., 

2006], Down’s syndrome [Haw et al., 1996], autism [Turner, 1999]). To truly be 

pathological, SBs should be accompanied by both (i) (neuro-) physiological change and 

(ii) impaired functioning that harms the animal: the core components of pathology (Stein 

et al., 2010; Wakefield, 1992). Clearly, this has not been substantiated. First, we have 

not found a causal neurobiological mechanism behind any form of environmentally 

induced SB in any animal studied to date. Second, only one study has found evidence 

for impairment (in barren-housed male mink pacing SBs predict poor mating success: 

very consistent with impairment (Díez-León et al., 2013) but whether similar effects hold 

for other species and other SBs is unknown.  
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For my PhD, I will critically evaluate whether mouse SBs can reflect and indicate 

pathology using the two formal criteria mentioned above. To this extent, I will not only 

continue my search for neurobiological mechanisms (trying out the multiple approaches 

I have discussed in this chapter), but I will also test whether any SBs covary with 

behavioural impairments that are clearly harmful to fitness (e.g. using a foraging task 

sensitive to flexibility and routine formation, and thus sensitive to PFC and BG functions 

respectively (Bissonette et al., 2008; Bissonette and Roesch, 2017, 2015). Thus, I will 

be collecting the first ever data directly linking housing-induced neurological changes to 

both SBs and behavioural impairment16. If stereotypic mice have decreased foraging 

success because they are less flexible, and this correlates with neurological changes 

that also explain their SBs, this would support the pathology hypothesis. This could 

have practical and ethical implications for laboratory mice and hopefully would then 

inspire similar work on other animals too. 

 Conclusion 

In sum, the search for neurobiological mechanisms of environmentally induced 

SBs continues. With the application of the novel approaches I have highlighted here and 

in Chapter 2, we may yet identify a neurobiological cause. This should be an important 

goal for the growing field of animal welfare research, especially for laboratory animals 

(Walker et al., 2014). If found, this would not only be an important advancement in our 

fundamental understanding of SBs but would also raise ethical questions centered 

around possible pathology in tens of millions of captive zoo, farm, and laboratory 

animals. For them, we must leave no stone unturned. 

 

  

 

16 Many previous studies have measured perseveration, reversal learning, behavioural disinhibition, and 
behavioural inflexibility in stereotypic animals, suggesting that impairments here reflect abnormal brain 
function, but they never actually measure brain function (c.f. Dallaire et al., 2011; Garner et al., 2011, 
2003b, 2003a; Garner and Mason, 2002; Gross et al., 2012, 2010; Pomerantz et al., 2012; Tanimura et 
al., 2008; Whitehouse et al., 2018).  
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APPENDICES 

Appendix I 

Functional Anatomy of the Cortico - Basal Ganglia Circuitry 

Pathways Within the Basal Ganglia 

The ’classical/canonical‘ model of basal ganglia anatomy 

The striatum (STR) is the main input structure of the basal ganglia. It receives 

glutamatergic (excitatory) projections from nearly all regions of the cortex (Gerfen and 

Bolam, 2017; Wickens and Arbuthnott, 2010). It has dorsal and ventral regions. In some 

animals (e.g. primates, carnivores, ungulates) the dorsal striatum is structurally divided 

into the dorsomedial caudate (Cn) and dorsolateral putamen (Pt) by the internal 

capsule, while in other animals (e.g. rodents) there is no clear division between these 

two regions (Reiner, 2010a). The ventral striatum contains the nucleus accumbens 

(NAc). The dorsal striatum receives dopaminergic projections from the substantia nigra 

pars compacta (SNc: the nigrostriatal pathway) while the ventral striatum receives 

dopaminergic projections from the ventral tegmental area17 (VTA: the mesaccumbens 

pathway) (Gerfen & Bolam, 2017). Importantly, these dopaminergic projections regulate 

the activity of the striatal projection neurons (for details see the section on Dopamine). 

The striatum is mainly comprised of GABAergic medium spiny neurons (MSN: 

approximately 95% of the neuron population in the STR) which are the primary target of 

cortical input and the major projection neurons of the STR (Gerfen and Bolam, 2017; 

Oorschot, 2010; Plenz and Wickens, 2010). Cholinergic and GABAergic interneurons 

(i.e. neurons that do not project outside of the STR) make up the rest of the STR, 

synapsing on MSNs and modulating their activity (Goldberg and Wilson, 2010; Tepper 

 

17 The VTA also sends dopaminergic projections to the frontal cortex (the mesocortical pathway), 
amygdala and hippocampus (the mesolimbic pathway) (Gerfen and Bolam, 2017). Along with the striatal 
dopaminergic projections, these too will be important to consider when thinking about the hypotheses for 
environmentally induced SBs. 
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and Koós, 2010). Striatal cells are compartmentally organized (i.e. physical ‘borders’ of 

interneurons tightly interconnected with dendritic trees and axon collaterals restricted to 

these ‘compartments’: Gerfen, 1984; Walker et al., 1993; Kincaid and Wilson, 1996; 

Fujiyama et al., 2011) into interconnected striosome ‘patches’ (covering approximately 

15% of the volume of the striatum: Johnston et al., 1990) imbedded in an extra-

striosomal matrix (Gerfen, 1984; Graybiel, 1990; Herkenham and Pert, 1981).  

The striatal projection neurons relay to the basal ganglia output nuclei, the 

internal segment of the globus pallidus (GPi) and the substantia nigra pars reticulata 

(SNr) via two GABAergic (inhibitory) pathways: the striatonigral ‘direct pathway’ and the 

striatopallidal ‘indirect pathway’. These neurons are intermingled in roughly equal 

numbers throughout the striatum (Gerfen & Bolam, 2017), and can be identified by their 

unique expression of neuropeptides and dopamine receptor types: striatonigral neurons 

selectively express the neuropeptide dynorphin and D1-type dopamine receptors, while 

striatopallidal neurons selectively express the neuropeptide enkephalin and D2-type 

dopamine receptors (see also sections on Dopamine and Opioids). This reveals a slight 

predominance of striatonigral neurons in some striosome patches, and equal numbers 

of striatonigral and striatopallidal neurons in the matrix (Crittenden et al., 2011), but both 

striosome and matrix compartments project to the basal ganglia output nuclei (e.g. 

Gerfen and Scott Young, 1988; Fujiyama et al., 2011) 

Striatonigral neurons synapse directly on GPi/SNr neurons (some projecting to 

the GPi only, some to the SNr only, and some to both: Gerfen & Bolam, 2017) forming 

the direct pathway. Striatopallidal neurons project to the external segment of the globus 

pallidus (GPe) (Chang et al., 1981) and the GABAergic neurons in the GPe project to 

the subthalamic nucleus (STN), which provides glutamatergic input to the basal ganglia 

output nuclei completing the indirect pathway. The STN also receives glutamatergic 

cortical input, which forms the ‘hyperdirect pathway’ to the basal ganglia output nuclei. 

Each of these pathways are depicted in Figure I.0.1. The GPi/SNr send GABAergic 

output to various brain regions (e.g. midbrain regions, the hypothalamic system, and the 
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cerebellum: Gerfen & Bolam, 2017), but of main interest to stereotypic behaviour 

hypotheses are the glutamatergic cortical relay nuclei of the thalamus. 

 

Figure I.0.1: The ‘classical/canonical’ model of the basal ganglia circuitry based on the description in 
(Gerfen and Bolam, 2017). The relative location of each nucleus in this figure does not necessarily 
represent the precise anatomical location. From the top to bottom: The direct pathway consists of 
monosynaptic GABAergic projections from the striatum to the output nuclei (GPi/SNr). The indirect 
pathway is multisynaptic, consisting of GABAergic projections first from the STR to GPe then from the 
GPe to the STN, and finally glutamatergic projections from the STN to the output nuclei. The hyperdirect 
pathway is monosynaptic, with glutamatergic projections from the cortex (CTX) to the STN. Although not 
depicted here (for simplicity), the direct and indirect pathways also emerge from the ventral striatum/NAc. 
The output nuclei regulate thalamic (TH) activity, which sends glutamatergic projections back to the 
cortex. The ‘classical/canonical’ dopaminergic connections of the basal ganglia are also depicted. 

The basal ganglia pathways and behaviour selection 

The ‘classical/canonical’ model of basal ganglia connectivity described above has 

informed much of our current understanding of basal ganglia function. It is thought that 

the basal ganglia pathways provide the circuitry (i.e. the means) for the cortex to ‘select’ 

behaviours (Mink, 1996; Redgrave et al., 1999; Gurney et al., 2001a, 2001b). 

Essentially, complex cortical information is integrated and filtered (see Section on 

Corticostriatal regulation of behaviour selection for more detail on this 

integration/filtration process) through the basal ganglia pathways where potential 

behaviours can either be ‘activated’ or ‘suppressed’. The classic and widely accepted 

understanding is that activation of the direct and indirect pathways have opposing 

effects on behaviour selection: the direct pathway ‘activates’ behaviours, while the 
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indirect pathway ‘suppresses’ them (Albin, et al., 1989; Delong, 1990). To do this, the 

direct pathway inhibits the basal ganglia output nuclei, while the indirect pathway 

disinhibits the basal ganglia output nuclei18, which subsequently disinhibits and inhibits 

thalamo-cortical activity respectively (Bernal-Casas et al., 2017; Lee et al., 2016; 

Simonyan, 2019). Additionally, cortical activation of the hyperdirect pathway excites the 

output nuclei of the basal ganglia via the STN, which also increases inhibition on the 

thalamus, and is thought to serve as a ‘global stop signal’ that interrupts ongoing 

behaviour (Nambu et al., 2000; Nambu, et al., 2002; Aron & Poldrack, 2006). 

This model is supported by recent optogenetic experiments in which selective 

activation of striatopallidal neurons suppresses locomotion and selective activation of 

striatonigral neurons increases locomotion (Kravitz et al., 2010; Kravitz et al., 2012). 

Likewise, optogenetic stimulation of the direct pathway increases the likelihood that an 

instrumental behaviour will be ‘chosen’ and indirect pathway activation decreases the 

likelihood of ‘choosing’ that behaviour (Redgrave et al., 2010b). But both the direct and 

indirect pathways are activated during behaviour initiation (e.g. Cui et al., 2013; 

Oldenburg et al., 2015) suggesting that their opposing effects on thalamic (and 

ultimately cortical) activity allow for selection/activation of certain ‘chosen’ behaviours 

via the direct pathway while simultaneously suppressing competing/unwanted 

behaviours via the indirect pathway (Mink, 2003).  

  

 

18 Interestingly, optogenetic stimulation of direct and indirect pathway MSNs may result in both excitation 
and inhibition of basal ganglia output for each pathway (Freeze et al., 2013). Still, direct pathway 
stimulation produced movement initiation which correlates selectively with inhibited SNr neurons, while 
indirect pathway stimulation and motor suppression is selectively related to excited SNr neurons. Though 
the functions of the direct and indirect pathways are understood, the mechanisms behind them are more 
complex than we originally thought.  
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The ‘contemporary’ model of basal ganglia anatomy 

The ‘contemporary’ model of basal ganglia connectivity is more anatomically correct 

than the ‘classical/canonical’ model. Although this anatomy has not yet fully informed or 

modified our understanding of basal ganglia function, many authors are now bringing 

these historically ignored connections to light. Here I briefly outline some of the major 

modifications to the classical model. For more comprehensive reviews and discussion 

of our changing understanding of basal ganglia anatomy, function, and involvement in 

pathology, please see: (Calabresi et al., 2014; Eisinger et al., 2019, 2018; Macpherson 

and Hikida, 2019; Nelson and Kreitzer, 2014; Simonyan, 2019).  

The ‘contemporary’ model of the BG builds on and modifies the ‘classical’ model 

with the addition of some extra pathways (and complexity, depicted in Figure I.0.2). 

There are two ‘new’ major pathways: the ‘direct indirect pathway’ (so named by Wilson, 

2017) in which GPe axons (i.e. the same ones in the indirect pathway) project directly to 

the GPi and the ‘recursively indirect pathway’ which allows feedback from the STN to 

the GPe (e.g. Terman et al., 2002; Gittis et al., 2014) But, precisely how these newly-

recognised pathways affect thalamic inhibition/disinhibition and consequently behaviour 

selection, is still not fully understood/integrated into our ‘classical/canonical’ conception 

(Gerfen & Bolam, 2017). Additionally, our current understanding of the separate and 

opposing functions of the direct and indirect pathways is further complicated by the fact 

that they are not entirely independent. For one, bridging collaterals in the striatum, 

between striatopallidal and striatonigral neurons, may modulate the functional balance 

between the direct and indirect pathways (Calabresi et al., 2014). Furthermore, 

striatonigral neurons in the dorsal striatum pass through the GPe where they have axon 

collaterals (Gerfen & Bolam, 2017; Wilson, 2017). Thus, striatonigral neurons are not 

purely ‘direct pathway’ neurons. These collaterals mean there is potential for the direct 

pathway to modulate the indirect pathway at the level of the GPe as well. Likewise, in 

the ventral striatum, ‘direct pathway’ neurons project not only to the SNr, but also to the 
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ventral pallidum (VP)19, the sole target of ‘indirect pathway’ neurons (Kupchik et al., 

2015).  

The contemporary model also recognizes other intra-basal ganglia connections 

long known of but largely ignored (Wilson, 2017). Likely important for regulating the 

pathways’ activity are the various feedback pathways. GABAergic neurons in the GPe 

project back to the STR where they target GABAergic interneurons and MSNs (Gerfen 

and Bolam, 2017; Kita and Jaeger, 2017; Wilson, 2017). The midline and intralaminar 

nuclei of the thalamus and the STN also project back to the STR via glutamatergic 

afferents (Haber, 2017; Kita and Kitai, 1987; Mallet et al., 2012). The STN also sends 

glutamatergic projections to the SNc (Smith and Grace, 1992) putting the hyperdirect 

and indirect pathways in a potential position of control over nigrostriatal dopamine 

release. The striatum can also regulate its dopamine concentration through its 

reciprocal connections with the SNc and VTA (Haber, 2017). Furthermore, 

dopaminergic neurons in the SNc can enhance GABAergic output of the SNr, in what 

has been deemed an ‘ultra-short pathway’ (Zhou et al., 2009). In sum, regulation of 

behaviour selection by balancing the excitation and inhibition of the thalamic relay nuclei 

is likely much more complex than what the ‘classical/canonical’ model suggests. 

Furthermore, each ‘pathway’ through the basal ganglia nuclei is thought to function 

within each of the cortico-striato-thalamo-cortical circuits which regulate cognitive, 

emotional/motivational, and motor functions (as we see below). 

 

19 This has led some authors to suggest that the concepts of the ‘direct and indirect pathway’ can 
not/should not be applied to the ventral striatum. However, by the same notion, this argument could also 
be applied to the dorsal striatum. 
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Figure I.0.2: The contemporary model of the basal ganglia circuitry based on descriptions by: (Gerfen 
and Bolam, 2017; Wilson, 2017). Note the bridging collaterals between the striatonigral and striatopallidal 
neurons in the striatum, and the axon collaterals of the striatonigral neurons which bridge the direct 
pathway with the indirect pathway. Also, note the direct projections from the GPe to the GPi/SNr for the 
‘direct indirect pathway’ and the collaterals projecting to the STN, which projects back to the GPe forming 
the ‘recursively indirect pathway’. 

Cortico-Striatal-Thalamo-Cortical Circuits 

The basal ganglia are reciprocally connected to the frontal cortex through multiple 

cortico-striato-thalamo-cortical circuits (CSTC): the ‘sensorimotor’, 

‘cognitive/associative’ and ‘emotion/motivation/limbic’ circuits named for the functionally 

related, though anatomically distinct, cortical regions they originate from and return to 

(Alexander et al., 1986; Parent & Hazrati, 1995; Strick et al., 1995; Haber et al., 2000). 

The CSTC circuits are topographically organized20, maintaining their spatial relationship 

from the cortex as they travel to the STR and then (roughly in parallel) through the basal 

ganglia and to the thalamus (Groenewegen et al., 2017; Haber, 2017). This organization 

essentially creates different functional domains within the striatum and subsequent 

basal ganglia nuclei (e.g. the GP and STN also have sensorimotor, 

cognitive/associative, and emotion/motivation/limbic domains: Francois, 2004; Karachi 

 

20 The sensorimotor circuit is also somatopocially organized, with each body part having its own 
microcircuit. Thus, the sensorimotor circuit is sometimes further divided into a ‘skeletomotor’ circuit and 
‘oculomotor’ circuit. 
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et al., 2005; Winter et al., 2008). In addition to their topographic/functional organization, 

the CSTC circuits have extensive overlaps in projections that cross functional domains 

(Groenewegen et al., 2017; Haber, 2017). Here I will describe the general cortical, 

striatal and thalamic regions belonging to each functional circuit. I will focus our 

description on frontal projections to the functional domains of the striatum and bring 

attention to the areas of convergence in the rodent cortico-striatal system, as this is 

most relevant to the research conducted on environmentally induced SBs so far. For a 

precise description of these circuits including their segregation, overlap, and integration 

with thalamo-striatal projections in primates see (Haber, 2017). 

In both primates and rodents, the cortico-striatal system is organized in a 

ventromedial-to-dorsolateral topography along the rostrocaudal axis: the most ventral 

regions of the cortex project ventromedially while progressively more dorsal cortical 

regions project dorsolaterally (Voorn et al., 2004). The ventral striatum (i.e. NAc) 

receives limbic (including hippocampus and amygdala), prefrontal, and orbitofrontal 

projections; the dorsomedial striatum (DMS) (also caudate nucleus, with some overlap 

to the putamen, in species with structural separation: Künzle, 1975) receives input from 

prefrontal, orbitofrontal, and parietal and temporal association cortices; the dorsolateral 

striatum (DLS) (or putamen in species with structural separation: Künzle, 1975) receives 

motor and somatosensory projections (Gerfen & Bolam, 2017; Groenewegen et al., 

2017; Haber, 2017). Accordingly, these striatal regions (and their subsequent basal 

ganglia regions) are simply referred to as the ‘emotion/motivation/limbic’, 

‘cognitive/associative’ and ‘sensorimotor’ functional domains respectively. The cortico-

striatal afferents have dense ‘focal’ projections, highly targeted to a specific striatal 

domain, and extended ‘diffuse’ projections that occupy a large proportion of striatal 

volume and reach beyond the focal domain overlapping with projections from other 

areas (Haber et al., 2006; Calzavara et al., 2007; Wickens & Arbuthnott, 2010; Mailly et 

al., 2013). The topography of projections from the STR through the basal ganglia are 

maintained as they travel to the thalamo-cortical relay nuclei: the mediodorsal (MD), 

ventral anterior (VA) and MD, and ventrolateral (VL) nuclei of the thalamus for the 

emotional/motivational/limbic, cognitive/associative, and sensorimotor, circuits 
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respectively (Gerfen & Bolam, 2017; Haber, 2017) (see Figure I.0.3). This 

topographic/functional organization appears to follow the same general pattern in 

rodents and primates, though the cortical regions of origin (and return) are slightly 

different in rodents because they have a smaller less complex cortex (Gerfen & Bolam, 

2017).  

In rodents, the medial portion of the NAc (or VMS) receives dense focal 

projections from the infralimbic (IL) and prelimbic (PrL) cortices, and more diffuse 

projections from the dorsal anterior cingulate cortex (dACC), and medial orbital (MO) 

and ventral orbital (VO) cortices (Mailly et al., 2013). The dorsolateral orbital (DLO) 

cortex, the dACC, and the PrL densely project to the lateral portion of the NAc (or VLS) 

which also receives diffuse projections from the MO and VO cortices (Mailly et al., 

2013). The DMS receives dense input from the ventrolateral orbital cortex (VLO), the 

ventral anterior cingulate cortex (vACC), PrL, MO, and VO cortices with a mix of diffuse 

and focal projections (which are more centralized in the dorsal STR) from the dACC 

(Mailly et al., 2013). Lastly, the DLS primarily receives projections from the motor 

cortices (primary: M1, secondary: M2) (Mailly et al., 2013).  See Figure I.0.3 for the 

circuits described above. For a precise description of these circuits see Mailly et al., 

(2013)21 (Norway rat [Rattus norvegicus]). Cortico-striatal mapping in mice (Mus 

musculus) demonstrate similarities to rat topography (Pan et al., 2010; Wall et al., 2013; 

Ullmann et al., 2014; Guo et al., 2015; Hintiryan et al., 2016; Hunnicutt et al., 2016). 

 

21 Why didn’t I just use a mouse paper? Because the mouse papers are incredibly complex and difficult to 
understand. Mailly and colleagues (2013) provide a simple description of the prefrontal-striatal 
connections and their patterns of segregation and overlap with clear 2D and 3D diagrams.  
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Figure I.0.3: The cortico-striatal-thalamo-cortical circuits in rodents, based on the description by: 
(Groenewegen et al., 2017; Haber, 2017). Solid arrows from prefrontal regions indicate focal projections, 
while dashed arrows indicate diffuse projections. For a precise anatomical depiction of the prefrontal 
projections to the striatum see Mailly et al., (2013).  

As illustrated above, there is some degree of overlap in both focal and diffuse 

projections crossing functional domains (Groenewegen et al., 2017; Haber, 2017). This 

overlap allows for the convergence of inputs, and integration of motor, cognitive, and 

emotional/motivational information from cortical, limbic and thalamic inputs 

(Groenewegen et al., 2017; Haber, 2017). Striatal areas of overlap are mostly made up 

of projections from adjacent, interconnected cortical areas that exchange cortico-cortical 

information and likely send ‘mixed’ signals to the striatum and STN (Calzavara et al., 

2007; Haber & Calzavara, 2009; Mailly et al., 2013). Additionally, thalamic relay neurons 

also target cortical regions other than the source of input for a specific functional circuit, 

this also provides a cross-flow of information between cortical regions (Haber et al., 

2000). Thus, while the basal ganglia maintain the specific functional aspects of each 

circuit through the largely parallel organization, organizational overlap also allows for 

cross-talk and integration between the CSTC circuits (Gerfen & Bolam, 2017; Haber, 

2017). 
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Anatomy of Cortico-Striatal Projections 

Cortico-striatal input comes mainly from layer V (but also layer III and VI: (Wickens and 

Arbuthnott, 2010) pyramidal glutamatergic neurons in nearly all areas of the neocortex 

(Gerfen and Bolam, 2017). Though GABAergic projections from the auditory and motor 

cortices have also been identified (Rock et al., 2016). There are two main types of 

cortico-striatal projection neurons: 1) intratelencephalic (IT) which have axon collaterals 

within the STR and cortex (Reiner, 2010b; Wickens and Arbuthnott, 2010) and, 2) 

corticofugal (i.e. projecting to the brainstem or spinal cord) pyramidal tract (PT) neurons 

located mainly in frontal cortex from which a striatal projection collateral arises from the 

descending axon (Wickens and Arbuthnott, 2010). PT neurons also project to STR, 

thalamus, STN, GPi/SNr, as different populations of neurons projecting to different 

regions, and as individual neurons providing the same information to multiple regions 

(Gerfen and Bolam, 2017; Kita and Kita, 2012; Reiner, 2010b). All corticostriatal 

neurons have collaterals in other brain regions, none project exclusively from the cortex 

to the striatum (Wickens and Arbuthnott, 2010).  

While individual MSNs receive projections from both IT and PT type neurons 

(Wickens and Arbuthnott, 2010) (similarly, both the striosome and matrix receive both 

IT- and PT- type projections: Gerfen and Bolam, 2017) it is unclear whether striatonigral 

and striatopallidal neurons receive projections from both types equally (e.g. Kress et al., 

2013), or whether they are differentially targeted (e.g. Lei et al., 2004). Likewise, while 

cortical afferents to a single MSN arise from both functionally related and functionally 

different cortical areas (Cowan and Wilson, 1994; Ramanathan et al., 2002) it has also 

been suggested that striatonigral and striatopallidal MSNs are specifically targeted by 

different functional areas (e.g. limbic areas preferentially targeting striatonigral neurons, 

motor areas preferentially targeting striatopallidal neurons) (Wall et al., 2013). Thus, 

precisely how the cortex controls direct and indirect pathway activity (whether through 

one channel or multiple channels) remains to be determined. 
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Corticostriatal regulation of behaviour selection 

So how do the CSTC circuits affect direct and indirect pathway activation and behaviour 

selection? Behaviour selection is thought to depend on striatal integration of 

sensorimotor, cognitive/associative and emotional/motivational information. For 

instance, the emotion/motivation/limbic ventral striatum and the cognitive/associative 

DMS affect sensorimotor information in the DLS through convergent terminal fields in a 

ventral-to-dorsal striatal organization (Haber, 2017): emotions and motivations 

determine the goal and drive the behaviour, cognition and associative information are 

used for planning the appropriate strategy to obtain that goal, and sensorimotor 

processing prepares and executes the correct movements (Haber, 2003). This ventral-

to-dorsal integration of striatal information is thought to be supported by an upward 

‘spiraling’ striato-nigro-striatal dopamine pathway (Haber et al., 2000). There is also a  

striosomal limbic network (the striosome receives mainly limbic projections: Jimenez-

Castellanos and Graybiel, 1987; Gerfen, 1989; Eblen and Graybiel, 1995; Kincaid and 

Wilson, 1996) embedded in the cognitive/associative and sensorimotor domains of the 

striatum (Graybiel, 2008). This network contains the only striatal neurons with direct 

projections to the SNc (e.g. Gerfen, 1984; Fujiyama et al., 2011). Both of these ventral/ 

limbic originating striatal dopamine pathways are thus in prime position to modulate 

direct and indirect pathway activity (see section on Dopamine) of the dorsal/motor 

striatum (Crittenden et al., 2011), ultimately influencing behaviour selection. Thus, the 

cortico-basal ganglia circuits are thought to guide behaviour selection through both 

parallel and integrative processing of emotional cognitive, and sensorimotor information, 

all influencing a common output pathway (e.g. Redgrave et al., 1999).  

Although it is still largely unknown precisely how cortico-striatal inputs regulate 

behaviour selection via activation of the direct and indirect pathways, some hypotheses 

have been put forward. For one, striatal MSNs are thought to require convergent 

stimulation from multiple cortical inputs that carry information about the external 

environment, reward prediction, and planned behaviours to activate (Reiner, 2010b). 

This is because thousands of excitatory glutamatergic cortical inputs converge (primarily 
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on the dendritic spines) on a single striatal MSN (Reiner, 2010b; Gerfen and Bolam, 

2017). Few inputs come from a single cortical projection neuron, instead, inputs come 

from many different cortical neurons from functionally related and functionally different 

cortical areas (Cowan and Wilson, 1994; Ramanathan et al., 2002). Accordingly, 

postsynaptic activation of striatal MSNs, which have low membrane excitability, is 

dependent on convergent cortical input resulting in the temporal summation of 

excitatory postsynaptic potentials (Wilson, 1995). Striatonigral neurons in particular, 

which are less excitable than striatopallidal neurons (Feltz and Albe-Fessard, 1972) 

may require substantial cortical input to overcome their threshold for activation. This is 

thought to serve yet another integrative process, such that only the most appropriate 

behaviours (given the current motivational state and learned association between 

external stimuli, behaviour, and reward) are activated in the striatum (Reiner, 2010b). 

But how are ‘behaviours’ represented in the striatum? 

In addition to the above hypothesis, only certain combinations of cortical inputs 

are thought to be able to excite striatal MSNs (Wickens & Arbuthnott, 2010) and the 

pattern of this convergent activation ‘encodes’ the type of cortical information being 

transmitted (Gerfen and Bolam, 2017). Essentially, because the set of inputs to each 

MSN is unique, with no two MSN sharing the same cortical inputs (Gerfen & Bolam, 

2017), striatal MSNs are thought to ‘encode’ specific patterns of cortical activity and 

whether an MSN is excited depends on the activity of its specific cortical connections 

(i.e. the set of inputs that fire one MSN could not activate another) (Wickens and 

Arbuthnott, 2010; Wilson, 2000). According to this model (the ‘combinatorial selection 

model’) striatal MSNs must be activated in groups, such that different ensembles of 

MSNs ‘encode’ a different situation and/or behaviour so that the output/behaviour can 

be selected based on the combination of MSNs that are activated together (Wickens & 

Arbuthnott, 2010). Then, changing the strength of input to certain MSNs within an 

ensemble (e.g. by various plasticity mechanisms like long-term potentiation [LTP], long-

term depression [LTD] dendritic arborization, gene expression, receptor trafficking etc.), 

assuming a single MSN is part of multiple ‘ensembles’, should allow a different 

ensemble to be selected. Such changes have been hypothesized to serve a ‘filtering’ 
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effect in the behaviour selection process, such that only the strongest striatal inputs are 

relayed to the GPe and Gpi/SNr while weaker signals are ‘filtered out’ (e.g. Bamford et 

al., 2004). 

Important Neurochemicals in the Basal Ganglia 

Dopamine 

Striatal dopamine (DA) serves a neuromodulatory role, having both excitatory and 

inhibitory effects depending on the type of dopamine receptor it binds to. Striatonigral 

MSNs selectively express D1 type dopamine receptors (D1DR) at high levels (Gerfen et 

al., 1990; Surmeier et al., 1996), which are coupled to stimulatory G-proteins and 

increase MSN excitability22 (Keefe and Horner, 2010; Plenz and Wickens, 2017; 

Surmeier et al., 2010). Striatopallidal MSNs selectively express D2 type dopamine 

receptors (D2DRs) (Gerfen et al., 1990; Surmeier et al., 1996) which are coupled to 

inhibitory G-proteins and decrease MSN excitability23 (Keefe & Horner, 2010; Surmeier 

et al., 2010; Plenz & Wickens, 2017). Accordingly, the classical/canonical model of 

basal ganglia function predicts that D1DR activation increases output of the direct 

pathway (thus increasing behavioural activation) and D2D2 activation decreases output 

of the indirect pathway (thus increasing behavioural activation) (Albin et al.,1989; 

Delong, 1990).  

However, the actual effects of dopamine on activity of the basal ganglia 

pathways/nuclei are not that straight forward, including changes in neuronal activity that 

are not predicted by the classical/canonical model (Walters and Bergstrom, 2010). First, 

 

22 Dopamine binding at these receptors effects the conductance and trafficking of various ion channels 
(Plenz and Wickens, 2017), increases the expression of various genes (Keefe and Horner, 2010) and 
increases surface expression of AMPA and NMDA receptors (e.g. Snyder et al., 2000; Hallett et al., 
2006). 
23 Dopamine binding here effects the conductance and trafficking of various ion channels (Plenz and 
Wickens, 2017), decreases the expression of various genes (Keefe and Horner, 2010), decreases AMPA-
R induced post-synaptic currents (Surmeier et al., 2010) and reduces cortico-striatal glutamate release 
(whether by pre-synaptic and/or post-synaptic activation is yet unknown: Bamford et al., 2004; Yin and 
Lovinger, 2006). 
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independent activation of D2DRs only produces a small increase in GPe activity (i.e. 

disinhibition for the indirect pathway); instead, D1DR and D2DR co-activation is 

required to increase GPe activity (Walters & Bergstrom, 2010). Likewise, co-activation 

of D1DRs and D2DRs increases Fos expression (an immediate early gene commonly 

used as a marker for neuronal activity) in striatonigral neurons more than independent 

activation of D1DRs (Keefe & Horner, 2010). Second, co-activation of D1DRs and 

D2DRs produces a mix of increased, decreased, and no change in SNr activity as 

opposed to the predicted decrease in activity (Walters & Bergstrom, 2010). Finally, 

D2DR agonists do not affect STN activity, though they should increase it according to 

the classical/canonical model; instead, D1DR agonists increase STN activity (Walters & 

Bergstrom, 2010). Thus, the effects of dopamine on the basal ganglia pathways are not 

completely understood. 

Dopamine is critical for many of the functions performed by the CSTC circuits, 

including behavioural selection/activation and switching (e.g. Redgrave et al., 1999), 

reward learning (e.g. Schultz, 1998) and the acquisition of new behavioural responses 

(e.g. Redgrave & Gurney, 2006). Dopamine exerts its modulatory role through its effects 

on neuroplasticity, paralleling its short-term effects on MSN excitability (Surmeier et al., 

2010). Importantly, striatal dopamine plays a major modulatory role in corticostriatal 

plasticity, influencing the direction of change in synaptic strength (i.e. potentiation or 

depression). During peak dopamine signaling, the co-occurrence of pre (cortical)- and 

post (striatal)- synaptic excitatory potentials cause LTP in D1DR expressing striatonigral 

(direct) neurons and LTD in D2DR expressing striatopallidal (indirect) neurons (Reiner, 

2010b; Shen et al., 2008; Surmeier et al., 2010; Wickens and Arbuthnott, 2010). This 

improves the efficacy of corticostriatal projections to activate the direct pathway and 

reduces their efficacy to activate the indirect pathway. While during low levels of 

dopamine, the opposite effect takes place: LTD occurs in striatonigral neurons and LTP 

occurs in striatopallidal neurons, making activation of the direct pathway more difficult 

and activation of the indirect pathway easier (Shen et al., 2008; Reiner, 2010b; Wickens 

& Arbuthnott, 2010). This effect of phasic dopamine release is thought to serve an 

important integrative function during information convergence of sensory, contextual 
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and motor information in STR (Redgrave et al., 2010; cf. section on corticostriatal 

regulation of behaviour selection) by adjusting the relative sensitivities of MSNs. 

Essentially, these changes are thought to ‘bias’ the behaviour selection system so that 

certain behaviours are more likely to be repeated than others (Redgrave et al., 2010; 

Surmeier et al., 2010). 

Adenosine 

The effects of striatal dopamine are further modulated by striatal adenosine. 

Striatopallidal neurons specifically express A2A adenosine receptors (striatonigral 

neurons have negligible levels of A2A: Schiffmann et al., 1991), particularly on dendritic 

spines at asymmetric synapses where they modulate excitatory input: Morelli et al., 

2010). A2A adenosine receptors activate Gs/Golf (stimulatory) proteins and antagonize 

the effects of D2DR stimulation (through opposite effects on the AC → cAMP → PKA 

cascade: Schulte and Fredholm, 2003) thus increasing neuron excitability24. A1 

adenosine receptors (coupled to Gi/Golf [inhibitory] G-proteins) are located post-

synaptically in both striatonigral and striatopallidal neurons where they reduce neuronal 

response to glutamatergic and dopaminergic inputs (Morelli et al., 2010). They are also 

located in the nerve terminals (i.e. pre-synaptically) in striatal dopaminergic nerve 

terminals where they directly inhibit dopamine release in the striatum (Borycz et al., 

2007). A1 and A2A receptor heteromeres on corticostriatal nerve terminals (Hillion et al., 

2002) modulate glutamate release. When adenosine concentrations are low, and 

primarily A1 receptors are stimulated, glutamate release is decreased; when adenosine 

concentrations are high and A2A receptors are also stimulated, glutamate release is 

increased. Ultimately, the effect of dopamine on the direct and indirect pathway is 

dependent on adenosine. 

 

24 Striatopallidal neurons can also express LTP during peak dopamine signaling when A2A receptors are 
also activated (Reiner, 2010b; Shen et al., 2008; Surmeier et al., 2010; Wickens and Arbuthnott, 2010). 
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Opioids 

Endogenous opioids (neuropeptides) act as neuromodulators in the basal ganglia. 

Striatonigral neurons which give rise to the direct pathway produce the opioid-peptide 

substance P and dynorphins (Vincent et al., 1982; Gerfen et al., 1988; Gerfen & Bolam, 

2017) and the striatopallidal neurons which begin the indirect pathway produce 

enkephalins and neurotensin (Voorn et al., 1999). All opioid receptors (κ-opioid 

receptors [KOR], µ-opioid receptors [MOR] and δ-opioid receptors [DOR]) are coupled 

to Gi or Go (inhibitory G-proteins) and inhibit the AC → cAMP → PKA intracellular 

signaling cascade (Emson et al., 2010). Dynorphins bind primarily KORs, but they also 

bind to MORs and DORs with less affinity (Le Merrer et al., 2009). Enkephalins primarily 

bind to DORs and bind with less affinity to MORs (β-endorphin binds with the greatest 

affinity to MORs) and do not bind at all to KORs (Le Merrer et al., 2009). All opioid 

receptors are widely expressed throughout the brain, but with elevated levels in the 

cortex, limbic system, and brain stem. Notably, within the basal ganglia, DORs and 

MORs are most abundant in the STR and found on both striatopallidal and striatonigral 

neurons (Emson et al., 2010). So how do the neuropeptides and their receptors 

modulate basal ganglia function and pathway activity? Here I will summarize what is 

known about the effects of dynorphins on kappa-opioid receptors and enkephalins on 

mu, and delta-opioid receptors. 

Endogenous opioids are thought to serve a neuroadaptive response maintaining 

‘system equilibrium’ of the direct and indirect pathways through modulation of the 

dopamine system (Steiner, 2010). For instance, chronic administration of dopamine 

agonists like cocaine, amphetamine and L-DOPA greatly increase the expression of 

dynorphin and substance P in striatonigral neurons, while enkephalin in striatopallidal 

neurons is greatly increased by chronic administration of D2DR antagonists and 

dopamine depletion (for review see Steiner & Gerfen, 1998). Thus, increased dynorphin 

transmission is thought to result from chronic overactivation of striatonigral neurons 

caused by D1DR stimulation and increased enkephalin transmission is thought to result 

from chronic overactivation of striatopallidal neurons caused by decreased D2DR 
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mediated inhibition (Steiner & Gerfen, 1998). Essentially, the endogenous opioid system 

in the basal ganglia is thought to act as a counterbalance to the dopamine system, 

maintaining relative pathway activity through negative feedback when the dopamine 

system goes awry (Keefe & Horner, 2010; Steiner, 2010). Accordingly, an imbalance 

between the direct and indirect pathway activity is reflected by altered striatal 

neuropeptide content (e.g. elevated enkephalin in Parkinson’s disease: Gerfen et al., 

1990) 

Dynorphin release by striatonigral neurons, acting on KORs, can inhibit 

dopamine (e.g. Di Chiara & Imperato, 1988) and glutamate (e.g. Gray et al., 1999) 

release in the striatum. Striatal dynorphin release can inhibit dopamine release by 

stimulating presynaptic KORs on dopamine nerve terminals (e.g. Mulder et al., 1984). 

Alternatively, dynorphin released in the SNc activates KORs on dopaminergic dendrites 

and cell bodies (e.g. Reid et al., 1988). Likewise, dynorphin can inhibit glutamate 

release by activation of KORs on corticostriatal nerve terminals (e.g. Gray et al., 1999). 

Additionally, dynorphin can reduce striatonigral response to dopamine through kappa-

opioid auto-receptors that inhibit the post-synaptic effects of D1DR activation (e.g. 

Steiner & Gerfen, 1996). Thus, dynorphin acts as a negative feedback mechanism 

when striatonigral activity is elevated, working to reduce further activation caused by 

elevated dopamine and restore normal activity of the direct pathway. 

Enkephalin serves a similar negative feedback mechanism, inhibiting 

striatopallidal activity when the indirect pathway is over-active. Activation of MORs and 

DORs in the striatum inhibits glutamate-induced immediate early gene expression, and 

D2DR antagonist (simulating loss of dopamine activity) induced gene expression (e.g. 

Steiner & Gerfen, 1999) whereas activation of DORs and MORs in the SNc increases 

dopamine release by hyperpolarizing GABAergic interneurons, thus reducing their 

inhibitory influence on dopaminergic neurons (e.g. Kalivas & Stewart, 1991; Schad et 

al., 1996). Additionally, enkephalin can inhibit corticostriatal glutamate release by 

increasing acetylcholine release in striatal interneurons (e.g. Mulder et al., 1984; Rawls 

& McGinty, 2000)) and inhibit GABA release from striatopallidal terminals by acting on 
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auto-receptors (e.g. Maneuf et al., 1994). Thus, all these actions of enkephalin may help 

decrease indirect pathway activity, providing a compensatory mechanism for diminished 

dopaminergic activity. 

Take away message 

The current hypotheses for the neurobiological basis of environmentally induced 

stereotypic behaviours (The ‘Pathways’ and ’Cortico-Striatal-Thalamo-Cortical [CSTC] 

Circuits Hypotheses described in the next section) are largely based on the classical 

understanding of how the cortico-basal ganglia system works to select behaviours. As I 

have shown here, the anatomy and function of this system is complex and not fully 

understood. These functional/structural complexities have yet to be integrated (or 

replace) into our existing hypotheses on the neurobiology of stereotypic behaviours. As 

we fail to find evidence supporting these hypotheses (reviewed in Chapter 2) such an 

update may be a necessary next step.  
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Appendix II 

How ΔFosB and CO activity are thought to reflect neuronal 

activity 

ΔFosB/FosB is not a reliable indicator of long-term neuronal activity 

ΔFosB is a transcription factor (a protein that binds to a specific target gene to 

either increase or decrease its rate of transcription) belonging to the fos-family of IEGs. 

Unlike other fos-family proteins, ΔFosB is stable (by lack of a degron domain resulting in 

a 2-week long half-life: Carle et al., 2007) and resistant to desensitization (the process 

wherein induction is dramatically reduced or blocked with repeated stimulation: Nestler 

et al., 1999). This means that ΔFosB accumulates to higher quantities over time when 

neurons are chronically stimulated by electrical, pharmacological and physiological 

signals (Nestler et al., 1999). Thus, ΔFosB (co-labelled with its isoform FosB in 

immunohistochemistry) may be considered a marker of long-term sustained neuronal 

stimulation (McClung et al., 2004), but it is not necessarily a reliable marker of neuronal 

activity. 

ΔFosB/FosB expression is not a reliable marker/measure of neuronal activity (i.e. 

cellular depolarization) for a few reasons. First, ΔFosB is expressed in a region specific, 

cell specific manner in response to many different changes (i.e. perturbations from 

baseline) in extracellular signals and/or intracellular-signalling cascades (c.f. Kovács, 

2008). Thus, ΔFosB/FosB expression does not provide a uniform brain-wide ‘baseline’ 

measure of neuronal activity and correspondingly, the lack of ΔFosB/FosB is not 

particularly informative. Indeed ΔFosB is typically present at only low levels (< 100 

cells/mm2) in most brain regions (Vialou et al., 2015, 2014), with some regions having 

undetectable baseline levels of ΔFosB/FosB; yet this does not mean that these brain 

regions are completely dormant, nor does it necessarily mean such regions are less 

active than they normally are. Thus, theoretically (N.B. see problems described below) 
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ΔFosB/FosB expression only reflects changes from baseline: it is not an indicator of 

brain-wide basal activity rates. 

 This brings me to my second argument: ΔFosB/FosB mostly indexes changes in 

excitatory stimuli (c.f. Kovács, 2008), but not necessarily cellular depolarization per se 

(c.f. Hoffman and Lyo, 2002). Quantification of ΔFosB/FosB expression (and other fos-

family proteins) is unidirectional: it can not be used to reliably measure increases in 

inhibition (causing decreased neuronal activity) nor release from chronic inhibition 

(causing increased neuronal activity) (Kovács, 2008). This may be because, like other 

fos-family genes (e.g. Berretta et al., 1992), ΔFosB expression appears to be 

upregulated by phosphorylated CREB (cyclic-AMP response element binding protein) 

(Nestler, 2015). The intracellular signalling cascades that lead to phosphorylated CREB 

(e.g. the Ca2+/Calmodulin-dependent protein kinase [CaMKII] and protein kinase A 

[PKA] cascades: Carlezon et al., 2005) are typically triggered by events associated with 

neuronal excitation (e.g. influx of Ca2+ ions, glutamate binding at NMDA receptors, 

dopamine binding at stimulatory G-protein coupled receptors: Carlezon et al., 2005), not 

inhibition (see Figure II.0.1). Indeed, while the exact intracellular signals that induce 

ΔFosB are still being elucidated (for discussion see Nestler, 2015) it is also important to 

note that extra/intracellular changes which induce fos-family proteins are not always 

caused by cellular depolarization (e.g. growth factors and mitogens can do this too; for 

discussion see Hoffman and Lyo, 2002). Thus, ΔFosB/FosB expression may only reflect 

changes in excitatory stimulation. 

  



 

 

146 

 

Figure II.0.1: Extracellular events and intracellular signalling pathways that lead to the phosphorylation of 
CREB and hypothesised upregulation of ΔFosB. Calcium ions that pass through the voltage-dependent 
calcium channel (Cav1.2) and glutamate that binds to NMDA receptors activate the CaM (calmodulin) → 
CaMKII (Ca2+/Calmodulin-dependent protein kinase) pathway leading to phosphorylation of CREB. 
Dopamine binding at stimulatory G-protein coupled receptors (DRD1 & DRD5) activate the adenylyl 
cyclase (AC) → cyclic adenosine monophosphate (cAMP) → protein kinase A (PKA) pathway which 
phosphorylates CREB. Dopamine binding at inhibitory G-protein coupled receptors (DRD2, DRD3, DRD4) 
inhibits this pathway and thus does not lead to the phosphorylation of CREB. An exception to this has 
been reported however: CREB can also be phosphorylated when inhibitory G-protein coupled dopamine 
receptors are activated, though this is thought to result from co-activation of another intracellular 
signalling pathway (Carlezon et al., 2005). Figure by Joseph Mickel, retrieved from Wikipedia (03/23/20) 
(https://en.wikipedia.org/wiki/Template:Psychostimulant_addiction#Image)  

https://en.wikipedia.org/wiki/Template:Psychostimulant_addiction#Image
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Lastly, being a transcription factor, ΔFosB may (indirectly) exert its own effects 

on neuronal activity by upregulating or downregulating the expression of target genes in 

different brain regions and neuron populations/types. Thus, ΔFosB/FosB levels may not 

accurately reflect the most recent state of activity in the expressing cell. This is 

especially problematic when ΔFosB accumulation causes reduced neuronal 

responsiveness/activity. For example, ΔFosB may reduce neuronal responsiveness to 

electrophysiological stimulation and duration of motor seizures (Hiroi et al., 1998), and 

decrease activity of mPFC-NAc projection neurons in response to chronic stress (Vialou 

et al., 2014), by upregulating expression of GluR2 subunit on the AMPA receptor which 

ultimately decreases neuronal sensitivity to glutamate (Kelz et al., 1999). Thus, while 

chronic stimulation is needed to induce high levels of accumulated ΔFosB, indicating 

(supposedly) that this cell/brain region was once highly activated, this may not always 

be the case; and this complicates interpretations about brain region and activity 

involvement in the behaviour of interest.  

In sum, there are many ways that ΔFosB/FosB expression may be uncoupled 

from neuronal activity, making it difficult to use it to accurately test hypotheses about 

how regional/neuronal activity contributes to a behaviour of interest. Together, these 

issues potentially lead to both false negatives and false positives when making 

conclusions about neuronal activity (c.f. Labiner et al., 1993). Thus, ΔFosB/FosB 

expression cannot be used to test my hypotheses because I need a brain-wide marker 

that reflects both increases and decreases in neuronal activity caused by both excitatory 

and inhibitory input that can be accurately interpreted. 

Cytochrome Oxidase is a reliable indicator of long-term neuronal activity 

Cytochrome oxidase is the terminal transmembrane protein in the mitochondrial 

electron transport chain responsible for oxidative phosphorylation, the primary metabolic 

pathway used by the brain (Erecińska and Silver, 1989). CO catalyzes the transfer of 

electrons from oxygen to generate ATP, making it the rate-limiting enzyme for ATP 

synthesis (Wong-Riley, 1989). Thus, CO activity is thought to reflect long-term 

(baseline) neuronal activity because CO activity determines how much ATP is available 
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in a neuron25. As neuronal activity increases, energy demand increases and CO activity 

(which is regulated by, and tightly correlated with, CO amount: Hevner and Wong-Riley, 

1989, 1990) must be upregulated accordingly (Krnjevic, 1975; Lowry, 1975). Neuronal 

energy demand is most tightly coupled to the Na+/K+ pump (which maintains resting 

membrane potential), as this is the greatest consumer of ATP in neurons (Lowry, 1975; 

Sokoloff, 1974). Thus, CO activity is greatly regulated by excitatory (depolarizing) post-

synaptic potentials occurring at distal dendrites, while also reflecting the occurrence of 

action potentials (which are less energy-demanding) and inhibitory (hyperpolarizing) 

post-synaptic potentials (which are less energy-demanding since repolarization after 

hyperpolarization is partially passive) (Wong-Riley et al., 1997). This is the basic theory 

behind the coupling of CO activity and neuronal activity (see Figure II.0.2)  

 

Figure II.0.2: Schematic of the relationship between cytochrome oxidase activity and neuronal activity. 
Figure modified from (Wong-Riley, 1989). 

  

 

25 Cytochrome oxidase is less dense in glial cells (Taskinalp et al., 2000) and glia contribute minimally to 
overall CO activity (Wong-Riley, 1989). Thus, CO activity is thought to reflect neuronal activity specifically. 
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CO has proven to be a reliable marker of neuronal activity both by correlational 

research and experimental manipulation. First, CO activity has been shown to correlate 

with neuronal activity under normal conditions: CO dense brain areas correspond to 

brain regions that are tonically active, maintaining a high level of energy demand (e.g. 

Livingstone and Hubel, 1984; DeYoe et al., 1995; Taskinalp et al., 2000). These regions 

also have high Na+K+ATPase activity, which is correlated with CO activity (Hevner et al., 

1992). Accordingly, some brain regions have higher basal CO activity than others under 

normal conditions. Grey matter has much more CO activity than white matter, for 

example, and certain regions of grey matter (e.g. basal ganglia, thalamic, brain stem 

and spinal cord nuclei, synapse-rich layers of the cortex) have higher CO activity 

relative to other gray matter regions (for brain-wide patterns of CO activity see Nobrega 

et al., 1993; Hevner et al., 1995). Thus, all brain regions have some level of CO activity, 

though brain-wide levels are heterogeneous. Second, the coupling of CO 

amount/activity with sustained spiking activity (i.e. frequency of action potentials) has 

been confirmed with both single-unit and multi-unit recording of neuronal firing rates 

(e.g. Livingstone and Hubel, 1984; DeYoe et al., 1995). As expected, neurons that 

receive primarily GABA (inhibitory) input have lower CO activity, and those that receive 

primarily glutamatergic (excitatory) input have higher CO activity (Wong-Riley et al., 

1998a, 1998b) which is also reflected by CO amount (Nie and Wong-Riley, 1996a, 

1996b). Thus, local/regional CO amount/activity reflects the ratio of excitatory to 

inhibitory inputs. Finally, this has all been further substantiated with experimental 

manipulations showing that CO amount/activity is regulated by neuronal activity. This 

has been shown in response to sensory deprivation (e.g. whisker removal in mice: 

Wong-Riley and Welt, 1980; cochlear removal in cats [Felis catus]: Wong-Riley et al., 

1981; olfactory bulbectomy in rabbits [Oryctolagus cuniculus]: Onoda and Imamura, 

1984; eye removal in capuchin monkeys [Cebus apella]: Hess and Edwards, 1987) 

electrical stimulation (e.g. Wong-Riley et al., 1981) and removal of excitatory and 

inhibitory input with tetrodotoxin (e.g. Wong-Riley et al., 1978, 1998b; Hevner et al., 

1992; DeYoe et al., 1995; Nie and Wong-Riley, 1996b). Thus, CO activity consistently 
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and accurately reflects neuronal activity under normal conditions and experimental 

manipulations. 

 In sum, CO activity and ΔFosB/FosB expression would likely produce very 

different patterns of results, which I predict in Table II.0.1.  

Table II.0.1: Predictions for neuronal activity (and their upstream causes) made by the three Pathways 
hypotheses behaviours (hyperactive direct pathway, hypoactive indirect pathway, hypoactive hyperdirect 
pathway: see Chapter 1), and the sensitivity of ΔFosB and CO to detect them.  

(?) indicates that ΔFosB may or may not be able to reflect this change. 

Hypothesis: Hyperactive Direct Pathway 

Prediction ↑striatonigral 
activity 

No change GPe 
activity 

No change STN 
activity 

↓GPi/SNr activity 

Upstream cause ↑ excitation N/A N/A ↑ inhibition 

Detectable via? ΔFosB & CO N/A N/A CO 

 

Hypothesis: Hypoactive Indirect Pathway 

Prediction ↓striatopallidal 
activity 

↑GPe activity ↓STN activity ↓GPi/SNr activity 

Upstream cause ↓ excitation ↓inhibition ↑ inhibition ↓ excitation 

Detectable via? ΔFosB(?) CO CO CO ΔFosB(?) CO 

 

Hypothesis: Hypoactive Hyperdirect Pathway 

Prediction ↓Cortical activity No change GPe 
activity 

↓STN activity ↓GPi/SNr activity 

Upstream cause ? N/A ↓ excitation ↓ excitation 

Detectable via? ΔFosB(?) CO N/A ΔFosB(?) CO ΔFosB(?) CO 
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