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Background: Irritable and impulsive behaviour are common in Huntington’s disease (HD: an autosomal dominant disorder causing degeneration in cortico-striatal networks). However, the cognitive mechanisms underlying these symptoms remain unclear, and previous research has not determined if common mechanisms underpin both symptoms. Here we used established and novel tasks to probe different aspects of irritable and impulsive behaviour to determine the neural mechanisms involved.

Methods: We recruited a cohort of 53 gene positive HD participants and 26 controls from non-affected family members and local volunteers. We used established questionnaire measures of irritability in HD (Snaith Irritability Scale, Problem Behaviours Assessment) and impulsivity [Urgency, Premeditation Perseverance, Sensation-seeking, Positive urgency scale (UPPSP), Barratt Impulsivity Scale], in addition to cognitive tasks of provocation, motor inhibition, delay discounting and decision making under uncertainty. We used generalised linear models to determine differences between cases and controls, and associations with irritability in the HD group.

Results: We found differences between cases and controls on the negative urgency subscale of the UPPSP, which was associated with irritability in HD. The frustrative non-reward provocation task also showed differences between cases and controls, in addition to predicting irritability in HD. The stop signal reaction time task showed case-control differences but was not associated with irritability in HD. None of the other measures showed group differences or predicted irritability in HD after correcting for confounding variables.

Discussion: Irritability in HD is mediated by excessive response to provocation, rather than a failure of motor inhibition.
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Background

Impulsivity [acting quickly without forethought or regard for potential consequences (Daruna et al., 1993; Evenden J., 1999; Dalley and Roiser, 2012)] and irritability [a psychological state characterised by impatience, intolerance and poorly controlled anger (Snaith et al., 1978; Snaith and Taylor, 1985)] are commonly found in a number of neurological conditions affecting the frontal lobes, basal ganglia and brainstem (Voon et al., 2010; Grassi et al., 2015; Lansdall et al., 2017; Perry et al., 2017). Impulsivity and irritability often co-occur, but each can also occur in isolation. Impulsive and irritable behaviour are both common in Huntington’s disease (HD: an autosomal dominant inherited neurodegenerative disease affecting cortico-striatal networks). Early clinical descriptions of HD emphasise aberrant behaviour, reporting frequent findings of alcohol dependency, impaired judgement, aggression and hypersexual behaviour (Spillane and Phillips, 1937; Dewhurst et al., 1969, 1970; Dewhurst, 1970; Huntington, 2003), whilst more recent work systematically captures increased levels of risk-taking in HD (McDonell et al., 2020). More systematic attempts to characterise irritability and aggression have found prevalence rates of between 38 and 73%, and an increase in these behaviours as the disease progresses through the pre-motor and early manifest stages (Berrios et al., 2001; Craufurd et al., 2001; van Duijn et al., 2007, 2014; Reedeker et al., 2012; Thompson et al., 2012). Furthermore, irritability and aggression form a common behavioural domain in HD (Craufurd et al., 2001; Paulsen et al., 2001; Rickards et al., 2011). Impulsivity has been less comprehensively studied, but impairments on both task and questionnaire measures of impulsive behaviour have been found in HD patients compared with healthy controls (Stout et al., 2001; Galvez et al., 2017; Johnson et al., 2017).

Impulsive and irritable behaviour also has significant consequences on function and quality of life for HD patients and carers (Ready et al., 2008; Carlozzi and Tulsky, 2013; Read et al., 2013), with irritable behaviour being found at higher rates in nursing home residents compared with those still managed at home (Shiwach, 1994; Wheelock et al., 2003). However, despite the prevalence of irritable and impulsive behaviour in HD, our knowledge of the contributory neuropsychological mechanisms remains limited, which in turn limits the development of targeted interventions.

Converging evidence in animals and humans has suggested that irritable and aggressive behaviour is mediated by two neural systems (Siegel et al., 1999; Gregg and Siegel, 2001; Nelson and Trainor, 2007; Lischinsky and Lin, 2020): (1) an ascending serotonergic network involving the periaqueductal grey and hypothalamus, that is modulated by thalamic, hippocampal, amygdala and anterior cingulate cortex connections governing response to omitted reward and threat; (2) an inhibitory network centred on the prefrontal cortex (in particular the inferior frontal gyrus: IFG) and the indirect pathway of the basal ganglia. There are several strands of evidence supporting a role of the serotonin system: work in healthy volunteers has shown increased aggressive behaviour on a cognitive task when tryptophan is acutely depleted (Moeller et al., 1996; Bjork et al., 1999); animal studies have demonstrated more aggressive behaviours with lesions of the periaqueductal grey, and hypothalamus (Gregg and Siegel, 2001); and studies of clinical populations prone to reactive aggression have most commonly reported lesions of the prefrontal cortex (Volkow et al., 1995; Best et al., 2002; Coccaro et al., 2007; Narayan et al., 2007), but have also shown altered activity or damage to the hypothalamus (Tonkonogy, 1991; George et al., 2004).

Impulsivity is also widely accepted to involve a number of contributory cognitive mechanisms: impaired motor inhibition (in common with irritability), valuing immediate over delayed reward, and an inability to learn or predict future rewards (Evenden, 1999; Aron et al., 2003b; Bari and Robbins, 2013; Robbins and Dalley, 2017). Imaging studies using cognitive tasks such as the stop signal reaction time task or GoNogo task have shown that the inferior frontal gyrus, and indirect pathway of the basal ganglia are central to motor inhibition (Aron et al., 2003a,2007). Learning and predicting future reward [measured using the Iowa gambling task (IGT)] is affected by damage to the amygdala and ventromedial prefrontal cortex (Bechara et al., 1997, 1999). A meta-analysis of functional imaging studies using delay-discounting tasks has shown increased activity in the striatum and medial prefrontal cortex (Wesley and Bickel, 2014) which is supported by lesion studies in animals that have shown increased valuation of immediate rewards over delayed rewards with lesions of the striatum, and also the basolateral amygdala (Cardinal et al., 2001; Winstanley et al., 2004).

Both the hypothalamus (Politis et al., 2008; Gabery et al., 2015), and corticostriatal networks (Vonsattel et al., 1985; Enzi et al., 2012) are well known to be affected by HD pathology. Furthermore, HD causes impairments in reinforcement learning and cognitive control (Lawrence et al., 1996, 1998). However, there are comparatively few previous studies of the neuro-cognitive basis of irritable and aggressive behaviour in HD: one study showed altered amygdala-prefrontal connectivity in a pre-manifest (before onset of motor symptoms) HD cohort, but no behavioural differences with controls on a provocation task (Klöppel et al., 2010). A further imaging study in pre-motor HD participants found an association between irritability scores and pulvinar perfusion during an anger induction task, but no group differences in experience of anger were noted (Van den Stock et al., 2015). A number of groups have compared HD patients to controls on some domains of impulsive behaviour, reporting differences on Iowa gambling task performance (Stout et al., 2001), motor inhibition (Stout et al., 2011) and questionnaire measures of impulsivity (Johnson et al., 2017). However, studies of delay discounting in HD have only been reported as conference abstracts (Doridam et al., 2014), or in animal models (Beste et al., 2008; Doridam et al., 2014; Rao et al., 2014; Tedford et al., 2015; Adjeroud et al., 2017; Galvez et al., 2017; Johnson et al., 2017). Previous work on impulsivity has also neglected to include salient confounding variables in the HD population such as cognitive impairment, premorbid IQ, and medication.

The present study uses cognitive tasks to probe the relative contributions of motor inhibition and response to provocation to irritable and aggressive behaviour in HD. Furthermore, this work adopts a comprehensive self-report and task-based approach to assess impulsivity in HD whilst accounting for relevant confounding factors such as cognitive impairment, medication, and premorbid IQ. Specifically, we used well-established instruments and tasks to measure known domains of impulsive behaviour (Evenden J., 1999): employing the UPPS-P (Whiteside and Lynam, 2001) and Barratt Impulsivity Scale (Patton et al., 1995) to measure self-report impulsivity. Motor inhibition was measured using the stop signal reaction time task (SSRT task (Verbruggen et al., 2008)). We used the Kirby instrument (Kirby and Maraković, 1996) to measure delay discounting and the Iowa Gambling Task [IGT (Bechara et al., 1997)] as a measure of cognitive impulsivity. The irritability tasks included tasks of provocation: the cognitive task previously described by Klöppel et al. (2010), and a variant of a well-established animal protocol (Gallup, 1965).

We hypothesised that as HD neuropathology involves frontal networks (Beste et al., 2008; Rao et al., 2014), and the hypothalamus (Petersén and Björkqvist, 2006; Politis et al., 2008) relatively early in the disease, but the ventral striatum is involved later (Vonsattel et al., 1985; Kassubek et al., 2004; Douaud et al., 2009) (1) both impaired inhibition and excessive response to provocation would contribute to irritability in HD and (2) HD patients would differ from control participants more markedly on motor inhibition and decision making under conditions of uncertainty, than on delay discounting.



Materials and methods


Ethical approval and data availability

All procedures in this study abided by the principles set out in the Declaration of Helsinki. Ethical approval was gained from the Research Ethics Committee for Wales (03/WA/0300). Suitably anonymised data is available from the authors on reasonable request.



Participants and recruitment

All patient participants were recruited from the South Wales HD management clinic, which routinely has between 300 and 400 confirmed HD gene carriers under regular follow-up. 53 patient participants (disease stage–pre-motor onset to moderately affected) with a CAG repeat length >35 in the Huntingtin gene were recruited. Previous work (Thompson et al., 2012; McAllister et al., 2021) has indicated that irritability starts in the premanifest stage and peaks in the early manifest stage, hence the inclusion of HD participants without motor symptoms. Participants were aged 18 or over and free of any illness or injury potentially affecting brain function. Twenty-six control participants were recruited from HD family members not at risk of HD (either partners, carers, or spouses without a family history of HD, or confirmed gene negative status), and also through local advertising within Cardiff University. Participants were paid expenses (maximum €20), but were explicitly informed this was not dependent on task performance.



Procedures

All participants completed a medical and medication history as well as a neurological examination using the total motor score (TMS) of the Unified Huntington’s Disease Rating Scale (UHDRS), if they had not already been examined using this tool in the preceding 3 months. Participants completed a phonemic verbal fluency task as a measure of cognitive impairment–a standard assessment of cognition in HD (Landwehrmeyer et al., 2016). This study was part of a wider research project into the cognitive basis of psychopathology in HD (McLauchlan, 2018), the total battery of 14 tasks also included tasks measuring motivation, learning, estimation and other cognitive processes hypothesised to contribute to apathy (McLauchlan et al., 2019) and depression (McLauchlan et al., 2022), although there is no overlap with the tasks and questionnaires presented in this work. The battery was administered in random order. Breaks between tasks were allowed ad libitum and the battery could be completed over 2 days for any participant who requested it. Participants had all task-specific features explained by the research team in person before starting each one, and practice levels were included for all tasks except the Frustrative non-reward task (owing to the nature of the process being tested).



Questionnaires

Questionnaire assessments were completed prior to the cognitive tasks, to avoid bias on behalf of the rater.



Irritability questionnaires

All participants completed the Snaith Irritability Score (SIS) and the short form of the Problem Behaviours Assessment (PBAs) which includes subscores for irritability and aggressive behaviour. The PBAs rates a number of domains of psychopathology in HD–these are scored for frequency and severity. The SIS and PBAs are well validated instruments, which are widely used for assessing irritability in HD (Snaith et al., 1978; Callaghan et al., 2015; Landwehrmeyer et al., 2016). The outcome measures were the total score of the SIS and the product of the severity and frequency scores in the irritability subdomain of the PBAs. Participants were classed as irritable if they scored >13 on the SIS or ≥4 on the PBAs irritability subscore.



Impulsivity questionnaires

Participants completed two self-report questionnaire measures of impulsivity: the Urgency, Premeditation Perseverance, Sensation-seeking, Positive urgency scale (UPPSP) (Whiteside and Lynam, 2001) comprising subdomains of Negative Urgency (acting quickly under conditions of negative affect), lack of Premeditation (acting without forethought), lack of Perseverance (poor attention and/or persistence), Sensation-seeking (enjoying novel experiences or risk), and Positive Urgency (acting quickly under conditions of positive affect); and the Barrett Impulsiveness Scale (BIS) (Patton et al., 1995), which contains subdomains of motor (acting quickly), attention (focussing on current tasks) and non-planning (planning and thinking deliberately). The outcome measures were the total score of the BIS in addition to all subdomains, and the individual subdomains of the UPPSP.



Impulsivity cognitive tasks


Kirby delay discounting instrument

This assessment asks participants to choose between two theoretical options–a smaller monetary amount available immediately, or a larger amount available after a time delay (Kirby and Maraković, 1996). Twenty-seven different options are presented. The outcome measure is the kD: the slope of the time-depreciation curve (Kaplan et al., 2016). Higher kD values indicate steeper discounting with time and hence higher impulsivity.



Stop signal reaction time task

This task is a well-established measure of inhibitory function (Aron et al., 2003a; Verbruggen et al., 2008). Participants were asked to respond to a visual stimulus by pressing a button on the keyboard as quickly as possible. On some trials, the visual stimulus was shortly followed by an auditory stimulus–on these trials participants had to withhold their response. Stop signal reaction time (the ability to withhold a prepotent response) was the outcome measure and was calculated automatically using standard methods (the average “go” reaction time minus the stop signal delay at which participants are successful on 50% of trials) (Verbruggen et al., 2008). Slower stop signal reaction time indicates poorer inhibitory function.



Iowa gambling task

This task is a measure of learning from outcome and decision making under uncertainty, that is associated with cognitive impulsivity (Bechara et al., 1997; Upton et al., 2011; Burdick et al., 2013; Aram et al., 2019). Participants are asked to select from 4 packs of cards (A, B, C, and D) to maximise monetary reward and minimise loss. Every selection wins a monetary reward, but after some selections, losses also occur. Packs A and B have higher upfront gains, but over time they have larger losses outweighing these gains. The outcome measure was the number of selections from the disadvantageous packs (A and B) in the final 25 rounds of the game–this has been shown to be the most reliable outcome measure in a meta-analysis (Steingroever et al., 2013).




Frustrative cognitive tasks


Kloppel task

This established task of frustration (Klöppel et al., 2010) asks participants to judge which is the larger of 2 squares, and gives inappropriately incorrect feedback on 14% of trials. There were 100 trials in total. Participants were asked to rate their feelings [from 0 (not experiencing the emotion at all) to 100 (highest intensity possible)] of anger, frustration and irritability before and after completing the task. These emotional ratings were interspersed with non-irritability related emotions to score in order to obscure the purpose of the task from participants. The outcome measure was the total score of anger, frustration and irritability after the task. Premature (responding before the screen terminated) and repeated responses (repetitive button pressing when asked for a response) were also included as outcome measures.




Frustrative non-reward task

This novel task instructed participants to fill in a questionnaire of demographic details and set passwords. The participants would fill in demographic details (date of birth, address, and passwords) before an automated message would inform them that their data was not saved and would have to be re-entered. This automated message recurred twice before permitting the end of the data entry. Participants were informed of the need to enter demographic data and passwords before entering baseline emotion scores (of 0–100 for anger, frustration, and irritability) after the data had been entered had finished. The outcome measure was the total score of anger, frustration, and irritability after the task.



Statistical analysis

All analyses were performed in R, a widely available open source software package (R Core Team, 2015). IQ scores were calculated using Crawford’s demographic method which has been shown to outperform alternative methods such as reading tests in HD populations (Crawford et al., 1988, 2001; Carlozzi et al., 2011). Neuroleptic and antidepressant medications were converted into olanzapine-equivalent and fluoxetine-equivalent doses using established methods (Leucht et al., 2014; Hayasaka et al., 2015). All variables were compared between groups using binomial models. Outcome measures were first compared between HD cases and controls, and subsequently outcome measures were compared between irritable and non-irritable HD cases. Medication, age, sex, cognitive impairment (verbal fluency score), full scale IQ, motor disability (TMS score), and reaction time (for the SSRT) were considered to be potential confounders. All binomial models were compared with and without potential confounders using likelihood ratio tests. Any confounders improving the original model were included in a final multi-variable model.




Results


Demographics

Huntington’s disease participants did not differ from the control group on age, or gender balance (Table 1). HD participants had significantly lower IQ score, lower verbal fluency score, had more motor impairment and higher doses of anti-psychotic and antidepressant medications. 20 of the 53 HD participants were irritable (>13 on the SIS or ≥4 on the PBAs irritability subscore), whilst 0 of the 26 control participants were irritable.


TABLE 1    Demographics.
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Measures of impulsivity


Urgency, premeditation perseverance, sensation-seeking, positive urgency scale

Huntington’s disease participants had higher scores on the Negative Urgency (acting impulsively under conditions of negative affect) subscale (estimate = 0.23, p = 1.50 × 10–6). Likelihood ratio tests for potential confounding variables suggested gender, IQ and medication improved the model, but their inclusion did not alter the association between case status and Negative Urgency score (estimate = 0.17, p = 0.0016). Within the HD group, irritability status (SIS > 13 or ≥4 PBAs irritability) was associated with higher Negative Urgency score (estimate = 0.092, p = 0.0071), an association that did not change with inclusion of the only significant confounding variable, the verbal fluency score (estimate = 0.024, p = 0.0077). The subscales for Lack of Perseverance and Lack of Premeditation did not show any significant differences between HD patients and controls, nor was there any association with irritability in the HD group once statistically significant confounding variables were included in the models. HD participants had lower scores on the Sensation Seeking subscale when significant confounders (age, gender, IQ, anti-psychotic dose and verbal fluency score) were included in the model (estimate = −0.15, p = 0.029), and there was no association with irritability in the HD group. No associations were found between Positive Urgency score and HD status, or Positive Urgency score and irritability in the HD group when significant confounding variables were included in the models. In sum, Negative Urgency was the only subscale on which we found both a group difference and association with irritability in HD participants (see Table 2, Supplementary Tables 1A–J, Figure 1, and Supplementary Figure 1).


TABLE 2    Questionnaire and task scores.
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FIGURE 1
UPPS P Negative Urgency–Effects of case status and irritability status. Box and whisker plots (median, interquartile range, and outliers as individual points). (A) Group differences between Huntington’s (HD) cases and control participants. (B) Group differences between irritable and non-irritable HD cases. UPPS P, Urgency (Negative), (lack) Premeditation, (lack) Perseverance, Sensation Seeking, Positive Urgency.




Barratt impulsivity scale

Huntington’s disease participants had higher total Barratt Impulsivity Scale (BIS) scores than controls, and their BIS scores showed an association with irritability. However, neither of these associations were significant with inclusion of relevant confounders in the models (estimate = 0.049, p = 0.16) and (estimate = 0.057, p = 0.15), respectively. Similar to the results seen in the BIS Total score, BIS Attention scores were higher in the HD group (consistent with worse attention in the HD cohort) and showed an association with irritability status in the HD group before inclusion of relevant confounding variables. However, neither of these associations was maintained when relevant confounders were included in the models (estimate = 0.099, p = 0.17) and (estimate = 0.24, p = 0.13). The BIS Non-Planning and Motor subscales showed significantly higher scores in HD participants compared with controls that did not survive inclusion of relevant confounders in the models. Neither subscale showed an association with irritability in the HD group. In sum, there was no group difference and no association with irritability for any BIS component when confounders were included in the model (see Table 2, Supplementary Tables 2A–H, and Supplementary Figure 2).




Impulsivity tasks


Kirby delay discounting instrument

No differences were seen in kD (slope of the discounting curve) between HD cases and controls, and no association was seen with irritability in the HD group (see Table 2, Supplementary Tables 3A,B, and Supplementary Figures 3A,B).



Stop signal reaction time task

Huntington’s disease cases had slower stop signal reaction times (SSRTs) than controls (estimate = 191.84, p = 0.00054). This difference persisted, even with inclusion of relevant confounders in the model (olanzapine equivalent dose, reaction time; estimate = 82.64, p = 0.025). There was no association between SSRT and irritability in the HD group (see Table 2, Supplementary Tables 4A,B, and Figures 2A,B).
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FIGURE 2
SSRT–Effects of case status and irritability status. Box and whisker plots (median, interquartile range, and outliers as individual points). (A) Group differences between Huntington’s (HD) cases and control participants. (B) Group differences between irritable and non-irritable HD cases. SSRT, stop signal reaction time.




Iowa gambling task

Huntington’s disease participants made more frequent selections from disadvantageous decks than control participants (estimate = 0.44, p = 0.00024). However, this relationship did not survive inclusion of confounding variables in the model. No association between task performance and irritability was found in the HD group (see Table 2, Supplementary Tables 5A,B, and Supplementary Figures 3C,D).

In sum, only the SSRT showed group differences between HD and control participants, and none of the impulsivity tasks showed an association with irritability in HD after inclusion of confounders.




Frustrative tasks


Kloppel task

Huntington’s disease participants had higher post task irritability scores than controls following the task (estimate = 0.34, p = < 2 × 10–16). This difference was maintained, even when relevant confounding variables were included in the model (estimate = 0.22, p = 0.00048). However, no association was seen with irritability status in the HD group. HD participants made premature responses more frequently than controls, but this association was reversed with inclusion of confounding variables in the model (estimate = −0.46, p = 0.0075). No association between premature responses and irritability was found in the HD group. No difference was found between HD cases and controls in total number of responses when the models included relevant confounding variables. Furthermore, no association was found between total responses and irritability in the HD group (see Table 2, Supplementary Tables 6A–F, and Supplementary Figures 4A–F).



Frustrative non-reward task

Huntington’s disease participants reported higher levels of irritability following the frustrative non-reward (FNR) task than controls, a relationship that was unaffected by inclusion of confounding variables in the model (estimate = 0.54, p = 3.81 × 10–9). Irritability scores following the FNR task correlated with irritability status in the HD group (estimate = 0.011, p = 0.031), and the model was not improved by any confounding variable (see Table 2, Supplementary Tables 7A,B, and Figures 3A,B).
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FIGURE 3
Frustrative non-reward (FNR)–Effects of case status and irritability status. Box and whisker plots (median, interquartile range, and outliers as individual points). (A) Group differences between Huntington’s (HD) cases and control participants. (B) Group differences between irritable and non-irritable HD cases.


In sum, HD participants showed higher post-task irritability on both tasks, but only the irritability evoked by the FNR task was associated with irritability status in binomial models.





Discussion

This comprehensive investigation of cognitive and motivational mechanisms of irritability has brought several novel insights into the mechanisms underlying altered behaviour and psychological reactions of participants with HD. HD participants were more sensitive to provocation than controls, as seen on the frustrative non-reward task. In keeping with previous findings, HD participants also demonstrated deficits in inhibition on the SSRT compared with controls, even after correction for potentially confounding variables. However, only the excessive response to provocation, and not the inhibitory deficit, was associated with irritability (measured on the SIS and PBAs) in HD. In line with previous findings on impulsive behaviour in HD, we also found deficits on tasks of decision making under ambiguity (IGT), and the Barrett Impulsivity Scale compared to controls, but these differences were not maintained after correction for confounding variables. Finally, in contrast to studies in animal models, we did not find deficits in delay discounting in HD.

Although irritability in HD is a complex construct (Simpson et al., 2019; Dale et al., 2022), our findings suggest a major cognitive mechanism underlying irritable and aggressive behaviour in HD is represented by excessive response to provocation. This mechanism is mediated by the core aggression circuit which includes the periaqueductal grey (PAG), thalamus, hypothalamus and amygdala; and is regulated by frontal structures which exert top-down inhibition (anterior cingulate cortex, orbitofrontal cortex and medial prefrontal cortex) and guided by learned aggression networks which incentivise aggressive behaviour under favourable environmental conditions (striatum, ventral tegmental area) (reviewed in Lischinsky et al. (Lischinsky and Lin, 2020)). HD neuropathology affects both the frontal inhibitory regions (Hobbs et al., 2010; Thu et al., 2010; Rao et al., 2014) and core aggression circuit (Kassubek et al., 2005; Gabery et al., 2015; Ahveninen et al., 2018), whilst impairments of the core cognitive functions of these regions; les (emotion recognition and moderation, inhibition) are central clinical features of HD (Stout et al., 2011; Tabrizi et al., 2013). Previous imaging and pathology studies on irritable and aggressive behaviour in HD patients, have shown associations between irritability and reduced grey matter volume in the pulvinar, the striatum (Martinez-Horta et al., 2021), and the globus pallidus (Singh-Bains et al., 2016); and pulvinar activity during anger induction. In a group of premanifest HD gene carriers (but not healthy control participants) self-reported irritability during a provocation task showed positive correlation with BOLD signal in the amygdala and negative correlation with BOLD signal in the orbito-frontal cortex (Klöppel et al., 2010). Collectively the neurobiological evidence in HD suggests alterations in a network mediating response to threat rather than brain regions involved in inhibition such as the inferior frontal gyrus or subthalamic nucleus. This supports our findings of irritability in HD being mediated by excess response to provocation rather than impaired inhibition.

However, we also found some evidence for impaired inhibition in HD. Whilst previous groups have found differences between HD participants and healthy control participants on a number of dimensions of impulsivity (Stout et al., 2001; Rao et al., 2014; Galvez et al., 2017; Johnson et al., 2017), the only consistent group differences in our study were deficits of inhibition on the SSRT and acting impulsively under conditions of negative affect (Negative Urgency from the UPPSP). The differences in inhibition persisted even with the inclusion of reaction time and anti-psychotic dose in the model. Impairment in inhibitory function in HD has been a consistent finding in both motor manifest and premanifest HD participants (Beste et al., 2008; Rao et al., 2014). The indirect pathway of the basal ganglia is known to be selectively damaged early in HD (Albin et al., 1992; Schroll et al., 2015), this pathway contributes to inhibitory function (Schroll et al., 2015), and hence its degeneration may contribute to failure of inhibition seen in HD. Although previous studies found deficits in decision making under conditions of ambiguity in HD (Stout et al., 2001; Adjeroud et al., 2017), we were not able to replicate these after accounting for relevant confounders. Previous studies had smaller numbers of HD participants, and did not include medication and other potential confounders in their analyses. Although studies in animal models of HD (Tedford et al., 2015) have found deficits in delay discounting tasks, we did not replicate this in human subjects. Delay discounting is mediated by the ventral striatum and medial prefrontal cortex (McClure et al., 2004; Frost and McNaughton, 2017). As neurodegeneration in HD is known to progress in a dorsal to ventral direction through the striatum (Vonsattel et al., 1985), one explanation for our failure to replicate the animal data may relate to disease stage; specifically that the animal models may have modelled a later disease stage than that present in the participants of our study. Whilst previous work has reported evidence of increased self-reported impulsivity on the BIS (Johnson et al., 2017) in HD participants, we did not replicate this finding when confounders were included in the model. This may reflect the lack of correction for confounders in previous work or may relate to the difficulties with the use of self-report scales in a disease that causes anosognosia (Ho et al., 2006). Impulsive behaviour has been associated with altered dopaminergic inputs to the striatum. In particular, dopamine antagonists have been shown to improve motor inhibition on the SSRT in animals, whilst 18F Fallypride PET studies of dopaminergic binding have shown reductions in D2 receptor binding in the dorsal striatum is associated with reduced inhibition on the SSRT (Dalley and Robbins, 2017). In keeping with this, anti-psychotic treatments have level IV evidence for managing some aspects of disinhibited behaviour in HD patients (Tibrewal et al., 2017; Karagas et al., 2020; Rossi and Oh, 2020).

This work has some limitations. First, although the verbal fluency task that we used as a measure of cognitive decline does have extensive evidence of dysfunction in HD (Ho et al., 2002; Stout et al., 2011; Landwehrmeyer et al., 2016), showing differences from controls and longitudinal progression in premanifest and motor manifest participants, the symbol digit modality task and Stroop task show impairments earlier in the disease course and may be more sensitive to change in HD (Stout et al., 2011, 2014). Secondly, this study is part of a wider research project into the cognitive basis of neuropsychiatric dysfunction in HD (McLauchlan, 2018; McLauchlan et al., 2019) and a total of 14 tasks were completed. Although we randomised task order for each participant, completing these tasks as part of the entire battery may have artificially accentuated irritability. One aspect of impulsivity not tested in our battery was decision-making under risk, however, previous studies in HD have not found deficits in this process (Adjeroud et al., 2017; Galvez et al., 2017). In keeping with established practice in HD cognitive and behavioural research (Tabrizi et al., 2013; Landwehrmeyer et al., 2016), we attempted to account for the altered neuropsychiatric milieu experienced by HD families and therefore more accurately assess the effect of HD neuropathology on cognitive processes, by preferentially recruiting controls from gene negative family members. However, the control sample did include some participants not from a HD family potentially reducing this efficacy of this approach. We included participants both with and without motor onset and controlled for this by including UHDRS TMS in models of outcome. However, it is well-established that HD has a prodromal phase with behavioural changes [including irritability (Epping et al., 2016)] and cognitive deficits occurring before motor onset (Tabrizi et al., 2022). Despite this, we cannot entirely exclude the possibility that the processes underlying irritability change with disease stage. Finally we did consider the possibility that performing any cognitive task may be somewhat frustrating for participants (and hence act as a provocation task); thus self-report irritability perhaps should have been measured after all of the tasks. However, the post-task self-report irritability ratings only correlated with formal irritability assessment (on the SIS and PBAs) on the FNR task.

In summary, this work has demonstrated that whilst HD participants do have both inhibitory deficits, and excessive response to provocation compared to controls, irritability in HD is only associated with provocation. As the provocation response is mediated by reduced tone in a predominantly serotonergic network [the core aggression circuit (Moeller et al., 1996; Bjork et al., 1999)] this may explain why serotonergic drug treatments can be effective in treating irritability in HD (van Duijn, 2010). As a consequence, carers and family members may find it helpful to avoid provocation and adopt a ‘pick your battles’ approach when managing irritable behaviour in patients with HD. Furthermore, although previous studies have reported that HD neuropathology causes impairments in a range of cognitive processes associated with impulsive behaviour, the only consistent behavioural deficit in relation to impulsivity was seen in a slowed inhibitory response.
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Differences on demographic variables between Huntington’s disease and control partic-
ipants, showing mean and range. UHDRS, Unified Huntington’s Disease Rating Scale;
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calculated from meta-analyses 92, 93. Participants were defined as Irritable if they scored
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