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Abstract
Borderline Personality Disorder (BPD) is associated with behavioral and emotional dysregulation,
particularly in social contexts; however, the underlying pathophysiology at the level of brain
function is not well understood. Previous studies found abnormalities in frontal cortical and limbic
areas suggestive of poor frontal regulation of downstream brain regions. However, the striatum,
which is closely connected with the medial frontal cortices and plays an important role in
motivated behaviors and processing of rewarding stimuli, has been understudied in BPD. Here we
hypothesized that, in addition to frontal dysfunction, BPD patients may show abnormal striatal
function. In this study, 38 BPD patients with intermittent explosive disorder (BPD-IED) and 36
healthy controls (HC) participated in the Point Subtraction Aggression Paradigm (PSAP), a
computer game played with a fictitious other player. 18Fluoro-deoxyglucose positron emission
tomography (FDG-PET) measured relative glucose metabolism (rGMR) within caudate and
putamen in response to aggression-provoking and non-provoking versions of the PSAP. Male
BPD-IED patients had significantly lower striatal rGMR than all other groups during both
conditions, although male and female BPD-IED patients did not differ in clinical or behavioral
measures. These sex differences suggest differential involvement of frontal-striatal circuits in
BPD-IED, and are discussed in relation to striatal involvement in affective learning and social
decision-making.
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Introduction
Borderline Personality Disorder (BPD) is a chronic illness characterized by behavioral
disinhibition, including impulsivity, aggression and affective lability (Sanislow et al., 2000;
Sanislow et al., 2002). Impulsive aggression and affective dysregulation/instability are core
traits of BPD (Siever, Torgersen et al. 2002; Skodol, Siever et al. 2002; McGlashan, Grilo et
al. 2005), and contribute substantially to the morbidity and mortality associated with BPD.
Impulsive aggression in BPD can manifest in a variety of behaviors, including destruction of
property, assault, domestic violence, self-injurious and suicidal behavior, or substance abuse
(New, Gelernter et al. 1998).

Although earlier research supported a higher prevalence of BPD among women, as reflected
in the 3:1 female to male ratio reported in the most recent edition of the DSM (DSM-IV-TR)
(APA 2000), more recent data suggest that there are no sex differences in the prevalence of
BPD (Grant, Chou et al. 2008). The available data also suggest that there are no gender
differences in BPD with regard to self-harm behaviors such as self-cutting and presenting
levels of psychological distress (Sansone and Sansone 2011). However, there appear to be
gender differences with regard to personality traits (with men having higher rates of
explosive temperaments and high levels of novelty seeking), Axis I (with men having higher
rates of substance abuse whereas women are more likely to suffer eating, mood, anxiety, and
posttraumatic stress disorders) and Axis II comorbidity (with men more likely than women
to have antisocial personality traits), and treatment utilization histories (men are more likely
to have had treatment for substance abuse whereas women are likely to have used more
pharmacotherapy and psychotherapy) (Sansone and Sansone 2011).

Brain imaging studies in BPD (see New at al. for a review (New et al., 2008)) have shown
abnormalities in structure, function and connectivity of medial frontal cortical and limbic
regions. These findings have been interpreted as decreased frontal top-down control of
limbic areas involved in affective responsiveness and impulsive aggression, resulting in
disinhibited behavior and increased impulsive aggression (New et al., 2009). However, the
striatum, which is closely connected with the medial frontal cortices and plays an important
role in motivated behaviors and processing of rewarding stimuli (Ernst & Fudge, 2009), has
been understudied in BPD.

The striatum, which is part of the basal ganglia, is composed of the caudate nucleus and
putamen (Ernst & Fudge, 2009). Corticostriatal pathways have been implicated in motivated
goal-directed behavior (Ernst & Fudge, 2009; Hollerman et al., 1998; Kawagoe et al., 1998;
O’Doherty, 2004; Schultz & Romo, 1988), habit learning, economic and social decision-
making (de Quervain et al., 2004; Rilling et al., 2008). The striatum is activated by primary
(Gottfried et al., 2003; O’Doherty et al., 2001; Pagnoni et al., 2002) and secondary (Delgado
et al., 2000; Kirsch et al., 2003; Knutson et al., 2001) reinforcement, including maternal
(Bartels & Zeki, 2004) and romantic love (Aron et al., 2005), suggesting a role in processing
socially rewarding cues. Dysregulation of the basal ganglia and corticostriatal networks has
been associated with aggressive behavior (Amen et al., 1996; Cummings, 1993; Mendez et
al., 1989; Richfield et al., 1987; Soderstrom et al., 2002), schizophrenia (Buchsbaum et al.,
1982; Sheppard et al., 1983), unipolar and bipolar depression (Baxter et al., 1985;
Buchsbaum et al., 1986), generalized anxiety disorder (Wu et al., 1991), obsessive
compulsive disorder (Baxter et al., 1987; Martinot et al., 1990) and alcoholism (Volkow et
al., 1994).

However, only four studies have examined striatal activity or structure in BPD. One study
using 18Fluoro-deoxyglucose (FDG) positron emission tomography (18FDG-PET) showed
hypometabolism throughout thalamo-cortico-basal ganglia circuits in BPD (De La Fuente et
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al., 1997), although another study found no differences in basal ganglia metabolism
with 18FDG-PET during resting state in BPD patients compared to controls (Salavert et al.,
2011). Another study showed lower α-[11C]methyl-L-tryptophan (α-[11C]MTrp) trapping
in cortico-striatal pathways, suggesting decreased serotonin synthesis capacity, in BPD
(Leyton et al., 2001). Finally, significantly increased right and left putamen volumes were
observed in male BPD subjects with substance use disorders (Brambilla et al., 2004).

In the present study, we aimed to extend these earlier findings by comparing volume and
striatal activity using 18FDG-PET in a group of BPD patients selected for serious impulsive
aggression (meeting criteria for intermittent explosive disorder-revised (IED-R)) and healthy
controls (HCs) in an aggression provocation behavioral paradigm (New et al., 2009). We
aimed to determine whether striatal dysfunction is present in BPD patients during the
provocation of aggression and whether it correlates with behavioral and self-reported
impulsive aggression. We also aimed to explore any possible gender effects or gender by
diagnosis interaction on striatal volume and activity.

We hypothesized that BPD-IED patients and HCs would differ in striatum metabolism
during aggression provocation. However, the direction of hypothesized group differences
was unclear in light of the ambiguity in the literature.

Method
Participants

Participants and the diagnostic assessments for this study were described in detail previously
(New et al., 2009) and are briefly described here. Although we previously published 18FDG-
PET data from this sample, the analyses focused on the amygdala and prefrontal cortex, and
the striatal data was not examined. We previously published a whole brain statistical
probability mapping analysis that specifically focused on differences between the provoked
and non-provoked conditions, and did not analyze males and females separately, as no sex
differences were discovered in amygdala and prefrontal cortex. Briefly, 38 patients who met
DSM-IV criteria for BPD and IED-R (BPD-IED) (22 male, 16 female) and 36 healthy
controls (HC; 18 male, 18 female) with no personal or first-degree family history of
psychiatric disorders were included. We chose to study a subset of BPD patients meeting
criteria for IED-R to find a homogeneous group of subjects with clinically significant
impulsive aggression. Groups were sex- and age-matched (mean age: BPD-IED 30.5 years,
SD 8.5; HC 28.4 years, SD 7.1; (New et al., 2009)). All participants gave informed consent
and the study was approved by the Mount Sinai School of Medicine Institutional Review
Board.

All subjects were medically healthy and free of psychiatric medication for at least 2 months
and substance abuse or dependence for 6 months. All subjects had negative urine toxicology
screens on each testing day (1 HC and 2 BPD-IED excluded for positive test), and females
had negative pregnancy tests on each scan day (one female, BPD-IED, was excluded for a
positive test). Three subjects (1 HC, 2 BPD-IED) were excluded because they did not
believe the task deception.

Axis I diagnoses were made by a psychologist using the Structured Clinical Interview for
DSM-IV Disorders (First et al., 1996) and Axis II with the Structured Interview for DSM-IV
Personality Disorders (Pfohl B, 1997). Exclusion criteria were schizophrenia, schizophrenia-
related psychotic disorders, bipolar I disorder, or current major depressive disorder (MDD).
BPD-IED patients with a past history of MDD or posttraumatic stress disorder (PTSD) were
not excluded, because of the high comorbidity with these disorders and a goal of selecting a
representative sample of patients with BPD (Grilo et al., 2000). Subjects were also assessed
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with the Module for Intermittent Explosive Disorder-Revised (Coccaro, 1989); see (New et
al., 2009).

All subjects completed the Barratt Impulsivity Scale-II (BIS-II)(Barratt, 1965), Affective
Lability Scale (ALS) (Harvey et al., 1989), Beck Depression Inventory (BDI) (Beck et al.,
1961), Overt Aggression Scale-Modified (OAS-M, including three subscales: aggression,
irritability, and suicidality) (Yudofsky et al., 1986), and State-Trait Anger Expression
Inventory (STAXI) (Spielberger, 1988). Subjects completed the Buss-Durkee Hostility
Inventory (BDHI) (Buss & Durkee, 1957) or the Buss-Perry Aggression Questionnaire
(BPAQ—an updated BDHI)(Buss & Perry, 1992); a composite score was calculated, using
Z scores (t-BUSS) (See Table 1).

The Point Subtraction Aggression Paradigm (PSAP)
The PSAP was used to provoke aggressive behavior in study subjects (Cherek et al., 1997).
Subjects played a computer game with a fictitious partner with the goal of earning points,
which were exchanged for money. Unbeknownst to the participant, there was no live
opponent. Subjects were instructed to play by pressing one of three buttons: pressing the A
button 100 times earned 1 point; pressing the B button 10 times subtracted a point from the
“opponent” (the aggressive response, since no points were earned by the subject for B
presses); and pressing the C button would protect the subject for a period from having points
subtracted by the “opponent” (no net gain or loss of points).

In the non-provoking condition, the “opponent” at no time subtracted points from the
participant. In the provoking condition, the “opponent” subtracted points from the
participant approximately every 62.5 sec. All participants were debriefed about the task
deception upon study completion.

Image Acquisition and Processing
Each subject underwent one anatomical magnetic resonance imaging (MRI) scan and two
positron emission tomography (PET) scans, one under the provoking condition and one non-
provoking (counterbalanced order).

T-1 weighted MRI scans (GE Signa 5x system, acquisition parameters: TR=24 ms, TE=5
ms, flip angle=40°, slice thickness=1.2 mm, matrix=256×256, field of view=23 cm) were
conducted prior to the PET protocols in order to obtain an anatomical template to interpret
PET scan results.

PET scans were conducted 1 to 4 weeks apart. Prior to each PET scan, the subject received
5mCi of 18fluoro-deoxyglucose, and played PSAP in a dimly-lit, sound-attenuated room for
the 35-min tracer uptake period. Subjects were positioned in the PET scanner (GE2048
head-dedicated scanner (GE/Scanditronix, Stockholm, Sweden) resolution 4.5 mm in plane,
5.0 mm axially) for 45-min data acquisition following standard protocols (Buchsbaum et al.,
2007; Hazlett et al., 2004; Haznedar et al., 1997; New et al., 2007; New et al., 2009).

Positron emission tomography images were obtained in nanocuries/pixel and standardized as
relative glucose metabolic rate (rGMR) by dividing each pixel by the mean value for the
entire brain, as reported in previous studies (New et al., 2007; Siever et al., 1999; Soloff et
al., 2000).

Tracing of the caudate and putamen—For each participant, the caudate nucleus and
putamen were outlined precisely in each hemisphere on their MRI scan as in our previous
reports (Brickman et al., 2003; Buchsbaum et al., 2003). Five equally-spaced slices were
selected for tracing, using a semi-automated boundary-finding method, within this dorsal-
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ventral distance. All tracing was performed by a single experimenter (E.R.), who was blind
to patient diagnosis and session type (provoking/non-provoking), eliminating inter-tracer
variability.

In order to measure relative glucose metabolism within the caudate and putamen, the PET
and MRI images were co-registered with a surface-fitting method (Woods et al., 1993).
Coregistration ensured accurate anatomical specificity for functional data analysis.

All striatal analyses were performed with relative values (relative to whole brain glucose for
PET and relative to whole brain size for volume).

Statistical Methods
Striatal metabolism and diagnosis—To examine whether BPD-IED patients and HCs
would differ in striatum metabolism during aggression provocation, a Diagnostic group (HC
vs. BPD-IED) × Sex (M, F) × Condition (provoked, non-provoked) × Structure (caudate,
putamen) × Hemisphere (R, L) × Slice (1, 2, 3, 4, 5; ventral to dorsal) mixed-model
multivariate analysis of variance (MANOVA) was performed on rGMR data. Diagnostic
group and sex were between-subjects factors and all other factors were repeated measures.
Post-hoc tests were carried out with Fisher’s Least Significant Difference (LSD) tests for all
significant interactions involving Diagnostic group. We also Bonferroni corrected for
multiple comparisons.

Correlations of striatal metabolism with clinical measures and behavior
during the task—Pearson (for normally distributed variables) and non-parametric
Spearman (for non-normally distributed variables) correlations determined whether striatal
metabolism was correlated with clinical measures. Mean striatal rGMR for each structure
(caudate and putamen) in each hemisphere (collapsed across slices) was calculated
separately for provoking and non-provoking conditions in patients and controls and in males
and females. Clinical self-report measures tested for correlation included total BIS-II score,
BDI and t-BUSS scores, mean ALS, STAXI trait, and OAS-M aggression, irritability, and
suicidality subscales (state measures were excluded because questionnaires were not
necessarily given on the same testing day across subjects). Fisher’s R to Z transformation (in
Statistica) and two-tailed testing was used to assess the significance of between-group
differences in correlation coefficients.

Pearson correlations also tested for relationships between button-pressing behavior and
mean striatal rGMR for each structure (caudate and putamen) in each hemisphere (collapsed
across slices) in provoking and non-provoking conditions in patients and controls and in
males and females.

Volume Analysis—The volume (cc3) of each traced slice was determined automatically
as the traced area times slice thickness. Pearson correlations tested for relationships between
structure volume and rGMR. To test whether striatal volume differed by diagnosis or sex, a
Diagnosis (HC vs. BPD-IED) × Sex (M, F) mixed-model MANOVA was carried out.

Behavioral Differences—A Diagnosis (HC vs. BPD-IED) × Sex (M, F) × Condition
(non-provoked, provoked) × Button Press (A, B, C) mixed-model MANOVA tested for
differences in button pressing behavior between male and female HCs and BPD-IED
patients. Three behavioral measures were tested: number of A, B and C button presses. Post-
hoc tests were carried out with Fisher’s LSD test.
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Results
Striatal metabolism and diagnosis

A MANOVA examining Diagnostic group (HC vs. BPD-IED) × Sex (M, F) × Condition
(provoked, non-provoked) × Structure (caudate, putamen) × Hemisphere (R, L) × Slice (1, 2,
3, 4, 5; ventral to dorsal) on rGMR showed a non-significant trend for a main effect of
Diagnosis (F1,70=3.18, p=0.08), a significant main effect of Sex (F1,70=13.96, p=0.0004),
and a Diagnostic group × Sex interaction (F1,70=4.23, p=0.04; Figure 1). Post-hoc tests
showed that male BPD-IED patients had significantly lower striatal rGMR than male HC
(Fisher’s LSD, p=0.006; Bonferroni, p=0.037), female HC (p=0.0001; Bonferroni,
p=0.0007), and female BPD-IED patients (p=0.0001; Bonferroni, p=0.0006). There were no
differences, however, between male and female HCs; between female HC and female BPD-
IED patients; or between male HC and female BPD-IED patients. Only male BPD-IED
patients differed from the other three groups. This difference was not affected by
provocation level (Diagnosis × Sex × Condition interaction, F1,70=0.05, p=0.83), and was
similar in both striatal structures (Diagnosis × Sex × Structure interaction, F1,70=0.59,
p=0.44) and both hemispheres (Diagnosis × Sex × Hemisphere interaction, F1,70=0.002,
p=0.97). There was also a significant Diagnosis × Sex × Structure × Slice interaction (GG:
ε=0.50, F(adjusted df: 2.0, 140.6)=3.24, p=0.04). Among males, rGMR was lower in BPD-
IED patients compared to HCs in both structures (caudate, putamen) and all slices. Among
females, rGMR was similar in BPD-IED patients compared to HCs in all slices in the
caudate, but in the putamen rGMR was higher among BPD-IED patients in the more dorsal
slices, while it was higher among HCs in the more ventral slices.

Correlations of striatal metabolism with clinical measures and behavior
during the task—We assessed whether mean rGMR in the left and right caudate and/or
putamen (collapsed across slices) correlated with eight self-report measures of impulsivity,
affective lability, depression, trait anger and aggression. Because our analysis demonstrated
an effect of sex and diagnosis on striatal rGMR, we assessed males and females and patients
and controls separately (results were Bonferroni corrected for multiple comparisons). No
correlations reached significance when BPD patients and HCs were analyzed separately,
possibly due to the limited sample sizes.

We also tested whether button pressing was associated with striatal rGMR. Since each of
two PSAP conditions (provoked and non-provoked) were tested for three possible
correlations (A, B, and C button presses), results were Bonferroni corrected for multiple
comparisons. In female HCs, less rGMR in the right caudate was associated with more B
button presses under the non-provoking condition (r=−0.61, p=0.042, Bonferroni corrected).

Striatal Volume
We assessed whether rGMR varied by structure volume and whether the effects of diagnosis
and sex on rGMR could be related to systematic variation in striatal volume across groups.

None of the correlations between volume and corresponding rGMR reached significance (all
p>0.12).

MANOVA found no main effect of diagnosis (F1,70=0.08, p=0.88), a trend-level effect of
sex, with females having lower volumes than males (F1,70=2.60, p=0.11), and no interaction
of Diagnosis × Sex (F1,70=0.05, p=0.19) on striatal volumes (Supplementary Figure S1).
Therefore, differences in rGMR cannot be attributed to different striatal sizes in our study.
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Clinical/Behavioral Measures and Sex Effects
We found a diagnosis by sex interaction, with healthy females pressing significantly less
buttons (averaged across A, B, and C) than any other group (F(1,67)=4.68; p=0.03, all post-
hoc tests p<0.02, Supplementary Figure S2A)

We found a Diagnosis by Sex by button type (A, B, C) interaction (GG: ε=0.56, F(adjusted
df: 1.2, 75.2)=5.64, p=0.02, Supplementary Figure S2B). This difference was accounted for
by A button presses. Healthy females had a significantly lower number of A button presses
than BPD females while the opposite pattern was observed for the males, with healthy males
making significantly higher number of A button presses than male BPD-IED patients (both
post-hoc tests, p<0.005).

We also found a main effect of button type (F(1.2,75.2)=873.7, p<0.0001), with A button
being the most often pressed. There was also a condition (provoked vs non-provoked) by
button type interaction (F(1.1, 74.4)=13.5, p=0.0003).

We previously reported a main effect of diagnosis for all of the following clinical measures:
impulsivity (BIS-II), affective lability (ALS), depression (BDI), State and trait anger,
(STAXI), and the recent aggression (OAS-M-covering the prior 2 weeks) and lifetime
aggression (t-Buss) (New et al, 2009). In the present analysis, we observed that the effect of
diagnosis on clinical measures remained significant after analyzing males and females
separately (see Table 1). We tested a Diagnosis by Sex interaction for all these clinical
measures in light of our rGMR results, but none were significant.

Discussion
The main finding of this study is that male but not female borderline patients selected for
impulsive aggression show reduced rGMR in the striatum compared with healthy controls
during a behavioral aggression task, both under provoking and non-provoking conditions.
This raises the question as to whether male BDP patients have reduced striatal rGMR at rest.
This finding was not accounted for by differences in striatal volumes or total button presses.
These data suggest a sex-specific striatal abnormality in BPD-IED patients. These results
extend our previous findings that BPD patients responded more aggressively in the PSAP
than HCs (New et al., 2009), and of a dysregulation of frontal cortical and amygdala activity
during this task.

Striatum and Aggression
Several lines of evidence suggest links between dysfunction in the basal ganglia and
aggression (Amen et al., 1996; Cummings, 1993; Mendez et al., 1989; Richfield et al., 1987;
Soderstrom et al., 2002). Patients with basal ganglia lesions often exhibit disinhibition,
impulsivity and violent outbursts (Bhatia & Marsden, 1994; Mendez et al., 1989; Richfield
et al., 1987). Similar symptoms accompany Huntington’s Disease (Folstein & Folstein,
1983) and neuroacanthocytosis (Wyzynski, 1989), a rare neurodegenerative disorder
affecting primarily the caudate (Danek et al., 2005). Larger caudate volumes, which may
represent disruption of normal frontal-subcortical function, are associated with greater
aggression in schizophrenia patients (Hoptman et al., 2006). In contrast, Soderstrom et al.
(Soderstrom et al., 2002) found that lower activity in the head of the caudate did not
correlate with violence or antisocial behavior in psychopathy, but predicted interpersonal
features such as deceitfulness and domination. Moreover, one of the suggested roles of the
caudate is to identify and provide the behavioral context necessary for the frontal lobe to
select an appropriate action strategy (Houk & Wise, 1995; Seger & Cincotta, 2006). It may
be hypothesized that our finding of lower striatum activation in male BPD-IED patients may
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reflect an inability of their striatum to provide the context (i.e. that this is just a game) to
allow the PFC to down regulate aggressive responses.

We had previously shown that PSAP aggressive responding (B button presses) was higher in
patients than in controls in both the provoked and non provoked conditions, with a main
effect of Diagnosis and a main effect of Condition but no significant interaction (New et al.,
2009). It appeared that even in the non-provoked condition, both groups were responding
somewhat aggressively, but particularly the BPD-IED patients. This may explain why we
found no effect of condition on striatal activation.

The most robust difference in button pressing behavior was found in the A button; male
controls pressed the A button more frequently, garnering more points and thereby more
money at the end of the task, than did the male BPD-IED patients. The opposite was
observed for females; female patients pressed the A button on average more than did female
controls. This raises the possibility that in male patients, low activity in the striatum is
related to relatively fewer A button presses, although the correlations between button
pressing and striatal metabolism were not significant in the patient group. By the nature of
the PSAP task, when a participant is pressing the B button they are unable to also be
pressing the A button at the same time. Therefore, it might be hypothesized that participants
that press B more often (possibly leading to pressing A less often) have lower striatum
rGMR because they are drawn away from the motivated goal-directed behaviors and
reinforcement portions of the task (i.e. pressing the A button). This would be consistent with
our finding that lower rGMR in the right caudate was associated with higher number of B
button presses in female HCs. However, we could not find any correlation between A, B or
C button presses and striatal rGMR in the BPD patients.

Interestingly, none of our clinical symptom measures revealed a Diagnosis × Sex interaction
nor any sex differences, although for most measures there was a main effect of diagnosis
(see Table 1).

Striatum in Affective Learning and Social Decision Making
Some have suggested that the Cluster B personality disorders are due to an imbalance of
normal responses to reward/punishment (Comings & Blum, 2000; Scerbo et al., 1990;
Vollm et al., 2007). The striatum plays a key role in affective learning and decision-making,
essential cognitive processes that link one’s own actions to ensuing outcomes. The striatum
is involved in reinforcement learning (McClure et al., 2003; O’Doherty et al., 2003;
Schonberg et al., 2007; Tobler et al., 2007), as evidenced by impairments in reinforcement
learning tasks following striatal lesion in rats (e.g.(Killcross & Coutureau, 2003; Yin &
Knowlton, 2004) and neurophysiology in monkeys (Apicella et al., 1991; Ravel et al., 2003).
The striatum is activated in affective learning based on primary (Gottfried et al., 2003;
O’Doherty et al., 2001; Pagnoni et al., 2002) and secondary (Delgado et al., 2008; Delgado
et al., 2000; Kirsch et al., 2003; Knutson et al., 2001) reinforcers.

The striatum has also been implicated in social decision making, which may be related to the
PSAP task. Paradigms in which a subject must cooperate with a partner (e.g. the Trust
Game, Prisoner’s Dilemma) recruit striatum (e.g. (Delgado et al., 2005a; Delgado et al.,
2005b; Rilling et al., 2002; Rilling et al., 2008)). Reciprocated trust activates striatal regions
while unreciprocated trust deactivates them (for review see (Rilling et al., 2008)). In the trust
game, caudate activity reflects the fairness of a social partner’s actions and the intention to
trust that individual (King-Casas et al., 2005). In our PSAP task, point subtraction by the
putative opponent was intended to be a negative social maneuver, and could have been
interpreted by the subject as unfair or untrustworthy play. Lower striatal activation in male
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BPD-IED patients could reflect either a more pronounced negative interpretation of point
subtraction compared to HCs, or the decision to reciprocate the negative social maneuver.

Another way of construing this is in terms of “punishment”. Caudate activity has also been
found to correlate with retaliatory behavior (de Quervain et al., 2004). Caudate activity
increases with deserved punishment and is lowered when a deserved punishment is not
delivered. Perhaps the decreased striatal activity in male BPD-IED patients reflects the
subject’s interpretation of inadequate punishment of the other player for subtracting points,
although a limitation of our study is that retaliatory feelings or satisfaction with retaliatory
button presses were not specifically assessed. Interestingly, deficits in trust and poor
cooperation have been shown in BPD patients during similar experimental conditions (King-
Casas et al., 2008; Unoka et al., 2009). This leads to the intriguing hypothesis that striatal
dysregulation is linked to higher-order social impairments, particularly in male BPD
patients. To elucidate these hypotheses, we would need to do future studies in which
appraisal of the “other” player were evaluated.

Sex differences in aggression and BPD-IED
It is interesting to note that in this study, we found a Diagnosis by Sex interaction on striatal
rGMR, while in prior work examining other brain regions (e.g., prefrontal cortex, amygdala;
New et al., 2009) this was not observed. The present findings suggest that striatal function
may play an important role in sex differences observed in disorders involving aggression.
We found significantly lower striatal rGMR in male BPD patients than in matched male
HCs, but found no difference between groups in females. This is consistent with other
studies which have reported sex differences in PET studies of BPD patients (Soloff et al.,
2005). There have been very few FDG-PET studies looking at gender differences in striatal
metabolism. Most studies have not reported any striatal findings, or have analyzed males
and females separately. Early resting FDG-PET studies did not find any sex differences in
striatal metabolism in healthy volunteers (Kawachi, Ishii et al. 2002), which is consistent
with our results in HCs. However, sex differences in striatal dopaminergic function have
been reported (Laakso, Vilkman et al. 2002), and there is some evidence of neurofunctional
modulation of the reward system including the striatum by gonadal steroid hormones
(Dreher, Schmidt et al. 2007).

Although the effect of sex was much more robust in BPD-IED patients, there was also a
trend toward lower striatal rGMR in male than female HCs, suggesting sex differences are
also present in the healthy population (Baxter et al., 1987) but exaggerated in BPD-IED
patients.

We show no significant effect of sex in self-reported symptom severity. This absence of sex
differences in BPD symptoms has been reported previously (Johnson et al., 2003). Indeed,
some symptoms that normally have a sex-bias in the general population, such as aggression
or detachment (more prevalent in males) and dependency (more prevalent in females)
(Clark, 1993) were not different in male and female BPD patients (Johnson et al., 2003).
This raises the possibility that BPD abolishes some sex-typical behavior patterns (Johnson et
al., 2003). Our finding of a sex specific abnormality in striatal activity during the PSAP
suggests that the neural substrate underlying abnormal behaviors in BPD may differ between
males and females, but that other factors come into play such that clinical symptoms are
quite similar between the sexes.

Conclusions
This study represents the first attempt to understand how the striatum might contribute to
social aggression in BPD-IED patients. We showed that male but not female BPD-IED
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patients have reduced striatal rGMR during a behavioral aggression task and lower A button
pressing and point accumulation than did healthy controls.

There are a number of limitations in the current study. Since we did not perform PET studies
at rest, it is not clear whether sex differences in striatal metabolism in BPD are present at
rest. We did not assess appraisal of putative other during the PSAP. The absence of
correlations between striatal activity and behavioral aggression (B-button pressing) in the
patient group raises the possibility that there is no direct relationship between striatal activity
and aggressive behavior in this task, although we found a correlation between rGMR and B
button presses in female HCs. The PSAP task was designed to provoke social aggression;
however, it is a complex paradigm that is likely to recruit a wide variety of cognitive
processes, any one of which may involve striatal processing.

Another limitation is that, while Axis I and II diagnoses were made by semi-structured
interview and consensus diagnosis, severity of symptoms was assessed by self-report scales.
The scales we employed have good psychometric properties, but may be less accurate in
patients with BPD; BPD patients have higher-than-normal levels of alexithymia (New, in
press), with particular difficulty identifying and describing their own emotional responses.

Another limitation is that the caudate and putamen are heterogeneous, and include anatomic
and functional subdivisions with different connections to cortical and sub-cortical structures.

Finally, all BPD subjects also carried a diagnosis of IED. We selected patients with both
BPD and IED to examine a relatively homogeneous group of BPD patients. However, this
limits the degree to which we can generalize our findings to other patients with BPD.
Further studies on pure BPD samples would be required to clarify this.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Mean striatal rGMR is shown for healthy control subjects (HC) and borderline personality
disorder-Intermittent explosive disorder patients (BPD-IED). Males (black bars) with BPD-
IED had lower mean striatal rGMR than all other groups. Gray bars represent females. There
was a significant Diagnosis × Sex interaction (F1,70=4.23, p=0.04).
* Post-hoc comparisons significant at p<0.01.
To test whether motor activity (total button presses) could be responsible for this finding, we
reanalyzed the data covarying for total button presses, and the results remained significant
(i.e., male BPD patients have lower striatal rGMR than male HCs (F(1,36)=7.01, p<0.02)).
We also reanalyzed the data covarying for proportion of B button presses and the results
remained unchanged (data not shown).
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