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Introduction—Psychosocial stress contributes to onset/exacerbation of mood episodes and 

alcohol use, suggesting dysregulated diurnal cortisol rhythms underlie episodic exacerbations in 

Bipolar Disorder (BD). However, mechanisms underlying dysregulated HPA rhythms in BD and 

alcohol use disorders (AUD) are understudied. Knowledge of associated variance factors have 

great clinical translational potential by facilitating development of strategies to reduce stress-

related relapse in BD and AUD. Evidence suggests structural changes to mitochondrial 

translocator protein (TSPO) (a regulator of steroid synthesis) due to the single nucleotide 

polymorphism rs6971, may explain much of this variance. However, whether rs6971 is associated 

with abnormal HPA rhythms and clinical exacerbation in humans is unknown.

Methods—To show this common TSPO polymorphism impacts HPA rhythms in BD, we tested 

whether rs6971 (dichotomized: presence/absence of polymorphism) predicted variance in diurnal 

cortisol rhythm (saliva: morning and evening for 3 days) in 107 BD (50 with and 57 without AUD) 

and 28 healthy volunteers of similar age and ethno-demographic distribution.

Results—Repeated measures ANOVA confirmed effects BD (F5,525 = 3.0, p = 0.010) and AUD 

(F5,525 = 2.9, p = 0.012), but not TSPO polymorphism (p > 0.05). Interactions were confirmed for 

TSPO × BD (F5,525 = 3.9, p = 0.002) and for TSPO × AUD (F5,525 = 2.8, p = 0.017).

Discussion—We identified differences in diurnal cortisol rhythm depending on presence/

absence of common TSPO polymorphism in BD volunteers with or without AUD and healthy 

volunteers. These results have wide ranging implications but further validation is needed prior to 

optimal clinical translation.
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Introduction

Bipolar disorder (BD) is a common (Merikangas et al., 2007), debilitating, life-threatening 

illness associated with substantial psychosocial and interpersonal dysfunction (Baldessarini 

et al., 2010). The impact of BD is substantial (Chang et al., 2016), owing in part to the 

cumulative effects of relapsing and remitting episodic mood changes, often exacerbated in 

the context of elevated psychosocial stress (Altman et al., 2006). While knowledge of 

mechanisms underlying stress-related behavioral (and biological) changes has greatly 

improved over the past few decades, factors underlying inter-individual variation in 

susceptibility remain unclear. This lack of biological clarity may mask mechanisms 

contributing to high rate of stress-related relapse in BD patients, potential familial and 

clinical linkages to higher rate of alcohol use disorder (AUD) (Saunders et al., 2012), and 

increased switching of mood states and rapid cycling in patients with co-morbid stress-

associated illness like AUD (Ostacher et al., 2010). Determining stress mechanisms related 

to clinical variation in BD will be well pioised to facilitate development of novel, patient 

tailored treatment and prevention strategies in this debilitating, life threatening illness.

The impact of environmental stress on Hypothalamus Pituitary Adrenal (HPA)-axis activity 

is well established (Kirschbaum et al., 1993; Tanaka et al., 2013). Decline of cortisol 

Prossin et al. Page 2

Psychoneuroendocrinology. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



concentration from morning to evening represents a diurnal pattern often referred to as 

diurnal cortisol rhythm or diurnal cortisol cycle (Mormont and Levi, 1997; Sephton et al., 

2013). Variance in cortisol’s diurnal rhythm has been attributed to various factors including 

sex (Larsson et al., 2009), age (Amir et al., 2015; Larsson et al., 2009), and stress exposure 

(Dahlgren et al., 2005) and significant differences have been identified in stress-associated 

illnesses including BD (Belvederi Murri et al., 2016; Tanaka et al., 2013) and AUD (Spencer 

and Hutchison, 1999). Offspring of BD patients appear to exhibit different diurnal cortisol 

rhythms when compared with offspring of parents with no mental disorder (Ellenbogen et 

al., 2006). Taken together, this evidence suggests the presence of heritable pathophysiology 

underlying dysregulated stress processing in BD. Specifically how mechanisms underlying 

dysregulated HPA rhythms relate to interindividual clinical variability in BD is unclear.

Heritable factors underlying HPA dysregulation in BD may involve mechanisms regulating 

steroid production. A key outer mitochondrial membrane protein, the translocator protein 

(18 kDa; TSPO), formerly known as the peripheral-type benzodiazepine receptor (i.e. PBR) 

(Braestrup and Squires, 1977; Papadopoulos et al., 2006), is a rate limiting factor in steroid 

synthesis (Anholt et al., 1985; Lacapere and Papadopoulos, 2003; Lucki et al., 2012). The 

TSPO provides a binding site for cytoplasmic cholesterol on the interface between the fifth 

transmembrane domain and the cytosol facing C-terminus. Under normal circumstances, 

binding to the TSPO facilitates cholesterol transport through the outer and inner 

mitochondrial membranes via formation of functional supramolecular complexes and 

contact sites (Li and Papadopoulos, 1998). Through these complexes, cholesterol is made 

available to cytochrome P450 side chain cleavage via CYP11A1 on the matrix side of the 

inner mitochondrial membrane, yielding pregnenolone. Pregenolone, through a series of 

reactions within both mitochondria and endoplasmic reticula, is metabolized to final tissue-

specific steroid products (i.e. cortisol in the adrenal). Genes regulating TSPO expression 

appear to have been conserved, regulating specialized functions underlying oxygen mediated 

metabolic processes (Fan et al., 2012), suggesting the TSPO is crucial to mammalian 

adaptation, regulating production of stress-related steroid hormones that ultimately impact 

learning, memory and recursively, behavior.

Structural changes to TSPO’s cholesterol binding domain reduces cholesterol binding 

(Lacapere and Papadopoulos, 2003), disrupting steroid synthesis and dysregulating cortisol 

rhythms. A specific, common, nonsynomnymous, missense single nucleotide polymorphism 

(snp) (rs6971) results in a base substitution from alanine to threonine at position 147 in 

TSPO’s fifth transmembrane domain (Owen et al., 2012). This functional polymorphism, 

associated with the A allele, alters mitochondrial TSPO protein structure, reducing 

cholesterol transport into the mitochondria and subsequently, reducing production of 

pregnenolone as compared to that occurring in the presence of the ancestral, G allele (Costa 

et al., 2009). The rs6971 polymorphism directly impacts TSPO binding by specific 

radiotracer ligands (e.g. [11C]PBR-28). Individuals homozygous for the ancestral, G-allele, 

express a high-affinity binding (HAB) site on their TSPO proteins, while individuals 

heterozygous (AG) or homozygous (AA) for the polymorphism will express moderate 

(MAB) or low-affinity binding (LAB) sites for [11C]PBR-28 respectively (Li et al., 2016; 

Yoder et al., 2013). Recent evidence suggests this common TSPO polymorphism is 

associated with dysregulated steroid production in humans (Owen et al., 2017).
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Emerging evidence suggests this TSPO functional polymorphism is associated with a 

diagnosis of BD, possibly by reducing both cholesterol binding/transport and subsequent 

cortisol production, enhancing susceptibility to environmental stress, and ultimately, 

facilitating development of stress related psychiatric disorders including BD (Colasanti et 

al., 2013). The presence of a polymorphism associated with reduced homeostatic HPA-

reactivity is relevant to BD patients, particularly those with a history of dysfunctional 

alcohol self-medication during periods of heightened psychosocial stress. However, whether 

this TSPO functional polymorphism is associated with dysregulated cortisol rhythms and 

consequent clinical exacerbations in BD with or without co-morbid AUD is unknown. 

Identifying variance factors associated with altered diurnal cortisol rhythm would reveal 

novel treatment targets to facilitate personalization and enhance medical precision in this 

debilitating illness.

To show that a common TSPO functional polymorphism is associated with HPA 

dysregulation in individuals with stress-related clinical vulnerability, we tested whether the 

presence/absence of the TSPO functional polymorphism (rs6971) predicted differences in 

cortisol’s diurnal rhythm in healthy control volunteers as well as in BD volunteers with and 

without co-morbid AUD. Building on existing evidence, we predicted strong interactions 

between diagnosis (BD, co-morbid AUD), TSPO variant, and diurnal cortisol rhythm in 

study volunteers. We believe that knowledge of biological factors accounting for inter-

individual variation in the human diurnal cortisol cycle would have immense clinical utility, 

facilitating development of novel personalized treatment and prevention strategies, 

particularly in BD patients at highest risk of stress-related clinical relapse.

Methods

This study was approved by the institutional review board of the University of Michigan. All 

volunteers provided written, informed consent. Initiated in 2004, the Prechter Bipolar 

Longitudinal Study (Prechter) runs within the University of Michigan Comprehensive 

Depression Center, collecting longitudinal data on individuals diagnosed with BD in an 

effort to enhance understanding of its pathophysiology. Upon entry into the Prechter 

Longitudinal Study, diagnoses of psychiatric illness (e.g. bipolar disorder type I (BD-I), 

bipolar disorder type II, etc.) or lack of psychiatric illness (e.g. healthy control) were 

determined using the Diagnostic Instrument for Genetic Studies (DIGS), a structured 

diagnostic tool often used in psychiatric studies (Nurnberger et al., 1994). Adhering to 

DSM-IV diagnostic criteria, diagnoses are obtained from the DIGS and are confirmed (and 

re-confirmed annually) via consensus review by a panel of clinicians resulting in the 

consensus “best estimate” diagnosis. AUD was defined as meeting DSM-IV diagnostic 

criteria of either Alcohol Dependence or Alcohol Abuse disorder. Additional information 

collected from the DIGS used in subsequent analyses includes anthropometric and socio-

demographic measures, age of onset (AAO: reported in years) of either first manic or first 

depressive episode and functional severity of a volunteer’s most clinically impairing manic 

or depressive episodes. Functional severity was determined using a likert scale varying from 

0 (no impairment), 1 (mild impairment but still functioning in primary role), 2 (severe 

impairment to function in primary role), to 3 (incapacitated: unable to function in primary 

role). Patients also provided an estimate of the number of lifetime episodes of mania or 
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depression, represented in our data as an ordinal number. More information on DIGS 

interviews in the Prechter Bipolar Longitudinal Study are outlined elsewhere (Kamali et al., 

2012).

In the present study, 135 volunteers (including only individuals with a BD-I diagnosis and 

Healthy Controls of similar age and sex) were enrolled from the Prechter study on a first 

come, first serve basis, provided the required data (TSPO genetic information, salivary 

cortisol) was available. Individuals within the BD-I group were included with or without co-

morbid AUD. Specific whole blood samples (genetics), and saliva samples (cortisol) were 

obtained from study volunteers on intake (or on follow-up assessment for those previously 

enrolled in the longitudinal study). Following completion of the DIGS (or on follow-up 

assessment for prior study enrollees), subjects completed the Hamilton Depression Rating 

Scale (HAM-D) (Hamilton, 1960) and the Young Mania Rating Scale (YMRS) (Young et 

al., 1978). Additional clinical information on each episode (whether depressive or manic) 

was obtained from the DIGS (or on follow-up assessment). This information included age of 

onset of first episode (AAO), number of lifetime episodes (NOE), and functional severity of 

most severe episode. Functional severity provides a rough estimate of a mood episode’s 

clinical impact with results ranging on a scale from 0 to 4 (0 – no symptoms, 1 - no 

impairment; 2 – impairment in secondary role; 3 – impairment in primary role; 4 – 

incapacitation). Medication information was dichotomized as the following categorical 

variables: anti-depressants, mood stabilizers, anti-psychotics, sedative-hypnotics, and 

thyroid hormones. None of the study volunteers was in receipt of treatment with cortisol, 

hydrocortisone, or other cortisol medications at the time of the study.

Saliva samples

A group of individuals provided saliva samples upon request, following either the initial 

diagnostic interview or the follow-up interview, whichever was most recent. Of the 

individuals who provided saliva samples, only those for whom we previously obtained 

genetic information on a common functional polymorphism of the TSPO gene (snp rs6971) 

were planned for inclusion in the current study (n = 135). Saliva samples were collected by 

volunteers at their home 15 min after wake-up and 15 min before bedtime on each of 3 

consecutive days, using a Salivette synthetic swab (Sarstedt, Nümbrecht, Germany). 

Volunteers were provided with detailed instructions pertaining to the process of sample 

collection. Participants were informed to be sure not to engage in eating, drinking (except 

water), smoking, or teeth brushing for 30 min prior to sample collection. Saliva samples 

were stored in volunteers’ home freezer until sample set completion. Samples were shipped 

to the study PI in provided mailers and and immediately stored at −20 °C until ready to 

assay. Using a Siemen Centaur automated analyzer with chemi-luminescent technology, 

cortisol competitive immunoassays were completed on each saliva sample in a University of 

Alan R. Prossin et al. Michigan core lab. Inter- and intra-assay coefficients of variation at 0.7 

µg/dl were 12.4% and 3.6% respectively. Within a small subset (n=21), 1 or 2 saliva samples 

had insufficient volume to complete cortisol assays. Rather than attempt to impute any 

missing data, only those volunteers who provided complete sample sets (3 wake-up samples 

and 3 bedtime samples) were included in analyses (BD-I without AUD: n=44; BD-I with 

AUD: n=44; Healthy Control: n=26). While some overlap exists between the current sample 
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and that of another study (Kamali et al., 2012), the sample in the current study is distinct 

from (and incompletely overlapping with) the sample included in the study of Kamali et al 

(n=185). Furthermore, in the current study, raw cortisol concentrations were log10 

normalized for statistical analyses while in the study by Kamali et al., non-parametric 

analyses were completed using raw (non-normalized) cortisol concentrations. As such, the 

numerical data used in the current study is distinct from that used in the study by Kamali et 

al.

Genetic Testing

Existing evidence associates allelic variation in a common functional polymorphism of the 

TSPO (snp rs6971) with both altered [11C]PBR-28 binding affinity in PET studies (Owen et 

al., 2012) and differential efficacy of TSPO selective ligands that bind to the mitochondrial 

TSPO (e.g. XBD173) (Owen et al., 2011). At study intake (prior to obtaining saliva samples) 

all subjects provided whole blood samples for genetic testing of specific single nucleotide 

polymorphisms. Methods pertaining to genetic testing are described in detail elsewhere 

(Cross-Disorder Group of the Psychiatric Genomics et al., 2013). For purposes of the current 

study, genetic factors focused on the TSPO rs6971 snp, dichotomized based on the presence/

absence of the GG homozygosity, indicating the presence/absence of the high affinity 

binding (HAB) phenotype. Given the substantial reductions in radiotracer binding profiles 

observed in both AG (MAB) and AA (LAB) individuals in comparison to those in GG 

(HAB) individuals, MAB and LAB volunteers were combined to represent the group 

without the HAB phenotype. For purposes of rmANOVA analyses in the current study, 

TSPOHAB (a dichotomized variable) represents either presence of TSPOHAB (GG: G-allele 

homozygosity) or absence of TSPOHAB (AA or AG) as a main factor of interest.

Statistical Plan

Initial testing determined whether group differences (BD-I vs. Control; TSPO genotype, 

etc.) existed amongst anthropomorphic and clinical variables within our sample. T-Testing 

detected diagnostic differences in real number variables (subject age, BMI) and chi-squared 

testing detected differences in categorical variables (sex, TSPO variant). Due to non-normal 

distributions and/or ordinal nature of certain variables, Mann Whitney U testing Alan R. 

Prossin et al. examined whether the functional TSPO polymorphism impacted age of onset 

(AAO), functional severity, and number of episodes (NOE) of either mania or depression in 

BD-I volunteers. Subsequent analyses involved using repeated measures analysis of variance 

(rmANOVA) to understand whether specific factors of interest impacted the diurnal cortisol 

rhythm (also described as the diurnal cortisol cycle) consistent with similar analyses 

described elsewhere (Abelson et al., 2014). More specifically, testing with rmANOVA 

confirmed effects of independent factors of interest (BD-I, AUD, TSPO HAB; all 

dichotomous) on the dependent variable, diurnal salivary cortisol rhythm/cycle (repeated 

measure: salivary cortisol obtained in the morning and evening on each of three consecutive 

days). Repeated measures analyses were completed twice, once on the entire sample (n = 

114) and once within the BD-I group (n = 88), the latter while controlling for categorical 

medication effects using the variables described above. Analyses were completed using 

SPSS Statistics (version 24) software (IBM, IL). Threshold for significance was set at p < 

0.05 to control for a type I error.
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Results

In total, we identified 107 BD-I volunteers (50 with and 57 without AUD), and 28 healthy 

control volunteers of similar age and demographic background. Within subjects who 

provided a full set of saliva samples (n=114), distribution of demographic, genetic, and 

anthropometric information is outlined in Table 1. No significant differences in ratio of 

males to females, age, distribution of the TSPO polymorphism, and BMI were found when 

comparing BD-I and Healthy Control groups (p > 0.05 for each). In Table 2 we outline the 

distribution of behavioral, genetic and anthropometric information in BD-I volunteers, 

separated by presence or absence of AUD, including additional information on depressive 

symptoms (HAM-D) and manic-type symptoms (YMRS).

Data on racial background was missing on n=2 subjects. Within the remainder (n=112), 

racial distribution of the TSPO polymorphism (rs6971) was similar to distributions 

previously reported (Thomas, 2014). The overwhelming majority of subjects (n=95) 

identified as Caucasian during the diagnostic interview. Caucasians were split fairly evenly 

(almost 50% per group) among the TSPO HAB group (n=46) and the non TSPO HAB group 

(n=49). The remaining subjects (n=17) included those who identified as either Asian (n=3), 

Black/AfricanAmerican (n=7), or more than one race (n=7). All subjects identifying as 

Asian were within the non TSPO HAB group. Other subjects were fairly evenly distributed 

between TSPO HAB (Black/AfricanAmerican: n=4; more than one race: n=3) and TSPO 

MAB/LAB Alan R. Prossin et al. group (Black/AfricanAmerican: n=3; more than one race: 

n=4). Given the small numbers within non Caucasian racial groups, these groups were 

collapsed into a group denoted non-Caucasian (n=19) for subsequent analyses. After 

dichotomizing the race variable, the TSPO HAB group was comprised of n=46 Caucasians 

and n=7 non-Caucasians. Similarly, the TSPO MAB/LAB group was comprised of n=49 

Caucasians and n=12 non-Caucasians. Mann-Whitney U testing confirmed that the TSPO 

polymorphism impacted clinical presentation in BD-I volunteers. TSPO HAB volunteers 

(homozygous for the conserved G-allele) had lower age of onset of depression (U = −2.5, p 

= 0.01) and more life-time manic episodes (U = 2.3, p = 0.02) but no difference in age of 

onset of mania (p = 0.09) or in the number of life-time depressive episodes (p > 0.10) as 

compared to MAB (AG variant) and LAB (AA variant) volunteers. Additional, post-hoc 

testing showed functional severity of mania was lower in TSPO HAB volunteers (U = −2.9, 

p = 0.004) compared to MAB and LAB volunteers, but neither functional severity of 

depression, HAM-D, or YMRS scores differed between groups (p > 0.10).

Quantified from saliva samples, diurnal pattern of volunteers’ salivary cortisol is depicted in 

Figure 1. Log normalized mean salivary cortisol concentrations are depicted on the vertical 

axis and day/time of salivary sample is depicted on the horizontal axis. The graphs depict 

cortisol concentration in the morning and evening on each of 3 consecutive days. Using 

repeated measures ANOVA (rmANOVA), we tested whether significant inter-individual 

variance existed in the diurnal cortisol cycle. Salivary cortisol (6 timepoints: morning and 

evening on each of three consecutive days) was modeled as the repeated measure and BD-I, 

AUD, and TSPOHAB were modeled as specific factors of interest, controlling for both Age 

and Sex, as reported by subjects at time of DIGS completion. Results showed significant 

variance in the diurnal cortisol cycle over three consecutive days (F5,525 = 13.8, p < 0.001). 
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Neither Age or sex had a significant effect on the diurnal cortisol cycle (p > 0.05 for each). 

Significant effects were confirmed for the factors of interest with greater variance in BD-I 

volunteers (F5,525 = 3.0, p = 0.010), as well as in the subset of BD-I volunteers with AUD 

(F5,525 = 2.9, p = 0.012), each compared to healthy volunteers. While the presence of the 

TSPOHAB phenotype on its own was not associated with significant variance in the diurnal 

cortisol cycle (p > 0.05), significant interaction effects between TSPOHAB and diagnoses 

were identified. Presence of TSPOHAB phenotype together with a BD-I diagnosis accounted 

for significant inter-individual variance in cortisol’s diurnal cycle (F5,525 = 3.9, p = 0.002). 

A similar interaction was identified in volunteers with an AUD diagnosis, wherein the 

diurnal cortisol cycle in volunteers with both TSPOHAB and AUD differed significantly 

from those without both TSPOHAB variant and AUD (F5,525 = 2.8, p = 0.017). Follow-up 

testing for effects Alan R. Prossin et al. of race included similar rmANOVA testing while 

controlling for race (dichotomized as Caucasian or non-Caucasian) as a covariate in those 

subjects for whom data on race was available (n=117). Controlling for race in this manner 

had minimal effect on the aforementioned results. Additionally, Race did not have a 

significant effect on the diurnal cortisol cycle (p = 0.33).

In figure 2 we depict diurnal cortisol cycle in BD-I volunteers, removing the healthy control 

volunteers from analyses. Using rmANOVA we tested for the effect of specific factors of 

interest (TSPOHAB, AUD) on variance in the diurnal cortisol cycle in BD-I volunteers. 

Within this group of BD-I volunteers, signifant variance in the diurnal cortisol cycle was 

confirmed (F5,420 = 119, p < 0.001). Neither TSPOHAB phenotype or AUD had significant 

effect on the diurnal cortisol cycle (P > 0.05 for each). A significant interaction effect was 

confirmed between TSPOHAB phenotype and diagnosis of AUD, wherein the diurnal 

cortisol cycle differed significantly between volunteers with both TSPOHAB phenotype and 

AUD as compared to those wtihout (F5,420 = 2.5, p = 0.030). Subsequently, in an attempt to 

control for medication effects, the rmANOVA was repeated, controlling for medication 

effects (each entered as covariate in the model). Neither antidepressant, mood stabilizer, 

antipsychotic, sedative hypnotic, or thyroid hormone treatment had a significant effect on 

diurnal cortisol cycle (P > 0.05 for each). After controlling for these medication effects, 

results from rmANOVA testing yielded a similar interaction effect between TSPOHAB 

phenotype or AUD (F5,395 = 2.3, p = 0.040).

Discussion

Production of steroids (neurosteroids, cortisol, etc.) in humans is essential for homeostatic 

survival, particularly in the setting of enhanced environmental and/or psychosocial stressors 

(de Kloet et al., 1999). Identifying factors underlying both inter-individual variance and 

diagnostic differences in HPA stress reactivity will likely contribute critical understanding to 

pathophysiology associated with dysregulated stress response processing in psychiatric 

illnesses.

Within the field, there remains some debate as to the role of TSPO in steroid formation 

(Papadopoulos et al., 2017). However, it should be noted that recent data obtained in new 

mouse and rat knockout models as well as in clinical trials support the role of TSPO in 

adrenal steroid formation (Barron et al., 2018; Owen et al., 2017). Substantial evidence 
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suggests steroid production is impacted by the common TSPO polymorphism (rs6971). This 

10 Alan R. Prossin et al. ala147thr functional polymorphism confers a deletion of the C-

terminus on TSPO’s fifth transmembrane domain, reducing cholesterol entry into 

mitochondria (Lacapere and Papadopoulos, 2003; Li and Papadopoulos, 1998), consequently 

blunting production of steroid precursors. Providing additional support to the argument that 

TSPO plays a role in steroid synthesis, the data we presented shows that cortisol production 

in BD-I individuals homozygous for the conserved/ancestral, G-allele, was unabated, 

resulting in an aberrant diurnal cortisol pattern in BD-I individuals without the TSPO 

functional polymorphism. In HABs with BD-I, we found both higher clinical severity and 

increased variance in the diurnal cortisol rhythm, particularly in those without AUD. The 

diurnal patterns of cortisol differ between volunteers with AUD and those without AUD and 

may reflect underlying pathophysiology that places BD-I patients at risk for co-morbid 

AUD. However, an alternate hypothesis suggests these differences could be a product of 

alcohol use in AUD, blunting the cortisol response from use of alcohol over prolonged 

periods. Unfortunately, the temporal limitations associated with our study design (lack of 

life course follow-up) limit our determination of such cause/effect relationships.

In contrast, the presence of the TSPO polymorphism (AA/AG; LAB/MAB) in BD-I 

individuals had a significant impact on cortisol concentration, appearing to limit variance in 

diurnal cortisol rhythm in these BD-I individuals. This is consistent with previous findings 

wherein animals subjected to TSPO deletion in steroidogenic cells using a steroidogenic cell 

specific Cre (Sf1) retained their ability to produce basal levels of corticosterone, but lost 

their ability to react to external ACTH by producing additional corticosterone. Subsequent 

histochemical analysis showed that cholesterol, unused for steroidogenesis, accumulated in 

lipid droplets, a phenotype seen in congenital adrenal hyperplasia (Fan et al., 2015). In our 

figures, the pattern of diurnal cortisol rhythm in BD-I individuals with the TSPO functional 

polymorphism was similar to that in the healthy controls, possibly reflecting an adaptive 

function in these BD-I individuals. Additionally, its specific impact on our salivary cortisol 

data needs clarification. We show associations between alcohol abuse/dependence and 

blunting of cortisol, visible in Figure 3c as primarily affecting BD-I individuals homozygous 

for the conserved (G) allele (i.e. TSPO HABs). This data suggests the TSPO functional 

polymorphism may contribute, amongst other factors (Frank et al., 2000; Prossin A, 2010; 

Prossin et al., 2013), to reduction in homeostatic, neuroprotective mechanisms as well as 

reduced control over immune function, each with potential for wide ranging impact on 

human physiology and behavior. If validated, our results suggest TSPO screening may have 

a role in predicting enhanced biological vulnerabilities, and in triggering early 

implementation of patient oriented prevention strategies in those BD-I individuals at greatest 

Alan R. Prossin et al. risk for stress-related clinical decompensation. However, replication 

and validation of this data is required as is a greater understanding of the clinical/behavioral 

ramifications of blunted diurnal cortisol rhythm in BD-I patients.

The data presented also informs microglia based PET research, specifically since radioactive 

[11C]PBR-28 binds to the microglial TSPO protein (Fujita et al., 2008; Hannestad et al., 

2012). While binding of older generation TSPO ligands ([11C]PK11195) were less impacted 

by the TSPO polymorphism, binding of newer ligands ([11C]PBR-28) is quite vulnerable, 

the A-allele conferring a significantly reduced binding affinity as compared to the G-allele 
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(Owen et al., 2012). The data presented helps to reduce clinical confounders associated with 

the requisite genetic pre-screening for high affinity binders (HAB) and improve the clinical 

translational potential of microglial based, [11C]PBR-28 PET research. While its specific 

role in brain immune function is unclear, upregulation of brain microglial TSPO proteins 

appears to reflect phenotypic changes to microglial cells associated with activation and 

release of IL-1 family cytokines as well as regulation of cell death and production of oxygen 

free radicals (Venneti et al., 2006). As such, non-invasive [11C]PBR-28 PET imaging of 

brain microglial activity is uninterpretable in the presence of this functional polymorphism 

(A-allele) of the TSPO protein. However, whether the TSPO protein (or its functional 

polymorphism) contribute to immune-related illness susceptibility is currently under 

investigation.

The three-way analyses conducted in this study were not directional. We were mainly 

concerned with understanding whether presence or absence of the TSPO HAB variant (GG 

genotype) would explain a significant portion of cortisol’s variance as illustrated in figures 2 

and 3. While our results suggest the presence or absence of TSPO HAB may explain some 

variance attributed to HPA dysfunction in bipolar disorder and alcohol use disorder, we did 

not confirm whether the presence of the TSPO functional polymorphism (GA and AA 

genotypes), or the conserved/ancestral (GG) variant, individually explain significant portions 

of the total variance. Therefore, this study takes a step in the right direction, but further 

interaction analyses should be conducted to tease apart the TSPO variants in order to 

confirm a significant interaction, if any, between either a low or high affinity binding TSPO 

phenotype, difference in diurnal cortisol rhythm over time and BD/AUD diagnoses. Due to 

limitations in study design we did not factor additional measures (mood, medication, etc.) 

into analyses involving cortisol. Although some evidence suggests cortisol may not be a 

reliable biomarker of specific mood states in BD (Cervantes et al., 2001), other evidence 

suggests measurable changes in plasma cortisol may be related to non-specific changes in 

mood and/or affective state (Prossin et al., 2016a, b), suggesting clinical translation of 

similar future studies will be enhanced if greater consideration to impact of mood changes 

are incorporated into study design. Further, while asserting their compliance, volunteers’ 

actual adherence is unknown, posing potential confounds. The relatively small sample size 

(and lack of equivalency between control and BD-I sample sizes) pose potential confounds 

and future studies incorporating larger samples and greater attention to potential 

confounders will likely provide more clinically relevant and translatable data.

Combined with existing evidence, the data we present suggest the low binding affinity TSPO 

variant impacts HPA axis output by reducing the normally wide range of capacity for steroid 

production. Depending on the presence/absence of risk for underlying stress-related illness, 

impact of this polymorphism could be either homeostatic or disruptive. If validated, these 

findings are poised to facilitate improved medical precision by guiding treatment with TSPO 

ligands (or other clinically relevant benzodiazepines) particularly in individuals at risk for 

stress-related clinical exacerbation. Such treatment strategies could help restore dysregulated 

HPA functioning in these individuals and specifically, in individuals with bipolar and 

comorbid disorders. However, Further testing in an expanded clinical sample (including BD 

Type II, BD NOS, Major Depression) is needed to validate associations between TSPO 
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rs6971 genotype and downstream steroid synthesis and to delineate associated diagnostic 

interactions.

Nevertheless, additional factors not controlled in our study may pose potential confounds to 

the data presented. Clinical translation of this data may be limited by the sample size 

(relatively small for a genetic study) and lack of replication in an independent sample. 

Additionally, while we attempted to control for medication effects by dichotomizing 

medication subgroups based on their clinical use (i.e. anti-depressant, mood stabilizer, etc.), 

potential confounds related to the putative effects of individual medications on steroid 

production may persist when applying this approach. However, none of the study volunteers 

was in receipt of treatment with cortisol, hydrocortisone, or other cortisol medications at the 

time of the study. Further, while study volunteers were actively queried regarding their 

medication treatment, it is possible that lack of recollection and/or report of specific 

medication treatment may have confounded the data. Additionally, disrupted sleep patterns, 

present at an increased rate in Bipolar individuals, could pose additional confounds. 

Unfortunately, time of collection was not recorded and as such, was not available for 

subsequent analyses and we cannot eliminate variability within our data due to non-

adherence to instructions. Future studies that incorporate a larger sample size and control of 

additional factors will facilitate reduction/alleviation of these potential confounds, 

permitting more robust statistical control for individual medication and dose effects and 

enhancing clinical translational potential of resulting data.
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Highlights

• Structural changes to the TSPO protein, as occur with a common, functional, 

single nucleotide polymorphism (rs6971), may be clinically impactful in 

humans suffering with bipolar disorder, a stress exacerbated illness.

• Inter-individual variation in cortisol’s diurnal rhythm may be partially 

explained by this common TSPO polymorphism (rs6971).

• Within Bipolar patients, presence or absence of the common, functional, 

TSPO polymorphism (rs6971) may contribute to co-morbidity of stress-

exacerbated illnesses including alcohol use disorders.
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Figure 1. 
Figure 1 provides graphical illustration of diurnal cortisol rhythm (also known as cycle) (1 

saliva sample in the morning, 1 saliva sample in the evening) on each of 3 consecutive days 

in study volunteers. Time/Day is represented on the x-axis and mean cortisol concentration 

on the y-axis. Figure 1a depicts cortisol data in each diagnostic group (i.e. healthy control 

volunteers on the left, BD-I volunteers on the right). Repeated Measures ANOVA confirmed 

greater variance in the diurnal cortisol rhythm in BD-I volunteers (F5,525 = 3.0, p = 0.010) 

compared to healthy volunteers. Figure 1b depicts cortisol data in 2 separate groups based 

on presence/absence of the TSPO polymorphism. The TSPO polymorphism homo/
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heterozygotes (AA/AG) on the left and individuals homozygous for the conserved/ancestral 

allele (GG) on the right. Without considering diagnostic factors, TSPO Genotype did not 

significantly impact the diurnal cortisol cycle in study volunteers (p > 0.05). Figure 1c 
depicts cortisol data in 4 separate groups based on presence/absence of BD-I diagnosis and 

presence/absence of TSPO polymorphism. Healthy controls are depicted in the top row of 

graphs and BD-I individuals are depicted in the bottom row. Results from individuals with 

the TSPO polymorphism (AA/AG) (TSPO LAB/MAB) are depicted the left and individuals 

with the conserved/ancestral allele (GG) (TSPO HAB) are depicted on the right. Presence of 

TSPOHAB phenotype together with a BD-I diagnosis accounted for significant variance in 

cortisol’s diurnal cycle (F5,525 = 3.9, p = 0.002).
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Figure 2. 
Figure 2 illustrates the diurnal cortisol rhythm (1 saliva sample in the morning, 1 saliva 

sample in the evening) on each of 3 consecutive days in volunteers with a diagnosis of BD-I 

(e.g. no healthy controls). Time/Day is represented on the x-axis and mean cortisol 

concentration on the y-axis.

Figure 2a depicts cortisol data in 2 separate graphs based on presence/absence of TSPO 

polymorphism. Individuals homozygous or heterozygous for the TSPO polymorphism 

(AA/AG) on the left and individuals homozygous for the conserved/ancestral allele (GG) on 

the right. Repeated Measures ANOVA confirmed that without considering AUDs, TSPO 
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Genotype alone did not significantly impact the diurnal cortisol cycle in BD-I volunteers (p 

> 0.05). Figure 2b illustrates the diurnal cortisol rhythm over the same time interval, but 

with separate graphs based on presence (graph on the right) of absence (graph on the left) of 

AUD. Presence/absence of AUD didn’t have a significant effect on diurnal cortisol rhythm 

(p > 0.05). Figure 2c illustrates the diurnal cortisol rhythm over the same time interval, but 

with separate graphs based on presence/absence of AUD and presence/absence of TSPO 

HAB variant. The diurnal cortisol rhythm differed significantly between volunteers with 

both TSPOHAB phenotype and AUD and those wtihout (F5,445 = 3.5, p = 0.004).
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