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Abstract

Endogenous kappa opioids mediate pathological responses to stress in animal models. However,
the relationship of the kappa opioid receptor (KOR) to life stress and to psychopathology in
humans is not well described. This pilot study sought, for the first time, to quantify KOR in major
depressive disorder (MDD) /n vivo in humans using PET imaging. KOR binding was quantified /n
vivo by PET imaging with the [11C]GR103545 radiotracer in 13 healthy volunteers and 10
participants with current MDD. We examined the relationship between regional [11C]GR103545
total volume of distribution (V) and diagnosis, childhood trauma, recent life stress, and, in a
subsample, salivary cortisol levels during a modified Trier Social Stress Test (nTSST), amygdala,
hippocampus, ventral striatum and raphe nuclei. Whole-brain voxel-wise analyses were also
performed. [11C]GR103545 V1 did not differ significantly between MDD participants and healthy
volunteers in the 4 a priori ROIs (p=0.50). [11C]JGR103545 V- was unrelated to reported
childhood adversity (p=0.17) or recent life stress (p=0.56). A trend-level inverse correlation was
observed between [11C]JGR103545 V1 and cortisol area-under-the curve with respect to ground
during the mTSST (p=0.081). No whole-brain voxel-wise contrasts were significant. Regional
[11C]GR103545 V-, a measure of /in vivo KOR binding, does not differentiate MDD from healthy
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volunteers in this pilot sample. Future studies may examine KOR binding in subgroups of
depressed individuals at increased risk for KOR abnormalities, including co-occurring mood and
substance use disorders, as well as depression with psychotic features.
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Introduction

Depression is the leading cause of disability and a significant cause of mortality globally
(WHO, 2017), yet current understanding of its pathophysiology remains incomplete. Many
patients suffering from major depressive disorder (MDD) do not achieve complete remission
after multiple trials of currently available antidepressant medications (McGrath and Miller,
2015). Identification of novel molecular targets in depression is essential to improve
treatment success.

The kappa opioid system mediates maladaptive responses to stress in animal models. As life
stress represents a significant risk factor for MDD (Nemeroff and Vale, 2005), the kappa
opioid system may represent a possible molecular target for the treatment of mood disorders
in humans, particularly for episodes that develop in the context of life stress. Endogenous
kappa opioids, dynorphins, are released in response to laboratory stress (Land et al., 2008),
an effect mediated by corticotropin releasing factor (CRF) (Bruchas et al., 2009), placing
dynorphin release downstream of hypothalamic-pituitary-adrenal (HPA) axis activation.
Dynorphins bind selectively to the kappa opioid receptor (KOR), leading to downstream
effects on neurochemical systems implicated in MDD. Specifically, KOR stimulation lowers
extracellular levels of dopamine in nucleus accumbens (NAc) (Carlezon et al., 2006); and
these effects on reward circuitry could contribute to anhedonia. In addition, KOR stimulation
inhibits norepinephrine release from locus ceruleus following sensory stimuli (Kreibich et
al., 2008) and inhibits serotonin release in raphe nuclei, neocortex and nucleus accumbens
(Berger et al., 2006; Tao and Auerbach, 2002).

Animal models of depression suggest that inhibition of KOR may have an antidepressant
effect (Mague et al., 2003; McLaughlin et al., 2006; McLaughlin et al., 2003; Newton et al.,
2002; Shirayama et al., 2004). Conversely, KOR agonists /ncrease the depression-like
phenotype in animal models (Carlezon et al., 2006; Mague et al., 2003). Genetic
manipulation studies support these pharmacological studies (McLaughlin et al., 2006;
McLaughlin et al., 2003), suggesting that dynoprhin release (and KOR stimulation) is
required for expression of the depression-like phenotype in the setting of stress.

Despite compelling evidence linking KOR signaling to depression-like symptoms in
animals, and clinical development of KOR antagonists (Ehrich et al., 2015), the kappa
opioid system remains understudied in humans with mood disorders. One previous PET
study used the KOR antagonist radiotracer [11C]LY 2795050 to quantify KOR total
distribution volume (V) in 30 trauma-exposed individuals with a range of psychiatric
diagnoses and 5 non-trauma-exposed healthy volunteers, and reported inverse correlations
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between [11C]LY 2795050 V1 and a composite measure of depression and anxiety symptoms
in amygdala, anterior cingulate, and ventral striatum. This effect was mediated by 24-hour
urinary cortisol levels (Pietrzak et al., 2014). This is consistent with life stress elevating
dynorphin, leading to compensatory KOR down-regulation, as has been observed /in vitro
(Chen et al., 2006; Jordan et al., 2000; Li et al., 2003) and /n7 vivo (Wang et al., 2009), and
with the stimulation of dynorphin release by HPA-axis activation (Bruchas et al., 2009). An
alternative interpretation of low KOR binding in the setting of a high dynorphin state would
be reduced radiotracer binding due to competition with endogenous dynorphin itself.

In this study, we used a KOR agonist radiotracer, [11C]JGR103545 (Naganawa et al., 2014;
Talbot et al., 2005), to quantify KOR binding in individuals with current MDD and healthy
volunteers. [11C]GR103545 is highly specific for KOR (Schoultz et al., 2010) but suffers
from slow kinetics (Tomasi et al., 2013), complicating quantification. [1C]GR103545 has
been used in PET studies in rats to quantify acute occupancy by the KOR agonist salvinorin,
as well as persistent KOR agonist-mediated receptor downregulation (Placzek et al., 2015).
Consistent with these findings, recent human data suggest that [11C]JGR103545 may be
sensitive to endogenous dynorphin in cocaine-use disorder (Diana Martinez, personal
communication). Test-retest studies of this radiotracer demonstrate moderate test-retest
reliability of ~15%, and blocking studies demonstrate specific binding in all brain regions
examined, preventing the use of reference-region-based approaches (Naganawa et al., 2014).

This pilot study of /n vivo KOR binding using PET imaging and the agonist radiotracer
[11C]GR103545 enrolled individuals with current MDD and age- and sex-matched healthy
volunteers. We examined the relationship of KOR binding to depression severity, reported
childhood adversity, and recent life stress. We hypothesized that: 1) [11C]JGR103545 V1
would be lower in individuals with current MDD as compared to a healthy volunteer sample
in four a prioriregions of interest (ROIs) in which KOR activation occurs in animal studies
in response to stress (Land et al., 2008): nucleus accumbens, amygdala, hippocampus, and
raphe nuclei; and 2) both early and recent life stress would be inversely correlated with
[*1C]GR103545 V1 in these same ROIs. Given that KOR activation occurs in response to
HPA axis activation, an exploratory analysis examined the correlation between regional
[11C]GR103545 V1 and HPA axis activation in a subset of individuals, using a modified
Trier Social Stress Test (MTSST). We hypothesized a negative relationship between
[11C]GR103545 V1 and HPA activation. Within the MDD group, we also explored the
relationship between [11C]GR103545 V1 and depression severity. Whole-brain voxel-wise
analyses were conducted to explore regions outside of the a priori ROls.

Materials and Methods

Participants

Study procedures were approved by the Institutional Review Boards of The New York State
Psychiatric Institute and the Yale University School of Medicine. Participants were recruited
through online advertisements and clinician referrals. Eligibility assessment included
medical and psychiatric history, physical examination, routine blood tests, urinalysis, and
urine toxicology. Psychiatric diagnoses were established using the Structured Clinical
Interview for DSM-IV (First et al., 1995), conducted by doctoral- or masters’-level
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psychologists and reviewed in a consensus conference of research psychologists and
psychiatrists.

14 individuals with MDD and 14 healthy volunteers enrolled in this study and completed
MRI scanning. Of these, three MDD participants and one healthy volunteer did not complete
PET scanning due to inability to place radial artery catheter. One additional MDD
participant did not complete PET scanning due to radiotracer synthesis failure. We report
data on a final analyzed sample of 10 MDD participants and 13 healthy volunteers.

Eligibility Criteria

Inclusion criteria for MDD individuals included: 1) Age 18-55; 2) MDD in a current
depressive episode (MDE); 3) 17-item Hamilton Depression Rating Scale (HDRS) score =16
at time of consent; 4) If on current antidepressant medications, lack of significant benefit
after trial of adequate dose and duration, and able to tolerate medication washout (although
no participant was taking an antidepressant medication at the time of enroliment). Exclusion
criteria for MDD individuals included: 1) unstable medical conditions; 2) pregnancy; 3)
neurological disease or head trauma with evidence of cognitive impairment; 4) lifetime
history of alcohol or substance abuse or dependence (other than nicotine); 5) lifetime history
of psychotic illness, or anorexia or bulimia in the past year; 6) current use of opioid
medication. Healthy volunteers had an absence of current or past DSM-IV Axis | diagnosis
(though specific phobia was permissible), and met inclusion criterion 1) as well as all
exclusion criteria listed for the MDD group.

Clinical Assessments

Depression severity was quantified with the HDRS (Hamilton, 1960) and the Beck
Depression Inventory (BDI) (Beck et al., 1961). Suicide attempt history was assessed with
the Columbia Suicide History Form (Oquendo et al., 2003). Suicidal ideation was quantified
using the Beck Scale for Suicide Ideation (SSI) (Beck et al., 1979). Recent life stress was
quantified using the Interview for Recent Life Events (IRLE) (Paykel, 1997), in which an
interviewer surveys the occurrence of life events across a range of social and occupational
domains that have occurred within the past six months. For each event elicited, the
interviewer evaluates the objective negative impact and the extent to which the event is
independent of illness on a five-point scale. We examined the number of life events of at
least moderate negative impact in the past six months as a measure of recent life stress.
Childhood trauma was quantified using the childhood trauma questionnaire (CTQ)
(Bernstein and Fink, 1998). We used the total score of the CTQ as a measure of childhood
trauma.

Cortisol responses to stress were quantified using the mTSST in a subset of individuals (5
healthy volunteers and 4 MDD participants). During the TSST (Kirschbaum et al., 1993),
participants perform a 5-minute personal introduction speech and then complete a speeded
mental arithmetic task over 9 minutes, in the presence of an examiner and an observer
(“confederate™), a staff person not known by the subject, who provides negative feedback to
the subject. This modified form of the TSST did not use explicit negative feedback, due to
its initial use in children and in populations at high risk for suicide. Examiner and
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confederate maintained neutral affect throughout TSST procedures. TSST procedures were
performed during the afternoon in all participants. Cortisol was quantified in five saliva
samples per subject that were obtained longitudinally 10 minutes prior to the stress
procedure and then 15, 20, 30, and 40 minutes from initiation of the stressors. We analyzed
total cortisol output, calculated as area under the curve with respect to ground (AUCG), and
cortisol reactivity, using AUC with respect to increase (AUCI) (Pruessner et al., 2003).
AUCSs were computed with the trapezoid method using raw values. Natural logarithmic (In)
transformation was applied to AUC data as they were not normally distributed.

PET Acquisition

PET images were acquired at the Yale University PET Center on a Siemens HRRT PET
camera. Head motion was recorded during the scan using a commercial optical tracking
system, the Polaris Vicra system (Northern Digital Inc., Waterloo, ON, Canada). Images
were reconstructed and corrected for attenuation, scatter, and motion using the MOLAR
algorithm (Jin et al., 2013). Following acquisition of a transmission scan, [11C]GR103545, a
KOR-specific agonist radiotracer, was synthesized as previously described (Nabulsi et al.,
2011), then injected intravenously as a single bolus (Table 1). [11C]JGR103545 was
administered at tracer doses, with a stringent mass limit of <0.02 micrograms per kilogram
of the subject’s body weight (Tomasi et al., 2013). No physiological or psychological
adverse effects of radiotracer injection were observed among participants in this study.
Dynamic PET images were acquired in 3D mode over a period of 150 minutes using 36
frames of increasing duration. The scanning period of 150 minutes was chosen based on
previous human studies (Naganawa et al., 2014); the high sensitivity of the HRRT PET
camera permitted useable data to be acquired for this duration, despite the short half-life of
11C. A metabolite-corrected arterial input function was quantified based on samples
obtained during each scan as follows: before each PET scan, catheters were inserted in a
forearm vein and a radial artery for radioisotope injection and arterial blood sampling
respectively, as described in (DeLorenzo et al., 2015). Total radioactivity in the arterial blood
samples was analyzed as described elsewhere (Ametamey et al., 2006). After correction for
dispersion and delay, concentration values obtained in plasma samples and collected both
automatically and manually were combined. The resulting data points were convolved with a
Gaussian function (full-width half-maximum=24 s) to smooth the first 6 minutes of the
combined curve. A high-performance liquid chromatography (HPLC) assay of 7 of the
collected arterial blood samples provided levels of unmetabolized parent compound. These
levels were fit with a Hill function (Wu et al., 2007). The metabolite-corrected arterial input
function was obtained by multiplying the fitted parent fraction curve and the merged plasma
counts, and fitting the resulting data points with a combination of a straight line (before the
peak) and the sum of three decreasing exponentials (after the peak).

Magnetic Resonance Imaging (MRI) Acquisition

T1-weighted structural images were acquired on a Phillips 3T Achieva scanner acquiring 1
mm3 isotropic voxel dimension with a TE of 2.98, TR of 6.59, flip angle of 8.0, and
acquisition matrix of 256 x 256.
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Image Processing

Raw MRI images were cropped utilizing Atropos to remove non-brain material (Avants et
al., 2011a), and then segmented into gray, white, and CSF using SPM 5 (Ashburner and
Friston, 2005). ROIs in this study were identified using an automated algorithm (Milak et
al., 2010) that uses nonlinear registration techniques to warp 18 manually labeled MRI
images to the target image as previously described (Milak et al., 2010). Four a priori ROls
were examined: amygdala, ventral striatum, hippocampus, and raphe nuclei (RN) (Land et
al., 2008). Because the RN ROI cannot be reliably identified on MRI images, this region was
labeled using a mask of the average location of the RN in 52 healthy subjects derived from
PET data, using [MC]WAY-100635 (specific for the serotonin 1A receptor) voxel binding
maps warped into standard space, as described previously (Delorenzo et al., 2013).

The FMRIB linear image registration tool (FLIRT), version 5.0 (FMRIB Image Analysis
Group, Oxford, UK) was used to correct for residual subject motion. PET-to-MRI
transformations were computed using FLIRT as previously described (DeLorenzo et al.,
2009). Time activity curves were generated by averaging measured activity in all voxels
within a ROI over the time course of PET acquisition.

PET Outcome Measure Estimation

Graphical approaches such as multilinear analysis-1 (MAZ1) are recommended for optimal
quantification of [11C]JGR103545 binding (Naganawa et al., 2014). Quantification of
[11C]GR103545 VT was therefore performed at the ROI level using likelihood estimation in
graphical approach (LEGA) (Ogden, 2003), a method with similar characteristics to MAL,
and setting the t* (i.e., first time point of the linear phase) equal to 40 minutes after tracer
injection, as previously described (Naganawa et al., 2014).

At the voxel-level, the radiotracer V1 was estimated using empirical Bayesian estimation in
graphical analysis (EBEGA) (Zanderigo et al., 2010), a fully automatic approach that
incorporates LEGA (Ogden, 2003) estimation of V1 in a Bayesian framework. EBEGA
produces meaningful and useful voxel images by reducing the variability of the estimators,
which are shrunk towards reasonable prior means. EBEGA determines its prior distributions
in a fully automated way by using a two-step k-means clustering of grey matter voxel raw
time activity curves to eliminate reliance of the estimators on subjectively chosen prior
distributions. Once the prior distributions have been determined, a maximum a posteriori
estimation is performed using for each voxel the prior of the cluster to which it belongs.
Example unmodeled (standardized uptake value, SUV) and modeled (EBEGA) voxel images
for a single participant whose mean V1 was at the median of the entire sample are
demonstrated in Figure 1.

Statistical Analysis

To properly account for the covariance structure of the data, linear mixed-effects models
were fit to the ROI-level V1 estimates with region and diagnostic group as fixed effects and
subject as the random effect. Data were log-transformed to stabilize the variance, and
because our principal hypothesis of a difference between groups specifies differences in each
ROI that are proportional to each ROI’s binding level. Log transformation has been used in
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multiple PET studies by our group and others to address these issues. As the natural log is a
monotone transformation, demonstrating a difference in log VT is equivalent to
demonstrating a difference (in the same direction) in V1. Estimated binding values were
weighted in the model according to estimated measurement error. Weights were determined
based on standard errors computed using a bootstrap algorithm that takes into account errors
in the PET time activity curve data (Ogden and Tarpey, 2006). Linear mixed effects models
of binding, i.e., log V4, (with region and diagnostic group as fixed effects and subject as the
random effect) were fit using R 3.1.2 (http://cran.r-project.org). The relationships of other
variables to KOR binding (CTQ, IRLE, TSST) were similarly examined using linear mixed
effects modeling, as were the effects of possible covariates. Sex was included as a covariate
in all analyses given a recent report of sex effects on kappa binding assessed by PET (Vijay
et al., 2016); other covariates were also considered, including age, but not included in the
final models. T-tests were performed in SPSS Statistics 18 (http://www.spss.com/software/
statistics/).

Voxel-level Analysis

Results

EBEGA PET images were warped into native MRI space using transforms generated during
ROI analysis, then warped into standard space using Advanced Normalization Tools (Avants
et al., 2011b). Images were smoothed with an 8 mm kernel and grey matter masked with a
standard-space FSL-Toolbox template.

Voxel-level statistical analyses were performed in SPM8 (Institute of Neurology, University
College of London, London, England) implemented in Matlab2012b (The Mathworks Inc,
Natick, Mass). A two-sample t-test comparing VT between MDD participants and healthy
volunteers was performed. In MDD participants, correlations of V1 with BDI, 17-item
HDRS, and IRLE were performed. Correlations of V1 with CTQ, AUCg and AUCi were
performed considering MDD and healthy volunteers together with diagnosis as a covariate.
For all analyses, an a priori cluster threshold was set to p<0.01 with an extent threshold of p
< 0.05 after correction for multiple comparisons.

Effect of Diagnosis

No difference was observed in [11C]GR103545 V1 between MDD and healthy volunteer
groups in the 4 a prioriROIs (Figure 2; F=0.48, DF=1,20, p=0.50). We also did not observe
a region-by-diagnosis interaction (F=0.41, DF=3,63, p=0.75), indicating no regionally-
specific difference in binding between MDD and healthy volunteer groups across the four
ROls.

Relationship to Depression Severity

We did not observe a relationship between KOR V1 and depression severity measured using
the BDI (F=1.49, DF=1,7, p=0.26) or the 17-item HDRS (F=0.02, DF=1,7, p=0.89).
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Effect of Life Stress:

We did not observe a relationship between reported childhood trauma quantified by the CTQ
and [11C]GR103545 V- in the entire sample including diagnosis and sex as covariates
(F=2.05, DF=1,16, p=0.17). Because only one healthy volunteer reported a life event of
moderately negative impact during the six-month period prior to scanning, we examined
recent life stress relationships to KOR hinding within the MDD group only. We did not
observe a relationship between [11C]JGR103545 V1 and the number of negative life events in
the prior six months (F=0.37, DF=1,7, p=0.56).

Relationship to Cortisol Responses during TSST

We examined the effect of cortisol responses in the subset who completed the TSST,
accounting for the effect of diagnosis and sex in the model. We observed a trend-level
inverse relationship between fotal/ cortisol output during the TSST (AUCg) and
[11C]GR103545 V- (Figure 3; F=4.77, DF=1,5, p=0.081). No relationship was observed
between cortisol reactivity (AUC) and [11C]GR103545 V- (F=0.86, DF=1,5, p=0.40).

Possible covariates:

We observed no relationship between [11C]GR103545 V1 and potential covariates, including
sex (F=0.57, DF=1,19, p=0.46) and age (F=0.00, DF=1,19, p=0.997).

Whole-Brain Voxel-wise Analyses

Whole-brain voxel-wise analyses with an a priori cluster threshold of p<0.01 and an extent
threshold of p < 0.05 after correction for multiple comparisons yielded no effects of
diagnosis, depression severity, early or recent life stress, or TSST cortisol AUCg or AUC,
that survived these statistical thresholds.

Discussion

In this first pilot study quantifying KOR binding /7 vivo in MDD participants using PET
with the KOR agonist radiotracer [11C]JGR103545, we did not observe a difference in
[11C]GR103545 V1 between MDD and healthy volunteer groups, nor did we observe
relationships between [11C]JGR103545 V1 and measures of life stress or depression severity.
However, consistent with our hypotheses, we did observe an inverse relationship between
[*1C]GR103545 V1 and cortisol output during the TSST at a statistical trend level.

Diagnosis contrasts

Quantification of KOR in MDD was motivated by extensive animal literature identifying
pro-depressant effects of KOR agonists and antidepressant effects of KOR antagonists
(Carlezon et al., 2006; Mague et al., 2003; McLaughlin et al., 2006; McLaughlin et al.,
2003; Newton et al., 2002; Shirayama et al., 2004), as well as by dysphoria-inducing effects
of KOR agonists in humans (Pfeiffer et al., 1986). Moreover, another PET imaging study
using the KOR antagonist radiotracer [11C]LY 2795050 observed an inverse correlation
between [11C]LY 2795050 binding and a cluster of depressive and anxious symptoms in
amygdala, anterior cingulate, and ventral striatum in a diagnostically heterogeneous group
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(Pietrzak et al., 2014). Several possible explanations exist for the lack of an observed effect
of MDD diagnosis on [11C]JGR103545 V1 in our current investigation. This pilot study was
powered to detect only large effects. Moreover, KOR alterations may be confined to a stress-
sensitive subsample of MDD, or more pronounced in MDD with psychotic features or
psychomotor agitation, as these psychopathologies are associated with greater HPA axis
activation (Keller et al., 2006; Schatzberg, 2015), which acts upstream from kappa opioid
activation (Bruchas et al., 2009). Additionally, KOR agonists induce not just dysphoria but
also psychosis in humans (Pfeiffer et al., 1986). There is also an extensive literature
regarding kappa opioid abnormalities that contribute to stress-induced relapse to substance
use disorders (Chavkin and Koob, 2016). Individuals with depressive symptoms during early
abstinence from alcohol or recreational drugs are another subpopulation of depressed
individuals likely to show KOR abnormalities.Neither of these groups was included in the
current MDD sample, as we sought initially to examine the KOR system in relationship to
depression alone. Our findings, if confirmed in large samples, would be relevant to clinical
investigations of KOR antagonists or functional antagonists in depression (Ehrich et al.,
2015), as it would suggest the importance of identifying subpopulations of depressed
patients at greater risk for KOR abnormalities.

Relationship to cortisol measures from the TSST

Sex effects:

Exploratory analysis in a subset of participants revealed a statistical trend toward an inverse
relationship between total cortisol output during the TSST (AUCg) and [11C]GR103545 V7.
This is consistent with our a priori hypothesis, and agrees with inverse correlations
previously reported between [11C]LY2795050 V1 and 24-hour urinary cortisol levels
(Pietrzak et al., 2014). Both TSST salivary cortisol AUCg and 24-hour urinary cortisol
reflect HPA tone. While this finding cannot speak to causality, a possible interpretation is
that HPA axis tone may regulate dynorphin levels in humans, and thereby affect KOR
binding, either through homeostatic mechanisms or through direct competition for
radioligand binding. This would be consistent with findings of corticotropin-releasing-
factor-mediated dynorphin release in animals (Land et al., 2008). However the observed
trend of inverse relationship between total cortisol output during the TSST (AUCg) and
[11C]GR103545 V- should be interpreted with caution given the small sample size and
trend-level finding, and requires examination in a larger sample. We did not observe a
relationship between [11C]JGR103545 V- and cortisol reactivity during the TSST, as
measured by the AUC; controlling for baseline cortisol levels. Of note, participants
underwent a modified/attenuated form of the TSST that was developed for use in vulnerable
populations (individuals with suicidal ideation and children), in which the confederates do
not provide negative feedback to the participant during the procedures, but rather maintain
neutral facial expressions. This lesser magnitude of the social stressor may have contributed
to the lack of longitudinal change in cortisol values at the group level (F=0.79, DF=4,
p=0.54), which in turn diminished power to detect relationship between KOR binding and
TSST cortisol reactivity (AUC;).

We did not observe an effect of sex on V4, in contrast to a previous study that reported
higher KOR binding across multiple regions in males using PET with [11C]LY2795050 and
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the same outcome measure (Vijay et al., 2016). This may be related to differences in
radiotracer characteristics or to samples studied.

Limitations

The main limitation of the current pilot study is sample size, which was powered to detect
large effect sizes, and risked type 1l error. Life stress measures used in the current study are
retrospective self-reports; future studies may consider real-time measurements such as
ecologic momentary assessment. Additional technical limitations of this study include the
low specific binding of [11C]GR103545 in two a priori ROIs, hippocampus or raphe nuclei,
and the poor test-retest reliability of [11C]JGR103545 V7 in a third ROI, amygdala
(Naganawa et al., 2014).

Anatomically proximal subnuclei within ventral striatum exhibit divergent functional effects
when KOR are stimulated: KOR agonist administration induces hedonic responses in rats
when injected within the rostrodorsal quadrant of the medial shell in nucleus accumbens
(Imm3 in rats), but reduces hedonic responses when injected within the caudal half of the
medial shell (Castro and Berridge, 2014). A convergent study in mice using an optogenetic
approach identified a parallel divergence between aversive and reinforcing effects of KOR
activation in ventral vs. dorsal nucleus accumbens (Al-Hasani et al., 2015). Given this close
proximity of sub-nuclei of the ventral striatum with functionally divergent responses to KOR
stimulation it is possible that divergent KOR effects may be averaged out within the ventral
striatum ROI used in this study, and that such effects, if present in humans, may not be fully
dissociable at the resolution of currently available PET imaging.”

Given the role of dynorphin/KOR interactions in modulating activity of both dopaminergic
and non-dopaminergic neurons in VTA (Polter et al., 2017), quantification of KOR in VTA
in humans would be of significant interest. However, VTA quantification is challenging with
[11C]GR103545 given the small volume of this structure and the low PET signal observed in
this region.

We selected an agonist radiotracer for this study, which should in theory bind preferentially
to KOR in the high-affinity, active state (Wu et al., 2012), and may be sensitive to
endogenous dynorphin tone, as suggested in a study with cocaine-use disorder (Diana
Martinez, personal communication). However, [11CJGR103545 is limited by suboptimal
test-retest reliability and its slow kinetics (Naganawa et al., 2014), which are improved with
newer KOR agonist radiotracers (Naganawa et al., 2017).

All KOR radiotracers are limited by the lack of reference region devoid of KOR to allow for
quantification of non-specific binding in the brain (Vyp). The outcome measure used in this
study, VT, reflects both specific- and non-specific radiotracer binding in target ROIs.
Ongoing work to estimate V\p in the absence of a reference region may allow for
estimation of binding potential measures for KOR radiotracers in the future (Zanderigo et
al., 2017), increasing signal-to-noise ratio and power. Moreover, a previous blocking study
with the radiotracer used in this study, [11C]JGR103545, estimated a \/\p value for this
radiotracer of 3.4 (Naganawa et al., 2014). As VT values in the current dataset in a priori
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ROIs were in the range of 7.3-19.8, the specific binding fraction of the signal across regions
was 53-83% of total V1, assuming comparable Vyp values in our sample.

Conclusions

We did not observe a significant effect of MDD diagnosis on [11C]JGR103545 V7 in this
initial pilot study. We did observe a trend-level inverse relationship between cortisol tone
and [11C]GR103545 V. Future studies with larger sample sizes and inclusion strategies
targeting depressed populations at increased risk for a kappa opioid abnormality, including
those with MDD with psychotic features and those with substance use disorders in early
abstinence, are warranted.
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Figure 1.
Representative single-subject whole-brain images to demonstrate distribution of

[11C]GR103545 binding. [*1C]GR103545 Standard Uptake Values (SUV) (unmodeled data)
from two individuals whose V1 values were at the medians of the (a) MDD and (b) healthy
volunteer samples, respectively, demonstrating expected distribution of KOR. Outlines of a
prioriregions of interest are superimposed on images (amygdala: black, left panel;
hippocampus: blue, left panel; raphe nuclei: white, center panel; ventral striatum: black,
right panel).
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Figure 2.
Comparison of [11C]JGR103545 V1 between MDD and healthy volunteer groups across four

a priori regions of interest: amygdala, hippocampus, raphe nuclei, and ventral striatum. Bar
heights represent the weighted means for each region of interest. Error bars indicate the
corresponding standard deviations of the weighted means. No significant difference is
observed (p=0.48).
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Figure 3.

Relationship of cortisol output during the modified Trier Social Stress Test to
[*1C]GR103545 V. Inverse relationship was observed at a trend level considering four a
prioriregions of interest (p=0.081 amygdala, hippocampus, raphe nuclei, and ventral
striatum). Amygdala and hippocampus are demonstrated in this figure.
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p-value (Control vs MDD, 2-
Controls(N=13) | MDD (N=10) tailed t-test)
Age 34.8+10 32.6+6.5 0.54
Hamilton Depression Rating Scale (24-item) 0.7+1.1 25.7+6 <0.001
Beck Depression Inventory 0.2+0.6 29.3+10.2 <0.001
Years of Education 13.7+6.9 15.3+1.4 0.48
Age at Onset N/A 12.849 N/A
Number of Negative Life Events 0.1+0.3 1.6+£1.4 0.001
Childhood Trauma Questionnaire Total Score 32+8.3 47+9 <0.001
Injected Dose (mCi) 11.6+4.1 11.346 0.88
Injected Mass (ug) 0.4+0.3 0.5+0.3 0.5
Median (Range)
Number of Previous Depressive Episodes N/A 1(8) N/A
Length of Current Major Depressive Episode (days) N/A 27 (789) N/A
p-value (Control vs MDD,
Categorical Variables N (%) fisher’s extact)
Female 6 (46.2) 5 (50) 1
Subjects With a History of Major Depression in First Degree
Relatives 0(0) 2 (20)
Subjects with a Comorbid Anxiety Disorder 0(0) 2(20)
Subjects with a Comorbid Dysthymia 0 (0) 1(10)
Subjects with Current Suicidal Ideation 0(0) 5 (50)
Race/Ethnicity
Asian 1(8) 1(10)
African American 3(23) 2 (20)
Caucasian 7 (54) 5 (50)
Hispanic 1(8) 1(10)
>1 Race 1(8) 1(10)
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