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Abstract

The mu opioid receptor system is altered in alcohol dependent (AD) subjects. Cortisol responses
to opioid receptor antagonists are assumed to impart information about opioid receptor activity. In
the present study we examined naloxone-induced cortisol responses in 18 healthy control (HC)
and 25 recently detoxified AD subjects and then correlated the cortisol response with mu opioid
receptor availability across 15 brain regions using positron emission tomography (PET) and the
mu opioid receptor selective ligand [11C] Carfentanil (CFN). On average the AD subjects required
twice the dose of naloxone to induce a peak cortisol response compared to the HC subjects. Using
the rising slope of the cortisol curve (placebo to peak) as a metric we then went on to examine the
relationship between cortisol responses to naloxone and [21C]JCFN BPyp. There were significant
negative relationships between cortisol and [11C]JCFN binding potential (BPNp) in multiple brain
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regions of HC subjects. However, cortisol responses did not correlate with [11C]JCFN BPyp across
any brain region in AD subjects. In summary, naloxone imparts information about individual
differences in mu opioid receptor availability throughout the mesolimbic system in healthy
individuals. However pathways governing the relationship between naloxone-induced cortisol and
mu opioid receptor availability are disrupted during early abstinence in AD subjects.
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Introduction

There are several lines of evidence that implicate central nervous system (CNS) opioid
systems in the development and maintenance of alcohol dependence (Oswald and Wand,
2004). The targeted disruption of mu opioid receptors in mice reduces alcohol consumption
(Hall et al, 2001). Moreover opioid receptor antagonist administration decreases alcohol
consumption in rodents, primates and humans (Kranzler and Edenberg, 2010, O’Malley and
Froehlich, 2003). In human laboratory studies, naltrexone administration reduced craving
and positive reinforcing stimulant effects and increased sedative effects of alcohol compared
with placebo administration (McCaul et al 2000/2001; Sinha and O’Malley, 1999; Swift et
al, 1994).

A second line of evidence derives from neurobiological studies which indicate that alcohol
exposure alters opioid peptides and their receptors. For example, acute alcohol
administration increases beta-endorphin and enkephalin gene expression in specific brain
regions (Gianoulakis, 1990; Leriche and Mendez, 2010; Li & Froehlich, 1996;) whereas
chronic alcohol exposure generally decreases beta-endorphin levels in several brain regions
(Chen et al, 2004; Genazzani et al 1982; Sarkar et al, 2007). Alcohol administration also can
alter opioid receptor density and/or affinity (Mendez et al, 2005). Recent human PET
imaging studies using the mu opioid receptor selective ligand [11C] Carfentanil (CFN) have
shown elevated mu opioid receptor availability in AD subjects compared to HC (W Heinz et
al, 2005; Weerts et al, 2011).

A third line of evidence is derived from naloxone challenge studies. The non-selective
opioid receptor antagonist naloxone has been utilized to provide qualitative information on
the status of the endogenous opioid system (Wand et al, 1998). Activation of the HPA axis
by naloxone occurs through the blockade of opioid inhibitory tone directed at the
hypothalamic regulators of ACTH secretion. Studies using opioid receptor antagonists have
presumed to identify differences in opioid activity due to alcohol dependence as well as that
conferred by a family history of alcoholism (Adinoff et al, 2005; Wand et al, 1998; Wand et
al, 1999). This assumption was recently given more credence by two reports comparing PET
measurement of mu and delta opioid receptor availability with cortisol responses to
naloxone in healthy subjects. The analysis demonstrated that cortisol responses to a
naloxone challenge in healthy subjects were negatively correlated with mu and delta opioid
receptor availability in certain mesolimbic regions (Wand et al, 2011; Wand et al, In Press).
In the previous studies we compared the relationship of mu and delta opioid receptor
binding potential with area under the cortisol curve (AUC). For the current study we wanted
to extend our findings in two ways. First we tested three additional cortisol metrics to
correlate with mu opioid receptor availability: peak response, dose at peak response and the
rising slope of the cortisol curve. This was done to see if we could identify a more robust
cortisol metric that would correlate more strongly with receptor availability and in more
brain regions than the AUC metric. Second, using the new cortisol metrics we determined
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the utility of a naloxone challenge procedure to investigate mu opioid receptor availability in
AD subjects. We hypothesized that the negative correlation between naloxone-induced
cortisol and mu opioid receptor availability previously identified in HC subjects would be
disrupted in AD subjects. This hypothesis was also supported by our recent findings that the
relationship between naloxone-induced cortisol and delta opioid receptor availability in
mesolimbic structures is disrupted in AD subjects (Wand et al, In Press).

Subjects were 18 (11 male, 7 female) HC subjects and 25 (18 male, 7 female) current AD
subjects who completed an inpatient study which included PET imaging and a naloxone
challenge procedure (see Weerts et al, 2008; Wand et al. 2011 and described briefly below.
Subjects were mostly Caucasian (60%) and matched for age (mean 47.1 + 8.8 SD yrs for
controls and 43.8 + 7.4 for AD). AD subjects were active drinking at NIAAA-defined
hazardous levels (mean 12.4 + 6.5 SD drinks per day, and 5.5 + 1.4 SD days per week) as
determined by completion of a 90-day Time Line Follow Back (Sobel and Sobel, 1992), and
met DSM-IV criteria for alcohol dependence based on the Semi-Structured Assessment of
the Genetics of Alcoholism (Bucholz et al, 1994); aged matched HC subjects were light
social drinkers who drank below NIAAA recommended guidelines (mean 1.5 + 1.0 SD
drinks per day, and 0.9 + 1.5 SD drinks per week) and did not meet current or lifetime DSM-
IV criteria for either alcohol abuse or dependence. Alcohol Dependence Scores (mean + SD)
were 19.6 + 6.7 for AD subjects and 0.1 + 0.3 for HCs. Exclusionary criteria for all subjects
included: 1) current or lifetime DSM-IV diagnostic criteria for any other Axis | disorder,
including other drug abuse/dependence (except nicotine), 2) a significant and active medical
illness, 3) positive toxicology at assessment or session days, 4) abnormal CBC or liver
enzyme > 2X normal range, 5) pregnancy or taking hormonal birth control, 6) maternal
drinking during pregnancy. To avoid use of medications to treat alcohol withdrawal
symptoms, AD subjects were excluded for history of seizures or the administration of
medication to treat withdrawal symptoms occurring in previous detoxifications. Complete
demographic data has been published previously (Weerts et al., 2011). Preceding admission
to the CRU, magnetic resonance imaging (MRI) was completed to permit within-subject
localization of CNS regions (Meltzer et al, 1990). Research was approved by the Johns
Hopkins University Internal Review Board and all subjects provided informed consent.

Inpatient Procedures following admission to Clinical Research Unit (CRU)

AD subjects were admitted to the CRU under an inpatient protocol for medically supervised
alcohol withdrawal. On day 5 of the CRU stay, AD subjects underwent PET imaging. The
next day the naloxone procedure was completed. These subjects remained on the clinical
research unit for subsequent Naltrexone treatment and PET imaging to determine the degree
of mu and delta receptors blockade induced by Naltrexone (Weerts et al, 2008). HC subjects
were admitted to the clinical research unit and completed the PET imaging followed the next
day by the naloxone challenge prior to discharge.

The Clinical Institute Withdrawal Assessment-Alcohol Revised (CIWA-Ar) (Sullivan et al,
1989) was administered to the AD subjects 3 times each day for the first 5 days by the CRU
nursing staff. Based on CIWA scores, vital signs and physician assessment, no subject
required withdrawal medication during the inpatient protocol. Twenty of the 25 AD subjects
and 2 of the HC subject were smokers. Cigarette smoking was prohibited for all subjects
during the inpatient stay. To reduce the potential impact of nicotine withdrawal on
outcomes, nicotine dependent subjects were provided a transdermal nicotine patch (21 mg
nicotine) at the time of admission. Nicotine patches were applied daily until discharge.
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PET procedures

PET images were obtained in 3D mode on a GE Advance PET scanner (GE Medical
Systems, Milwaukee, WI) as described in detail previously (Weerts et al, 2011). Subjects
completed two PET scans on the same day and in fixed order: a [11C]MethyInaltrindole
scan, using a specific delta opioid receptor antagonist (Wand et al, In Press) and [11C]CFN
scan using a specific mu opioid agonist (Frost et al, 1990; Titeler et al, 1989). Scans were
conducted at 8:30 and 10:45 am, respectively. The current analysis only includes results
from the [11C] CFN scan.

Prior to tracer injection a 10-minute transmission scan was completed. Following
intravenous bolus administration of [11CJCFN (20.0£0.6 mCi SA: 21,482.7 + 3310.1 mCi/
pmole for the HC group, and 19.3+0.5 mCi SA: 18,444.1 + 2849.6 mCi/umole for the AD
group), 25 images with variable time intervals (6 x 30 sec, 5 x 60 sec, 5 x 120 sec, 9 x 480
sec) were acquired over 90-minutes. Specific activity measurements were made at the end of
synthesis. The dose of carfentanil administered was less than 0.04 pg/kg body weight; no
agonist effects were reported. Reconstruction of images was corrected for attenuation,
scatter, and dead-time (Kinahan and Rogers, 1989). Each PET frame contained a 128 x 128
x 35 matrix with voxel size of 2 x 2 x 4.25 mm in a spatial resolution of 5.5 and 6.1 mm
full-width-at-half-maximum (FWHM) in the radical and tangential directions, respectively,
at 10 cm radius from the center of the field-of-view.

Volumes of Interest (VOI) Analyses

Fifteen VOIs were selected to include brain regions that had moderate to high [11C]JCFN
BPnp and included regions that are altered in alcohol dependence ( Weerts et al, 2011). The
VOIs were defined as previously described (Weerts et al, 2011) and applied to PET frames
to obtain time-activity curves (TACs) of regions.

PET Outcome Variables

[LLC]CFN (BPpp) was the primary dependent variable (Innis et al, 2007). BPyp is derived
from the product of the receptor density (Bmax’ or the receptor density Bmax less those
occupied by endogenous transmitters) and binding affinity (1/KD). Reference tissue
graphical analysis (RTGA) (Logan et al, 1996) was employed with occipital region selected
as the reference region. The brain-to-blood clearance rate constant of the reference region

(k) was set at a published population mean of 0.104 min~1 (Endres et al, 2003; Frost et al,
1990). There is a highly significant correlation between BPyp estimates using RTGA and
those obtained from the arterial input-based kinetic model (Endres et al, 2003).

Naloxone cumulative dosing procedure—A dose response curve to naloxone was
generated for each subject and carried out in a single session based on our previously
published procedures (Wand et al, 2011). Following a calorie controlled lunch at 1200 h
participants had an intravenous catheter placed into a forearm vein 60 min before placebo
administration. Baseline blood samples were drawn —30 min, =15 min and directly
preceding placebo administration. The placebo (0.9% saline) was administered as a bolus at
time 0. Incremental doses of naloxone (25, 50, 100 and, 250 ug/kg) dissolved in 0.9% saline
were administered every 30 min. Blood draws took place 15 and 30 min after placebo and
each naloxone dose, and then every 30 min through 240 min. Plasma cortisol (Diagnostic
Products Corporation, Inc.; Los Angeles, CA) was assayed by radioimmunoassay. Intra-
assay and inter-assay coefficients of variance were less than 8% for cortisol.

Statistical Plan—Multiple linear regression models were built to compare [11C]CFN BP
between HC and AD group in 15 brain regions. Sex and current smoking status were added

Alcohol. Author manuscript; available in PMC 2013 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wand et al.

Results

Page 5

as covariates. Adaptive step-up Bonferroni method was used for multiple comparison
correction across brain regions (Hochberg and Benjamin, 1990).

Cortisol data was examined both as a function of time and dose of naloxone. To construct a
naloxone dose response curve the cortisol value for each naloxone dose was calculated as
the average of the two time points 15 minutes and 30 minutes after the dose was
administered. Metrics based on the cortisol time series provided higher resolution for
correlation analyses than the dose series and therefore were employed to examine the
relationships between [11C]CFN (BPyp) and cortisol metrics (see below). The baseline
cortisol level was calculated as the average cortisol at =30, —15, and 0 minute. Mean cortisol
curves were plotted to visualize hormone responses for HC and AD groups. To compare
hormone levels following each dose of naloxone to baseline cortisol values, a linear mixed
model with random intercept was constructed. An unstructured covariance matrix was used
to obtain robust standard errors.

In a previous study we compared the relationship [11C]JCFN (BPyp) and area under the
cortisol curve (AUC) in four brain regions of the HC subjects reported in this paper (Wand
et al, 2011). For this study we tested three additional cortisol metrics to correlate with
[11C]CFN (BPpp): peak response, dose at peak response and the rising slope of the cortisol
curve. This was done to see if we could identify a more robust cortisol metric that would
correlate more strongly with [11C]JCFN (BPyp) and in more brain regions than AUC. The
slope was calculated as the cortisol peak response (cortisol peak minus cortisol at 15 minute
time point) divided by the duration from 15 minute to peak. Multi-linear model was
constructed with BPyp as the dependent variable and cortisol variables as the independent
variable for each of the brain regions of interest

Sex and smoking modify naloxone-induced cortisol responses and [*1C]JCFN (BPyp)
(al’Absi et al., 2008; Uhart et al., 2006) and were added as covariates to the model. We also
performed sensitivity analysis on age. There was not an association between age and
[LLCJCFN (BPpp) in this data set, nor age changed the relationship between cortisol and BP
for these models. Therefore age was not included in the final model. The p values were
adjusted for multiple comparison correction across brain regions. The partial residual plots
with the component line from the multi-linear models were plotted for selected regions to
visualize correlation between the [21C]JCFN (BPyp) and cortisol slope after adjusting for sex
and smoking status. [21C]JCFN (BPyp) was compared between HC and AD group using
multi-linear regression, with sex and smoking status as covariates. All the analyses were
carried out using SAS 9.3.

We previously reported that [L1C]JCFN BPyp was lower in the HC compared to AD subjects
in the cingulate cortex, amygdala, insula, ventral striatum, putamen, caudate, globus
pallidus, and thalamus (Weerts et al, 2011). In table 1 we compare [L1C]CFN BPyp in 7
additional brain regions not previously examined. We report that [L1C]JCFN BPyp in these
additional regions were lower in the HC compared to AD subjects.

The following day after the PET imaging procedure each subject underwent the naloxone
challenge protocol. Baseline cortisol levels (mean of =30, —15 and 0 time points) did not
differ by group. Compared to the effect of placebo, cumulative naloxone dose administration
induced statistically significant cortisol responses in both HC and AD subjects (Figure 1).
The mean naloxone dose required to produce the peak cortisol response was more than 2
times greater in AD compared to HC subjects (Table 2). The peak cortisol response and the
slope of the rising cortisol curve were not statistically different by group.
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We then examined the correlation between [11C]JCFN BPyp and naloxone-induced cortisol
response in all 15 brain regions using three cortisol metrics: rising slope, peak response and
dose at peak response. There were significant negative correlations between the rising slope
of the cortisol response curve and [M1C]JCFN BPyp in 9 of the 15 brain regions in the HC
group (Table 3). The other cortisol metrics (dose at peak response and absolute peak
response) did not correlate with [L1CJCFN BPyp in HC subjects. In addition, there were no
significant correlations between any naloxone-induced cortisol metric and [21C]JCFN BPyp
in AD subjects across the 15 brain region (Table 3).

As an example of these relationships, the partial residual plots show the association between
[LIC]CFN BPyp in the ventral striatum, caudate, putamen and hippocampus with cortisol
rising slope in both groups after adjusted for sex and smoking (Figure 2A-H).

Discussion

In the current study we compared the relationship of [LIC]JCFN BPyp and cortisol responses
to naloxone in HC and AD subjects. First we measured [11C]JCFN BPyp in 15 brain regions
in all subjects. We previously examined and reported on 8 regions finding lower [11C] CFN
BPpnp in the HC group compared to AD subjects (Weerts et al, 2011). In the present study
we compared [11C]JCFN BPyp in HC and AD subjects measured in 7 additional brain
regions that had not been previously reported. Again we found lower [11C]JCFN BPyp in the
HC group compared to AD subjects. The PET measurement in 7 additional brain regions
indicates that elevated [*1C]JCFN BPyp in AD subjects is robust and more global than
previously realized.

We then assessed cortisol responses to five incremental doses of naloxone. Although peak
cortisol and cortisol slope did not differ between groups, there were group differences in the
dose of naloxone required to achieve peak cortisol response. On average the AD subjects
required twice the dose of naloxone to induce a peak cortisol response compared to the HC
subjects. This observation is consistent with the PET findings of elevated [11C]CFN BPyp
in AD subjects compared to HC subjects. The greater mu opioid receptor availability in AD
subjects requires a higher dose of naloxone to block and maximally stimulate cortisol than
lower mu opioid receptor availability in HC subjects.

We then proceeded to correlate [L1C]JCFN BPyp with three cortisol metrics. We previously
reported in the HC subjects that there were significant negative relationships between
cortisol AUC response to naloxone and [11C]JCFN BPyp in ventral striatum, caudate,
putamen and hypothalamus (Wand et al, 2011). For the present study we examined three
other cortisol metrics attempting to find stronger correlations in many more brain regions.
Based on this new data and our previous findings (Wand et al, 2011) it is clear that of the
four cortisol metrics, the rising slope of the cortisol curve was the strongest predictor of
[LLC]CFN BPyp in the HC subjects.

The neurobiological mechanism(s) accounting for the correlation of naloxone-induced
cortisol and [*1C]JCFN BPyp in the HC subjects is not clear. There are several possible
explanations. Paraventricular CRF and AVP are the primary regulators of ACTH secretion,
and thus cortisol. Opioid peptides inhibit the secretion of hypothalamic CRF (Boosook and
Hyman 1995; Szekely, 1990). It is possible that the brains regions where [11C]JCFN BPyp
was found to correlate with cortisol are under mu opioid receptor inhibitory tone. The
magnitude of naloxone-induced cortisol responses was proportional to mu receptor
availability in these specific brain regions. The release of that inhibition by naloxone
resulted in activating the hypothalamic regulators of ACTH through neural circuitry that
connects each brain region with PVN neurons. Supporting this contention are preclinical
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studies showing that mesolimbic brain regions that participate in responding to stressful
stimuli also communicate with PVN neurons to stimulate CRF and AVP release or are
involved in glucocorticoid negative feedback (Jankord and Herman, 2008). Therefore it is
probably no coincidence that the correlation was identified mainly in mesolimbic brain
regions.

Another potential mechanism underlying the correlation between cortisol and [11C]JCFN
BPnp may result from the effects of chronic cortisol exposure on mu opioid receptor
expression. There is marked inter-individual variability in both stressed and non-stressed
cortisol concentrations resulting from environmental and genetic influences (Stephens and
Wand, In Press). Such inter-individual differences in the cortisol milieu could partially
explain inter-individual differences in mu opioid receptor availability. Thus individuals with
greater cortisol responses to life events may have lower mu opioid receptor availability
compared to subjects with a more subdued stress response. In agreement with this premise is
a PET study showing that sustained sadness as well as pain result in decreased [1C]JCFN
BPnp in the ventral basal ganglia, the nucleus accumbens, ventral pallidum, and in the
amygdala (Ribeiro et al, 2005).

In contrast to the HC group, the AD subjects did not show correlations between their cortisol
responses to naloxone and [11C]JCFN BPyp in any of the 15 brain region. We also know that
[11C]CFN BPyp and the dose of naloxone required to achieve peak cortisol responses were
greater in AD subjects compared to HC subjects. These binding potential and
neuroendocrine differences observed in the AD subjects may have resulted in the loss of
correlation between mu opioid receptor availability and cortisol responses to naloxone. The
cause of this interference may be secondary to alcohol toxicity or withdrawal. It is also
plausible that these group differences preceded the development of significant alcohol
exposure and were influenced by other environmental and/or genetic factors. The
observation adds additional evidence that there is an important relationship between alcohol
dependence, stress pathways and the endogenous opioid systems.

A possible weakness in the data is the potential confound of nicotine use which is so
prevalent in HC subjects compared to social drinkers (Dawson, 2000). To minimize this
potential confound smokers wore nicotine patches to minimize nicotine withdrawal.
Additionally smoking was included as a covariate in the statistical model. Another weakness
of the paper is the relatively small size which is typical for PET imaging studies. It should
also be pointed out that we used a specific naloxone challenge procedure using a cumulative
dosing method developed in our laboratory (Wand et al, 2011). It is unclear if similar
observations could be identified if a simpler, single naloxone dose procedure was utilized.
Finally, plasma naloxone levels were not determined. It is possible that differences between
HCs and ADs in naloxone metabolism could account for part of the findings.

In summary, naloxone induced cortisol secretion imparts information about individual
differences in mu opioid receptor availability throughout the mesolimbic system in HC
subjects. Among the cortisol metrics studied, the rising slope of the cortisol curve correlates
most strongly with [11C]JCFN BPyp and should be the preferred metric in future studies.
Overall these observations suggest there is endorphinergic neurocircuitry that connects
mesolimbic stress pathways with the hypothalamic regulators of ACTH in healthy subjects.
These pathways appear to be disrupted during early abstinence in AD subjects.
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Figure 1.

Cortisol responses to five graded doses of naloxone, adjusted for sex and smoking. Data
points are mean (SEM). BASE=baseline; PBO=placebo. * denotes time points in alcohol
dependent subjects that were significantly different from mean of placebo time points with
p<.05, adjusting for sex and smoking status. + denotes time points in healthy control
subjects that were significantly different from mean of placebo time points with p<.05,
adjusting for sex and smoking status.
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Figure2.

Partial residual plots of [L1C]CFN BPyp and cortisol slope response adjusted for sex and
smoking (for regression in table 3). Statistics are displayed in Table 4. A and B: ventral
striatum; C and D: putamen; E and F: caudate; G and H: hippocampus.
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Mean 11C-CFN BP of healthy control (HC) and alcohol dependent (AD) subjects.
Data shown are group means and SEM adjusted for sex and smoking for each VVOI.

Table 1

VoI HC (N=18) | AD(N=25) | Unadjusted P | Adjusted P
Fusiform 0.141 (0.02) | 0.286 (0.017) <0.001 <0.001
Temporal 0501 (0.03) | 0.665 (0.025) <0.001 <0.001
Hypothalamus | 1.031 (0.093) | 1.34 (0.078) 0.028 0.028
Frontal Cortex | 0.492 (0.032) | 0.643 (0.027) 0.003 0.003
Hippocampus | 0.122(0.03) | 0.232 (0.025) 0.015 0.015
Parietal 0.284 (0.022) | 0.387 (0.018) 0.002 0.002
DLPFC™ 0.376 (0.033) | 0.481 (0.028) 0.036 0.036

*
dorsal lateral prefrontal cortex
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Table 2

Comparisons of mean cortisol variables between healthy control (HC) and alcohol dependent (AD) subjects
adjusted for smoking status and sex.

Adjusted mean (SE)

Variable p
HC (N=18) | AD (N =25)

Peak (ug/dL) 21.0 (1.8) 236 (1.5) | 0.332

Dose at peak (ug/kg) 65.7 (22) 144 (18.6) | 0.019

Cortisol slope (30 min-peak) 15.5(2.7) 12.9(2.2) | 0.560
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