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Abstract
[''C]ABP68S is a positron emission tomography (PET) radioligand that binds selectively to
metabotropic glutamate type 5 receptors (mGIuRS5). The use of this tracer has identified receptor
binding changes in clinical populations, and has been informative in drug occupancy studies.
However, previous studies have found significant increases in [''C]ABP688 binding in the later
scan of same-day comparisons, and estimates of test-retest reliability under consistent scanning
conditions are not available. The objective of this study was to assess the variability of
[''C]ABP688 binding in healthy people in scans performed at the same time of day. Two
[''C]ABP688 scans were acquired in eight healthy volunteers (6 women, 2 men) using a high-
resolution research tomograph (HRRT). Scans were acquired 3 weeks apart with start times
between 10:00am and 1:30pm. Mean mGluRS5 binding potential (BPxp) values were calculated
across cortical, striatal and limbic brain regions. Participants reported on subjective mood state
after each scan and blood samples were drawn for cortisol analysis. No significant change in
BPnp between scans was observed. Variability in BPxp values of 11 to 21% was observed across
regions, with the greatest change in the hippocampus and amygdala. Reliability was low to
moderate. BPnp was not statistically related to scan start time, subjective anxiety, serum cortisol
levels, or menstrual phase in women. Overall, [''C]ABP688 BPnp estimates show moderate
variability in healthy people. Reliability is fair in cortical and striatal regions, and lower in limbic

regions. Future research using this ligand should account for this in study design and analysis.
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Introduction

The positron emission tomography (PET) radiotracer 3-((6-methylpyridin-2-yl)ethynyl)cyclo-
hex-2-en-1-one-O[!'C]methyloxime (['!C]ABP688) binds selectively at an allosteric site on the
type 5 metabotropic glutamate receptor (mGluRS) (Ametamey et al., 2006). Throughout the
brain, these receptors are involved in regulating glutamatergic neurotransmission and synaptic
plasticity, contributing to associative learning and memory (Anwyl, 1999; Ayala et al., 2009).
mGIluRS5 alterations are linked to a range of psychiatric and neurological disorders (Davis et al.,
2017; Esterlis et al., 2017; Scharf et al., 2015; Smart et al., 2017), while drugs targeting the
radioligand binding site are being investigated for diverse conditions, including substance use
disorders, fragile X syndrome, and levodopa-induced dyskinesia in Parkinson’s disease (Caprioli
et al., 2017; Haass-Koffler et al., 2017; Tison et al., 2013; Youssef et al., 2018). The ligand also
has applications in drug development to estimate occupancy at the modulatory site (Kagedal et

al., 2013; Mathews et al., 2014).

Variation in [''C]ABP688 binding between subjects is considerable, with over two-fold
differences in cortical binding among healthy people (DuBois et al., 2016). Compared to these
healthy individuals, people with mood and substance use disorders (Akkus et al., 2013;
Deschwanden et al., 2011; Esterlis et al., 2017; Martinez et al., 2014; Milella et al., 2014) are
reported to have altered ['!C]ABP688 binding. While results in clinical populations are
commonly interpreted to reflect changes in receptor density, drug challenge studies in animals
and humans have raised the possibility that [''C]ABP688 may also be sensitive to changes in
extracellular glutamate levels. In humans, lower ['!C]ABP688 binding is seen following

administration of ketamine, known to increase glutamate levels (DeLorenzo et al., 2015; Esterlis



et al., 2017), while binding levels increase in rats after administration of ceftriaxone, which
decreases glutamate (Zimmer et al., 2015). Because [!'C]ABP688 binds at an allosteric site, this
would not be caused by direct competition between glutamate and the radiotracer; rather,
increased glutamate levels might instead alter affinity at the allosteric site or induce receptor

internalization.

[''C]ABP688 has shown good test-retest stability in rodents and non-human primates
(DeLorenzo et al., 2011b; Elmenhorst et al., 2012; Miyake et al., 2011). In humans, however,
same-day test-retest studies have found variability of up to 40% across regions (DeLorenzo et al.,
2017, 2011a) following a consistent pattern of increased ['!C]ABP688 binding during afternoon
scans relative to morning scans. The causes of this variation are unknown, but it could be related
to physiological or psychological factors that differ between scans, such as circadian variation in

glutamate system activity (Elmenhorst et al., 2016) or stress associated with the first scan.

Systematic variation from morning to afternoon scans in previous studies precludes accurate
assessment of the amount of within-subjects variation expected under consistent scanning
conditions in humans. This information is necessary in order to interpret the effects of a drug
challenge and longitudinal data. Thus, the objective of the current study was to assess the test-
retest reliability of [''C]ABP688 binding in healthy people in scans performed three weeks apart

under similar conditions.



Materials and Methods

Participants

Healthy volunteers between the ages of 20 and 40 were eligible for this study. Nine people
participated. Since one scan was excluded due to low tracer specific activity, the final analyses
included eight participants: two men and six women, mean age 23.7+3.8 years (range 20-34
years). Participants were physically healthy, medication-free, and had no personal or first-degree
relative history of psychiatric disorders, including but not limited to mood, anxiety, or substance
use disorders. All were non-smokers. Personal and family medical history were assessed in
screening sessions using the Structured Clinical Interview for DSM-IV, Non-Patient edition
(First et al., 2002), a medical examination by a physician, and routine blood work. Urine drug
screens and pregnancy tests were obtained during screening and prior to each PET session
(Express Diagnostics, MN, USA), and participants were excluded if they tested positive for illicit
or recreational drugs (amphetamine, benzodiazepines, buprenorphine, cannabis, cocaine, 3,4-
methylenedioxymethamphetamine, methamphetamine, methadone, or opioids). The study was
carried out in accordance with the Declaration of Helsinki and approved by the Research Ethics
Board of the Montreal Neurological Institute, McGill University. All participants provided

written informed consent.

Study Overview

Participants underwent two ['!C]ABP688 brain PET scans acquired three weeks apart between
10:00am and 1:20pm. With two exceptions due to tracer production delays, scan start times for
each participant were within approximately one hour of each other. Participants abstained from

alcohol and caffeine for 12 hours and from food for 3 hours prior to the scan. Scans were



performed as part of a larger protocol that involved double-blind administration of d-
amphetamine or placebo following the PET scans; participants described herein made up the
placebo group. After each scan, they were moved to a separate testing facility, were administered
placebo capsules, and underwent non-invasive behavioural testing for 3 hours consisting of heart
rate and blood pressure measurements, pencil-and-paper questionnaires, and motor activity
measures. Between scan days, participants undertook two more sessions involving a sham PET
scan (lying motionless in the scanner for one hour with an intravenous catheter inserted but no

tracer injected) and the same behavioural measures.

Mood and physiological measurements

Participants provided subjective ratings of anxiety (Visual Analog Scales (Bond and Lader,
1974), 0-10) after each PET scan. Date of last menstrual period and length of menstrual cycle
were provided by female participants at the first scan session. This information was used to
determine menstrual phase at the time of each scan. Blood samples were drawn after each scan
for analysis of serum cortisol and, in four women, plasma follicle stimulating hormone (FSH)

and luteinizing hormone (LH). FSH and LH levels were used to confirm menstrual phase.

Imaging Acquisition

[''C]ABP688 was synthesized as described previously (Elmenhorst et al., 2010). [''C]CH;3I was
generated via either wet method (Jolly et al., 2017) or dry method (Synthra module). Scans were
performed on a high-resolution research tomograph (HRRT) PET scanner (Siemens/CTI), which
has a spatial resolution between 2.3-3.4mm full width at half maximum. A six-minute

transmission scan was acquired using a '3’Cs point source for attenuation correction.



Immediately following this, 370MBq [!!C]ABP688 was administered as a 1-min bolus injection
to the participant’s antecubital vein. A 60-minute emission scan was initiated concurrent with the
beginning of the injection. Participants were instructed to remain awake and rest quietly during
the scan. Dynamic data was collected with the scanner in list mode, binned into 26 time frames
(frame duration: 6 x 30s, 4 x 60s, 8 x 120s, 3 x 240s, 5 x 300s). Data were reconstructed as
previously described (Milella et al., 2014) using an ordered subset expectation maximization
algorithm with resolution recovery, frame realignment and motion correction to the transmission
scan, and correction for random events, attenuation, scatter, dead time, decay, and intensity

normalization.

High-resolution (Imm) T1-weighted magnetic resonance imaging (MRI) scans were acquired on
each participant for anatomical co-registration using either a 1.5T Siemens Sonata scanner (5
participants, gradient echo pulse sequence, repetition time = 9.7ms, echo time = 4ms, flip angle =
12 °, field of view = 250mm and matrix = 256 x 256) or a 3T Siemens Trio TIM scanner (3
participants, MPRAGE sequence, repetition time = 2300ms, echo time = 3.42ms, flip angle = 9°,

field of view = 256mm and matrix = 256 x 256; Imm resolution).

Image Analysis

Binding potential, non-displaceable (BPnp) values were computed relative to nonspecific binding
in cerebellar grey matter using the simplified reference tissue model (SRTM) (Lammertsma and
Hume, 1996), which shows high correspondence (R? = 0.94) with values calculated from 2-tissue

compartment modelling methods using arterial sampling (Milella et al., 2011).



MR images were pre-processed with the CIVET pipeline version 2.0.0

(http://www.bic.mni.mcgill.ca/ServicesSoftware/CIVET/) (Zijdenbos et al., 2002) to correct for
intensity non-uniformity and to discretely classify tissue into white matter, grey matter, and
cerebrospinal fluid. Ten grey matter regions of interest (ROIs) were defined on participants’ MRI
using standard masks defined on the MNI152 template, registered to each individual’s MRI.
Three striatal subregions were defined as in (Mawlawi et al., 2001). Cingulate, insula, amygdala
and hippocampus were defined from the Talairach Daemon atlas within PickAtlas software
(Lancaster et al., 2000, 1997; Maldjian et al., 2003). Prefrontal cortex ROIs were drawn
manually on each participant’s MRI as defined in (Abi-Dargham et al., 2000). ROI masks were
then applied to each summed radioactivity PET image using nonlinear registration. Time-activity
curves were extracted based on ROIs in native PET space using tools developed by Turku PET
Centre (http://www.turkupetcentre.net/). For each ROI, BPnp values were calculated using
SRTM. To capture spatially-restricted changes in BPnp between scans, voxel-wise BPnp maps
were created in native space then registered to MNI space and blurred at 8mm full width half

maximum using a Gaussian filter.

Statistical Analysis

Statistical analyses were performed using SPSS version 24 (IBM, NY, USA) and Matlab (The
Mathworks Inc., MA, USA). Scan and participant characteristics were compared using paired ¢
tests. Global BPnp values were calculated as the mean of all studied regions in order to assess
effects of tracer and scan characteristics (mass of tracer injected per kilogram bodyweight and
(E)-isomer content, which can affect binding estimates (Kawamura et al., 2014)). Relationships

between BPnp and scan or participant characteristics were assessed using Pearson’s r. Regional



BPnp values were compared using repeated measures Session x Subregion ANOV As for cortical
(5 subregions), striatal (3 subregions), and limbic regions (2 subregions). For each subregion,
percent change from scan 1 to scan 2 ((BPnp-2 — BPxp-1) / BPnp-1 * 100%) and absolute
variability in BPxp (| BPnp2 — BPnp-1 |/ ((BPnp-1 + BPap2) / 2) * 100%) were calculated for
each participant. Intraclass correlation coefficients (ICCs) were calculated for each region
(Shrout and Fleiss, 1979). ICC provides a comparison of within-subject to between-subject
variation and ranges from -1 (lowest reliability) to 1 (highest reliability). Finally, parametric
maps of BPxp were compared in voxel-wise paired ¢ tests from scan 1 to scan 2 in each
participant using SPM12 (Wellcome Trust Centre for Neuroimaging,
http://www.fil.ion.ucl.ac.uk/spm/software/spm12/) with a significance threshold of p<0.05,

corrected for false discovery rate.

10



Results

PET scan characteristics.

PET scan characteristics are presented in Table 1. There were no differences in specific activity
(scan 1 mean 28.3 GBg/umol, range 3.1-131.6 GBg/umol; scan 2 mean 35.8 GBgq/umol, range
4.1-151.1 GBg/umol; t=-0.49, p =0.64), tracer (E)-isomer content (scan 1 mean 90+4.3%, scan 2
mean 9243.2%, t=-0.79, p=0.46), or in start time between first and second scans (t=0.43,
p=0.68). No correlation was observed between global BPnp and mass of [''C]ABP688 injected
(r=-0.48, p=0.23), percent (E)-isomer in the product (r=0.22, p=0.60), or scan start time (r=-0.05,

p=0.90).

Test-retest reliability.

Results of the reliability analyses are summarized in Table 2. Mean variability was 15+3.2%
across regions, ranging from 11% in the dorsolateral prefrontal cortex (dIPFC) to 21% in the
hippocampus and amygdala. Reliability was fair in most prefrontal and striatal subregions, with
ICC values between 0.4 and 0.6; the highest value (0.61) was found in the dorsolateral prefrontal
cortex. Reliability was generally lower and variability was higher in limbic regions, with the
lowest ICC value in the hippocampus (0.18, indicating poor reliability). Visual inspection of
individual voxel-wise BPnp maps and comparison of maximum voxel-wise BPnp values within
each region confirmed these trends, indicating that lower reliability was not accounted for by
issues with ROI definition in these smaller, lower-binding regions. Individual patterns of

regional BPnp values are shown in Figure 1.

11



No significant differences were observed from test to retest in regional analyses (ps > 0.13).
Figure 2 shows BPnp maps at scan 1 and scan 2. Voxel-wise comparisons showed no regions of

significant increase or decrease between scans.

Relationship to mood and physiological factors.

As we have seen in larger samples (Smart et al., 2018), BPxp values were significantly higher in
men compared to women in the dIPFC (t=-2.6, p=0.042) and the orbitofrontal cortex (t=-2.5,
p=0.046). There were no Sex x Session interactions in the 3-way subregion by session by phase
ANOVAs. In subregion by menstrual phase ANOVAs, BPxp values did not vary by stage of

menstrual cycle in any ROI (ps > 0.21).

Ratings of anxiety after the PET scan were significantly higher on the first scan day compared to
the second (mean rating scan 1, 3.6+1.8; mean rating scan 2, 1.8+1.8; t=2.4 p=0.044). BPxp
values in the dIPFC were positively correlated with anxiety ratings at scan 2 (r=0.72, p=0.046),
but this effect was not observed in other regions and the direction of the effect is the opposite of
what might be predicted a priori. Anxiety ratings were higher in men than in women (t=-2.4,
p=0.03) and the correlation with BPxp was not significant when controlling for sex (r=0.59,
p=0.17). No relationship was observed between difference in BPxp and difference in anxiety
levels between scans (ps > 0.44). Cortisol levels did not differ between scan days (t=-0.32,
p=0.76) and no relationship was observed between BPxp values and post-scan serum cortisol

levels (ps > 0.45).
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Discussion

This analysis reports test-retest variability of [''C]ABP688 PET BPp assessed using SRTM in
healthy volunteers scanned three weeks apart. The ligand showed moderate variability across
most of the brain, with greater changes in limbic regions including the hippocampus, amygdala,
and insula. In this homogenous sample of healthy volunteers, estimates of reliability were fair
across most cortical and striatal regions, and poor in these limbic areas, reflecting substantial
variability both within and between subjects. Variability in BPxp was not explained by tracer
specific activity, tracer isomer ratio, or by menstrual phase at time of scan in female participants.
While there were measurable differences in participants’ subjective anxiety following each scan,

no relationship was observed between BPnp and anxiety ratings or serum cortisol levels.

Test-retest reliability of [!'C]ABP688 signals in animal models is typically high, with 5 to 10%
variation in BPnp values and ICC values between 0.70 and 0.88 in rats (Elmenhorst et al., 2012).
In anesthetized baboons, mean percent difference between scans was reported to be 11.5%
(DeLorenzo et al., 2011b), while one study in monkeys found a tendency towards increases in
BPnp of approximately 13% at second scan in same-day test-retest experiments (Sandiego et al.,
2013). The higher overall variability reported here could reflect species differences or the greater

experimental control that is possible in anesthetized research animals.

In humans, one study designed to compare bolus to bolus/infusion tracer administration found
very high correlations (R? > 0.92) between binding estimates acquired one week to 3 months
apart (Burger et al., 2010). However, previous test-retest studies of [!'C]ABP688 using

consistent methods have reported greater variability than we have seen here, with average
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variation of 23-39% in regional BPnp calculated relative to cerebellar grey matter (DeLorenzo et
al., 2011a), and overall (region-averaged) change in BPxp across participants of approximately -
50 to 140% (DeLorenzo et al., 2017). In both cases, BPxp values in these same-day studies were
significantly higher during the second scan. A similar increase was seen with a second mGluRS5
tracer, ['®F]FPEB (DeLorenzo et al., 2017). It was hypothesized that these increases could reflect
differences in psychological or physiological states between the two scans. For example, higher
subjective stress during the first than the second scan may have led to elevated extracellular
glutamate, reducing [''C]ABP688 signal through changes in receptor affinity or membrane
expression. In the present study, higher subjective anxiety was reported following scan 1 relative
to scan 2. Despite a tendency across regions for BPnp values to increase at scan 2 (positive mean
change values, Table 2), individual data presented in Figure 1 indicate both increases and
decreases within participants. No significant change in BPxp values was observed, nor did BPnp

correlate with anxiety ratings or serum cortisol measurements after controlling for sex.

Biological factors such as circadian variation in receptor availability could also play a role in
tracer binding. [''C]ABP688 BPxp values in rats are approximately 10% higher during the sleep
phase compared to the awake phase (Elmenhorst et al., 2016), which could account for some of
the difference from morning to afternoon in humans (potentially also reflecting variation in
glutamate levels, which are lower during sleep than waking phase in the striatum of rats
(Marquez de Prado et al., 2000)). Scans conducted here were performed on separate days at
approximately the same time of day, mitigating potential effects of circadian variation.
Accordingly, no systematic differences were observed. However, while studies in humans seem

to show a change in binding availability within daytime (waking) hours, no such change was

14



observed in the rodent model. This may be due to species differences in biological rhythms or
the influence of general anesthesia in rodents. Further research will be necessary to determine the

nature and timing of diurnal variation in mGIluRS5 binding in humans.

If tracer binding is affected by physiological changes in extracellular glutamate levels, then
considerable variability in binding measures may be expected given the ubiquitous role of this
transmitter in brain processes. It is not yet known how extracellular glutamate levels might
influence [''C]ABP688 binding. One possibility is that glutamate binding alters receptor
conformation in a manner that reduces the affinity of the allosteric site. Alternately, agonist
(glutamate) binding could lead to internalization of the receptor, reducing binding availability.
Receptor internalization is thought to be a primary mechanism by which the binding of dopamine
D2/D3 receptor radiotracers such as ['!C]raclopride is influenced by extracellular dopamine

release (Laruelle, 2012).

Reductions in [''C]ABP688 binding following ketamine administration have been identified in
humans (DeLorenzo et al., 2015; Esterlis et al., 2017). These studies compared binding between
same-day PET scans, and therefore may have underestimated the true binding reduction under
drug in the second scan. Taken together, the test-retest data available for [!'C]ABP688 indicate
that studies using this tracer should compare scans acquired at the same time of day. Further,
longitudinal and drug challenge studies should include a control group or placebo condition to

account for high variability in the absence of an intervention.
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Importantly, these analyses assessed BPnp estimates calculated relative to cerebellar grey matter.
This method has important drawbacks, given that [''C]ABP688 is known to exhibit some
specific binding in the cerebellar grey matter, though at lower levels than in other brain regions
(Kégedal et al., 2013). As demonstrated in DeLorenzo et al. (2017), this can influence outcome
measure variability when binding in the reference region is altered over time; in that study, this
led to underestimation of binding differences between scans with BPxp. Vr, the tracer’s volume
of distribution in a target region, is calculated using plasma sampling and an arterial input
function. This measure showed higher variability though the pattern of increased binding in
afternoon scans was preserved. It cannot be determined if differences in cerebellum tracer
retention between scans affected BPnp estimates and variability in the present study. Future
research should explore tracer reliability in scans performed under similar conditions using
methods that do not require a brain reference region. Nevertheless, BPxp values are highly
correlated with V1 estimates made using plasma input functions without a reference region
(Milella et al., 2011), indicating that this less invasive method can provide useful information,
and it continues to be used in clinical populations. It is therefore beneficial to have an estimate of

the variability observed with this outcome measure despite its potential limitations.

The radiotracer ['®F]FPEB binds at the same site on mGIuRS3 as [!!C]ABP688 and is also
commonly used to study differences between psychiatric populations. Test-retest analyses have
compared ['®F]FPEB scans performed on separate days, two days to 6 months apart, and have
reported high reliability in tracer binding (Leurquin-Sterk et al., 2016; Park et al., 2015; Wong et
al., 2013). The higher variability demonstrated for ['!C]ABP688 could reflect primarily technical

(i.e., ligand-related) factors that provide unstable estimates of essentially similar biological
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conditions. In this case, [''C]ABP688 would be a suboptimal choice for longitudinal or drug
occupancy studies. However, test-retest studies with ['*F]FPEB have been done with mostly
male participants, while the sample studied here was mainly female. As greater test-retest
binding changes in women than in men have been reported with [!!C]JABP688 (DeLorenzo et al.,
2017), this may have contributed to the higher variability observed here. Furthermore, as
discussed above, emerging evidence suggests that [!'C]ABP688 binding variability reflects, at
least in part, true physiological variation in receptor binding availability. It is conceivable that
[''C]ABP688, which binds with lower affinity (Ametamey et al., 2006; Patel et al., 2007), could
be more sensitive to these changes. Initial same-day test-retest analyses using ['*F]FPEB showed
similar patterns as [!'C]ABP688 with lower magnitude of change (DeLorenzo et al., 2017), but

the sample size was limited and this possibility remains to be explored systematically.

Conclusions

This study provides estimates of the test-retest variability of [!!C]ABP688 measurements of
mGIluRS BPnp in healthy people and has two main conclusions. First, binding variability is
moderate, and lower in scans performed 3 weeks apart at the same time of day than has been
reported with same-day scans. Second, reliability across the brain remains modest: lower in
limbic regions, and higher in cortical and striatal regions. Future studies using this radiotracer
should be carefully controlled to account for greater variability than has been reported in pre-
clinical studies, and further work should be done to determine sources and mechanisms of

[''C]ABP688 variability in humans.
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Figure 1 Individual changes in regional BPnp values from scan 1 to scan 2 in 8§ healthy
volunteers.
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Figure 2 Average voxel-wise BPxp maps at first (left) and second (right) scan overlaid on
MNI152 template MRI.
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Table 1 Scan information.

Time of tracer

Specific activity

% (E)-isomer

injection (GBg/pmol)

Participant Scan 1 Scan 2 Scan 1 Scan 2 Scan 1 Scan 2
1 10:00 10:50 11.2 5.0 80.1 94.7
2 11:05 12:09 131.6 89.3 94.3 93.2
3 10:23 11:00 17.0 7.9 90.3 85.5
4 12:35 11:13 3.1 4.1 89.9 90.1
5 10:57 11:10 6.5 6.0 88.8 93.5
6 11:04 11:07 6.6 9.4 91.0 92.2
7 13:17 11:08 7.9 13.3 92.7 94.5
8 11:17 10:39 42.6 151.1 91.8 88.8

Mean + S.D. 283+43.6 358+548 | 89.9+43 91.5+32
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Table 2 Test-retest variability for [''CJABP688 BPxp.

Region Scan 1 Scan 2 Mean % Mean ICC
BP~xp BP~xp change absolute
(mean+SD) (mean%SD) variability

Cortex 094+0.17 0.99+0.12 +7% 13% 0.472
Prefrontal 090+0.18 0.95+0.13 +7% 13% 0.565
mPFC 1.0+0.21 1.1+0.13 +6% 14% 0.544
dIPFC 0.88+0.16 0.90+0.13 +4% 11% 0.612

OFC 0.80+0.18 0.87+0.14 +11% 15% 0.529
Insula 1.0+0.18 1.1+0.11 +11% 14% 0.190
Cingulate 0.98 £0.17 1.0+0.10 +5% 13% 0.360
Striatum 1.0+0.19 1.1+0.15 +11% 14% 0.440
Associative 1.1+0.19 1.2+0.15 +10% 15% 0.287
Ventral 1.2+0.22 1.3+£0.19 +11% 14% 0.562
Sensorimotor 0.87+0.18 0.96+0.14 +14% 15% 0.465
Limbic subcortical 0.65+0.15 0.73+0.09 +15% 21% 0924
Amygdala 0.65+0.15 0.73+0.10 +15% 21% 0:3 15
Hippocampus 0.65+0.15 @ 0.73+£0.11 +16% 21% 0.179

BPnp, binding potential, non-displaceable; ICC, intraclass correlation coefficient; mPFC, medial prefrontal cortex;

dIPFC, dorsolateral prefrontal cortex; OFC, orbitofrontal cortex.
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