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Abstract

Higher serotonin-1A (5-HT4a) receptor binding potential (BPg) has been found in major
depressive disorder (MDD) during and between major depressive episodes. We investigated
whether higher 5-HT1 4 binding is a biologic trait transmitted to healthy high risk (HR) offspring
of MDD probands. Data were collected contemporaneously from: nine HR, 30 depressed not-
recently medicated (NRM) MDD, 18 remitted NRM MDD, 51 healthy volunteer (HV) subjects.
Subjects underwent positron emission tomography (PET) using [21C]WAY 100635 to quantify 5-
HT1a BPE, estimated using metabolite, free fraction-corrected arterial input function and
cerebellar white matter as reference region. Multivoxel pattern analyses (MVPA) of PET data
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evaluated group status classification of individuals. When tested across 13 regions of interest, an
effect of diagnosis is found on BPg which remains significant after correction for sex, age, injected
mass and dose: HR have higher BPg than HV (84.3% higher in midbrain raphe, 40.8% higher in
hippocampus, mean BPg across all 13 brain regions is 49.9% + 11.8% higher). Voxel-level BPg
maps distinguish HR vs. HV. Elevated 5-HT; o BPg appears to be a familially transmitted trait
abnormality. Future studies are needed to replicate this finding in a larger cohort and demonstrate
the link to the familial transmission of mood disorders.

Keywords

major depressive disorder; high risk offspring; positron emission tomography; machine learning;
multivoxel pattern analysis; endophenotype; biomarker; 5-HT1 4 receptor; serotonergic
neurotransmission; molecular imaging

1. Introduction

Depressive disorders are estimated to be 40% heritable (Uhl and Grow, 2004), and offspring
of individuals with early-onset depression are at higher risk of developing these disorders
(Mann et al., 2005). The serotonin (5-HT) system has been implicated in major depressive
disorder (MDD) (Blier et al., 1990), and offspring of MDD patients report transient
depression after serotonin depletion by acute tryptophan depletion (Klaassen et al., 1999).
An endophenotype of MDD may help to identify persons at elevated risk of developing
MDD (HR or high risk) while still healthy (no history of a mood disorder). A biomarker or
endophenotype could also: (a) improve diagnostic classification by identification of biologic
subtypes; (b) improve treatment outcome if biologic subtypes respond to different
treatments; (c) guide the search for genetic and environmental factors that mediate the
vulnerability to mood disorders and are modifiable to inform a prevention strategy; and (d)
help develop and validate animal models of depression.

We have previously reported elevated serotonin-1A (5-HT) receptor binding in MDD
during a major depressive episode (MDE) across 13 brain regions known to have high 5-
HT 14 receptor density (Parsey et al., 2010a; Parsey et al., 2006). Most studies (Bhagwagar
etal., 2004; Drevets et al., 1999); (Drevets et al., 2007; Sargent et al., 2000; Shively et al.,
2006) have not replicated our findings, but we have demonstrated that a key contributor to
divergent findings is the choice of outcome measure of binding potential (BPg, BPyp, or
BPp, as defined using published consensus nomenclature (Innis et al., 2007)) and reference
region (RR) (Parsey et al., 2010a). Two studies in depressed humans (M= 16 (Drevets et al.,
2007), M= 25 (Sargent et al., 2000)) and one study in depressed non-human primates (V=
17 (Shively et al., 2006)) that showed decreased 5-HT 1A receptor binding used BPyp as
outcome measure and cerebellum as the RR, including cerebellar gray matter of the vermis,
the part of the cerebellum with the highest specific binding which has been shown to
influence the direction of the findings (Parsey et al., 2010a). Briefly, when BPyp is used as
an outcome measure as opposed to BPp, it is more likely to find a decrease in BPyp because
the total volume of distribution in the RR (V1(rR)) of [*1C]WAY 100635 is less than 1. Since
BPnp (but not BPp) is estimated by dividing by V1(rR), having a fraction in the denominator
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makes this formula sensitive to any increase in the estimation of V1(rg) caused by including
cerebellar gray matter (which has measurable specific binding) in the delineation of the RR
(Hesselgrave and Parsey, 2013; Parsey et al., 2010a; Parsey et al., 2000; Slifstein et al.,
2000). One study that used cerebellar white matter as the RR showed decreased BPp but not
BPnp in MDD (V= 20 (Hirvonen et al., 2008)).

Higher 5-HT1 5 receptor binding potential (BPg) is also present in remitted MDD when
between episodes and unmedicated (Miller et al., 2009; Parsey et al., 2010b; Parsey et al.,
2006), suggesting that this finding is a biologic trait marker of MDD.

In the current pilot study to determine whether this biologic trait is present in HR subjects
prior to developing clinically significant morbidity (and therefore, highly likely to be an
endophenotype), we compared 5-HT1 4 receptor BPg in HR subjects to that in healthy
volunteers (HV), depressed not-recently medicated (NRM) MDD and remitted NRM MDD
subjects. We also employed supervised machine learning analyses of our imaging data
seeking classification of HR subjects into either MDD or HV groups based on differences
between depressed NRM MDD subjects vs. HV and remitted NRM MDD subjects vs. HV.
Clinical follow-up of a subgroup of HR subjects allowed a preliminary comparison of BPg
between those who did and did not subsequently develop MDD (converters vs. non-
converters or resilient HR subjects).

2. Methods and materials

2.1. Subjects

Data from nine HR, 30 unrelated depressed NRM MDD, 18 unrelated remitted NRM MDD
subjects, and 51 HV were analyzed for this pilot study. The data from HV and all NRM
MDD subjects are presented for comparison purposes but were previously published
(Kaufman et al., 2015; Parsey et al., 2010a). The HR sample was recruited and their PET
data were acquired contemporaneously with the comparison groups: HV, depressed NRM
MDD, and remitted NRM MDD. Subjects were recruited through print and online
advertisements and referral from our clinical populations.

Subjects were classified as HR if they had no lifetime or current history of a DSM-1V
psychiatric illness based on a structured clinical interview (SCID 1) (First et al., 1995) and
had one or more first-degree relatives with a history of early-onset (< 30 years of age) MDD.
Five subjects reported having one first-degree relative with a history of MDD (a parent in all
cases), and four reported having two or more (i.e., at least one parent and a sibling). No
subject confirmed a history of depression in both parents. All subjects provided consent for
the Principal Investigator to contact their relative(s) with a history of MDD to confirm their
reports. Research interviews were conducted by clinical raters holding Master’s degrees or
higher. Assessment instruments used for ascertaining family history of mood disorders
included a baseline demographic interview, the Childhood Experiences Questionnaire
(CEQ)-Modified Abuse History, the Family History for Genetic Studies (FIGS), and the
Parental Bonding Instrument (PBI).
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Additional inclusion criteria included: age between 18 to 32 years, absence of history of
treatment with psychotropic medication, taking no other medications impacting the
serotonin system for a minimum of 6 months or any anticoagulant medication for a
minimum of 10 days. Exclusion criteria consisted of: current or past MDE or other Axis |
psychiatric diagnosis, current or past alcohol or drug use disorder, history of IV drug use or
ecstasy use more than twice, family history of schizophrenia, significant active physical
illness, lacking capacity to consent, pregnancy, presence of metal implants or a medicinal
patch, medical or occupational radiation exposure within the past 12 months, or a head
injury causing loss of consciousness for more than three minutes. New York State
Psychiatric Institute/Columbia Institutional Review Board-approved written informed
consent was obtained from all subjects after they were given a description of the study.

2.2. Radiochemistry and input function measurement

Preparation of [11C]JWAY 100635 was performed as previously described (Parsey et al.,
2000). Between 96.2 and 732.6 MBq of [1C]WAY 100635 were injected (Supplementary
Table 1). Mean injected mass (ug) differed across groups (F=9.00, df= 2, 87, p<0.001); a
pairwise post hoc test revealed that the HV group received higher mass than the depressed
NRM MDD and HR groups, which received comparable mass. Though we have shown that
injected mass in this range does not correlate with binding potential (Miller et al., 2009), we
adjusted for injected mass in the analyses.

Avrterial plasma radioactivity, metabolites, and plasma free fraction (fp) were collected and
assayed as previously described (Parsey et al., 2006; Parsey et al., 2000). Unmetabolized
parent fraction levels were fit with a Hill function (Wu et al., 2007). The input function was
corrected for unmetabolized tracer by multiplying the total plasma counts with the
interpolated parent fraction. The metabolite-corrected arterial input function was fit as the
combination of a straight line and the sum of three decreasing exponentials, describing the
function before and after the peak, respectively.

2.3. Image acquisition and analysis

PET image acquisition protocol details have been previously described (Parsey et al., 2010a;
Parsey et al., 2006; Parsey et al., 2000). Briefly, venous and arterial catheters were used to
inject radiotracer and to obtain arterial samples for the input function, respectively. The head
was immobilized using a polyurethane head holder system (Soule Medical; Tampa, FL,
USA). PET imaging was performed using an ECAT Exact HR+ (Siemens/CTI; Knoxville,
TN, USA). Data were collected in 3D mode for 110 minutes in 20 frames of increasing
duration: 3 at 20 seconds, 3 at 1 minute, 3 at 2 minutes, 2 at 5 minutes and 9 at 10 minutes.

Images were reconstructed, using attenuation correction from the transmission data, to a 128
x 128 matrix (pixel size: 1.72 x 1.72 mm). A model-based method was used to correct
scatter (CC et al., 1996). A Shepp filter of 0.5 (2.5 mm in full width at half maximum,
FWHM) was used for the reconstruction and estimated image. The Z filter was all-pass 0.4
(2.0 mm in FWHM), and the zoom factor was 4.0, leading to a final image resolution of 5.1
mm at FWHM at the center of the field of view (Mawlawi et al., 2001).
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The last 12 frames of each pilot study were registered to the eighth frame using the FMRIB
linear image registration tool (FLIRT) version 5.0 (FMRIB Image Analysis Group, Oxford,
UK). Linear co-registration was performed between the averaged motion-corrected PET
frames and the MRI as previously described (DeLorenzo et al., 2009).

Acquisition of T1-weighted MRI images for co-registration of PET images and
identification of regions of interest (ROIs) was performed as previously described using a 3T
Signa HDx system (General Electric Medical Systems; Milwaukee, W1, USA) (Milak et al.,
2010). Regional delineations were obtained automatically for all ROIs except for dorsal
raphe nucleus (RN), which was manually located on each PET image and delineated by a
fixed-volume (20 mm3) elliptical ROI (Parsey et al., 2010a; Parsey et al., 2006). Automatic
ROIs were obtained using nonlinear registration techniques to warp 18 manually outlined
MRIs. The 18 templates were registered to the skull-stripped (using Atropos, (Avants et al.,
2011)) target brain MRI using the Automatic Registration Toolbox (ART (Ardekani et al.,
2005)), which was a top performer in an evaluation of 14 nonlinear brain registration
algorithms (Klein et al., 2009). The probabilistic regional label for each target voxel was
then determined by evaluating the percentage of the 18 normalized brains assigning that
regional label to the voxel. For cortical regions, this probability was multiplied by the
probability of the voxel being in the gray matter, as determined by SPM5 (Wellcome Trust
Centre for Neuroimaging, London, UK). The labels are therefore probabilistic and these
probabilities are used in the calculation of the time—-activity curves (TACs). MRI-based ROlIs
were applied to each frame of the PET images using the co-registration transformation.
TACs were then generated by averaging the measured activity within a region over the time
course of the PET acquisition.

The PET outcome measure of interest used in this study and most closely reflecting the
density of available receptors 7 vivo (Bayail) is BPg (= Bayail/Kp, where Kp is the
equilibrium dissociation constant) (Gunn et al., 1998; Innis et al., 2007). A full description
of the modeling approach used to quantify BPg may be found elsewhere (Parsey et al.,
2010a; Parsey et al., 2001). Briefly, at the ROI level, we fitted the TACs using a constrained
kinetic two-tissue compartment model (i.e., constraining the non-displaceable binding in
each target region to be equal to the tracer distribution volume in the RR (Parsey et al.,
2000)). The cerebellar white matter (CWM) RR was selected because it has the least specific
binding of all available options and was fitted with a one-tissue compartment model (Parsey
etal., 2005). BPg was calculated as (V(roiy~VT(rR))/fe, Where V1 is the total volume of
distribution in the specified region.

At the voxel level, BPg was estimated using the basis pursuit strategy (Gunn et al., 2002),
which provides parametric images from dynamic radiotracer data without the need to specify
a compartmental structure. Briefly, this data-driven approach is based on the general
compartmental theory for description of the radiotracer’s kinetics and determines a
parsimonious model consistent with the measured data. This approach uses basis pursuit
denoising, a technique that involves the determination of a sparse selection of kinetic basis
functions from an over-complete dictionary to compromise between the error in the
description of the measured data and the sparseness of the representation. This approach
provides estimates of the system’s macro parameters (i.e., V1) and the corresponding
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number of numerically identifiable compartments in the system. This approach determines
the most appropriate model from the information contained within the measured data and
requires no g priori knowledge of the radiotracer kinetics, besides the choice of the family of
basis functions that constitutes the dictionary, which needs to be in a range physiologically
plausible for the considered radiotracer. Here, we used a range spaced in a logarithmic
manner to elicit a suitable coverage of the kinetic spectrum, as suggested for the radiotracer
[11CWAY 100635 (Gunn et al., 2002). Once the V1 parametric images were obtained in
each subject using the basis pursuit strategy, the corresponding BPg images were generated
by subtracting in each voxel the V1 of the CWM—uvalidated as RR for [11C]WAY 100635
(Parsey et al., 2000)—and dividing by fp. All methods were implemented in MATLAB
(R2009b, The MathWorks, Natick, MA).

2.4. ROI-based statistical analyses

Statistical analyses were performed in R 3.1.2 (http://cran.r-project.org). Linear mixed
effects models incorporated outcome measure data from all ROIs simultaneously, with ROI
as the fixed effect and subject and date of experiment as the random effects. By considering
all ROIs simultaneously, we gain statistical power and avoid the issues of multiple
comparisons. Covariates were included as fixed effects as needed.

The validity of classical inferential statistics such as analysis of variance (e.g., with a mixed
effects model) is contingent upon the data tested fulfilling all the assumptions of the test
applied (i.e., normality of distribution, compound symmetry, sphericity, kurtosis) (Carlson et
al., 2013; Dunn and Clark, 1987; Pantazatos et al., 2012). Power transformations are a set of
mathematical data transformations that are applied based on the findings of the residual
analysis to transform the data so that it fulfills the assumptions mentioned above. Log
transformation of the imaging data yielded normal distribution meeting the requirements for
the analysis of variance.

Additionally, bootstrap errors were calculated for each subject for every ROI observation
that took into account the error in modeling the metabolite, plasma, and TACs (Ogden and
Tarpey, 2006). All observations were weighted according to the calculated bootstrap error.

Additional statistical analyses performed include Student’s #test, Fisher’s exact test, and
chi-squared tests performed in SPSS 19.0 (IBM, SPSS Statistics, 2011).

2.5. Voxel-based univariate analyses and multivariate machine learning-based analyses

Voxel-level analyses were conducted to validate ROI findings and to explore brain-wide for
other regions of difference. Voxel-level PET (BPg) maps were spatially normalized using
ART and interpolated to 2 x 2 x 2 mm voxel resolution, smoothed with an 8 mm Gaussian
kernel, and submitted to a 1-way ANCOVA with three levels: HV, V= 51; depressed NRM
MDD, NV=29; HR, /=9 (due to excessive cropping and difficulties in spatial
normalization, 1 depressed NRM MDD subject who was included in the above ROI analyses
was dropped from subsequent voxel-based analyses). An absolute threshold was applied to
remove voxels with BPg values below 5, and non-gray matter voxels were excluded from
analyses via a gray matter mask generated by thresholding a tissue probability map in MNI
space (provided with SPM8) at > 0.2. Covariates were entered stepwise and non-significant
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covariates were removed. Sex was included as a nuisance covariate, and these effects were
removed from features (voxel BPg values) prior to classification analyses using multivoxel
pattern analysis (MVPA, see below). Analyses were conducted using SPM8
(www.fil.ion.ucl.ac.uk/spm/) and implemented in MATLAB version 7.13 on Ubuntu Linux
0S 12.0.4.

MVPA analyzes the joint BPg signal across multiple regions in a single subject in order to
predict the diagnostic class of that subject. There is no direction associated with the
predictions (i.e., class labels are arbitrarily positive or negative). To make MVPA
computationally tractable and reduce dimensionality, PET maps were resampled from 2 x 2
x 2 mm voxel resolution to 6 x 6 x 6 mm resolution. For all binary classification tasks, a
linear kernel Support Vector Machine SVM (Vapnik, 1999) with a filter feature selection (#
test) and leave-one-out cross-validation was applied using the Spider v1.71 MATLAB
toolbox (http://people.kyb.tuebingen.mpg.de/spider/) with default regularization parameter C
= 1. During each iteration of leave-one-out cross-validation, one subject was withheld from
the data set and: (a) a 2-sample #test was performed over the remaining training data; (b) the
features were ranked by absolute #score and the top 25, 50, 75...to 500 features were
selected; (c) these selected features were then used to predict the class of the withheld test
examples during the classification stage. Classification performance is reported in terms of
“area under the curve” (AUC), i.e., area under the receiver operator characteristic (ROC)
curve (Hanley and McNeil, 1982), which is the arithmetic mean of sensitivity (true positive
rate) and specificity (true negative rate). Significance was assessed using permutation as in
Golland and Fischl (2003). P-values for the peak AUC values were calculated with respect to
the 4,000 null values obtained above, and corrected p-values were obtained by Bonferroni
correction for the number of comparisons (in this case 20, corresponding to the top 25, 50,
75...500 selected features). We note that this approach (plotting performance vs. number of
selected features) is not biased, since for each top selected number of features, and for each
round of leave-one-out cross validation, the features were selected from a training set (i.e.,
total number of samples minus one) that was completely independent from the testing set
(i.e., one left out sample). We also conducted analyses whereby models trained to
discriminate depressed NRM MDD vs. HV and remitted NRM MDD vs. HV were applied
to HR subjects and compared to follow-up data (i.e., were MDD converters classified as
MDD or HV?). For display purposes, the top 75 features in classifying HR vs. HV were
selected from and used to train a model over the entire dataset in order to estimate and
display their SVM weights on the brain.

2.6. Diagnostic follow-up

The first author completed follow-up during two weeks five to seven years after the PET
scan acquisition on five out of nine HR subjects who were reachable for a semi-structured
interview (Zimmerman, 1994). Occurrence of a MDE since PET scan acquisition was
determined by patient-reported history and treatment and confirmed by the semi-structured
interview.
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3. Results

3.1. Demographic and clinical results

HR subjects do not differ from HV in sex ratio (o = 0.94) or lifetime aggression severity (p=
0.68) but are younger because we deliberately recruited younger subjects who had not
passed the age of risk (p=0.02; Table 1). Similarly, HR subjects show no differences from
the depressed NRM MDD group in sex ratio (p=0.27) and lifetime aggression severity (p=
0.10) but are younger than the depressed NRM MDD group (p = 0.002). The Hamilton
Depression Rating Scale (HDRS) scores of the HR subjects are lower than those of the
depressed NRM MDD group (p < 0.001) and slightly higher than those of HV (o =0.006),
but still within normal range.

3.2. ROI-based 5-HT1 binding potential (BPg) results

A main effect of diagnosis is found for BPf tested simultaneously across all 13 ROIs
between HV, HR, and depressed NRM MDD subjects (F=11.54, df=2, 87, p< 0.0001;
Figure 1 and Supplementary Figure 1). This finding is preserved when corrected for sex,
age, injected mass, and tracer dose (F= 8.1, df= 2, 83, p=0.0006). Post hoc testing shows
that the HR group has higher BPg compared with HV (F=8.69, df=1, 87, p=0.004;
Figure 1 and Supplementary Figure 1) but does not differ from the depressed NRM MDD
group (F=0.021, df=1, 87, p=0.884). Average BPf in HR subjects is 49.9% * 11.8%
higher than that in HV and comparable to that in depressed NRM MDD subjects. There is no
difference in binding between HR subjects with one first-degree relative with a history of
MDD vs. those with two or more such relatives. Confirming that the reference region
difference does not account for the findings, an ANOVA to evaluate the main effect of
diagnosis on V1 rr) shows that V1 (rg) does not differ across groups (~=0.093, af= 2, 86,
p=0.911).

3.3. Voxel-based 5-HT1p binding potential (BPg) results

Voxel-based analysis shows an effect of diagnosis on 5-HT 5 BPg between HV, HR, and
depressed NRM MDD subjects (correlation between ROI- and voxel-based results: 72 =
0.911; slope = 0.865, Figure 2, left side, Supplementary Table 2). BPr in HR and depressed
NRM MDD subjects vs. HV is highest in midbrain, parahippocampal gyrus, and ventral
prefrontal cortex (Figure 2, right side).

MVPA shows that voxel-based 5-HT; 5 BPg maps contain sufficient information to
distinguish HR vs. HV with well above chance performance (even after correcting for sex;
mean AUC = 0.80, p< 0.005, Figure 3A, Table 2). The highest discrimination is obtained
between HR vs. HV using the top 75 selected features (peak AUC = 0.87, p < 0.0005,
sensitivity = 0.78, specificity = 0.96). The results suggest depressed NRM MDD subjects are
weakly distinguishable from HV at 25 features (AUC = 0.62, p= 0.08), but at > 25 features,
even though the AUC remains above 0.5 (theoretical chance level) across all top NV selected
features, it is not significant (p= 0.17). The HR subjects are indistinguishable from
depressed NRM MDD subjects across all features (mean AUC = 0.49, p=0.43). High HR
vs. HV classification accuracy remains after correcting for age and sex (i.e., after removing
the variance explained by age and sex) (mean AUC =0.72, p< 0.005, peak AUC =0.81, p=
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0.00025, data not shown), as well as after correcting for age, sex, and injected mass (mean
AUC =0.62, p=0.03, peak AUC = 0.80, p=0.00025). Informative voxels discriminating
HR vs. HV are displayed in Figure 3B. Repeating the MVPA using a balanced sub-sample
of HV and depressed NRM MDD subjects matched for age and sex (M =9 each group)
shows that HR remain distinguishable from HV (mean AUC = 0.69, p=0.03;
Supplementary Figure 2) and indistinguishable from depressed NRM MDD subjects (mean
AUC =0.55, p=0.27), and HV are distinguishable from depressed NRM MDD subjects
(mean AUC =0.77, p=0.02) (data not shown).

Owing to the relatively low classification rates of HV vs. depressed NRM MDD groups
(when using the full depressed NRM MDD dataset), we conducted an additional MVPA
analysis of HV vs. an independent group of remitted NRM MDD subjects (V= 18, mean
(SD) age = 34.8 (12.7), 13 females) under the assumption that the remitted NRM MDD
subjects would be more similar to non-depressed HR subjects and also have less globally
correlated BPg (which could influence MVPA performance, see Discussion). We find that
MVPA performance is higher when classifying remitted NRM MDD vs. HV, controlling for
sex (peak balanced accuracy = 0.78, sensitivity = 0.67, specificity = 0.9, p < 0.05 corrected,
data not shown).

3.4. Diagnostic follow-up

Two of the five HR subjects report a MDE since the PET scan to date. These subjects have
the highest raphe midbrain binding of the five subjects for whom we have follow-up clinical
data (Figure 4). The converters and non-converters cleanly separate on BPg in most ROIs,
and the overall group has an indication of a bimodal distribution consistent with a subgroup
having the biologic risk trait.

We also compared the predictions of a HV vs. depressed NRM MDD discriminative model
applied to the HR subjects with our follow-up data in 5 of the 9 HR subjects. We
hypothesized that the model would classify MDD converters as MDD and the non-
converters as HV. We find that both MDD converters are classified as MDD, whereas one of
three non-converters is classified as HV (the same is found when applying a model trained to
discriminate HV vs. remitted NRM MDD subjects).

4. Discussion

This pilot study provides novel evidence in support of a particular pattern of elevated 5-
HT1 binding in midbrain dorsal raphe nuclei and serotonergic terminal fields representing
an endophenotype (a special type of biomarker), implying familial transmission of MDD.
Shields and Gottesman’s operational requirements (Peterson and Weissman, 2011) for a
biomarker to be an endophenotype are that it: (a) is associated with the illness in the general
population; (b) is heritable; (c) is a trait (i.e., present in an affected individual whether or not
the illness is active); (d) co-segregates with illness within the affected families; and (e) is
found in non-affected family members at a higher rate than in the general population
(Leboyer et al., 1998). Our previously published findings support criteria (a) and (c) by
demonstrating elevated 5-HT 5 binding in MDD during a MDE (Parsey et al., 2010a; Parsey
et al., 2006) and between MDEs in remitted, unmedicated MDD (Miller et al., 2009). Here
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we report novel evidence for criterion (e), by demonstrating elevated 5-HT1 4 binding in
healthy members of affected families, criterion (c), by demonstrating the presence of this
biomarker in these HR subjects who have later gone on to develop MDD, and indirect
support for criterion (b). The follow-up data in a subgroup of HR subjects are consistent
with the hypothesis that higher 5-HT1 4 binding confers elevated risk of developing MDD in
HR subjects.

The cause of this higher binding is uncertain, but serotonin neuron cell cultures, though not
non-serotonin hippocampal target neuron cultures (Albert and Lemonde, 2004), show higher
expression by the G allele in a C(-1019)G promoter polymorphism (Parsey et al., 2010a;
Parsey et al., 2006). In raphe serotonergic neuron cell cultures, the G allele does not bind the
nuclear deformed epidermal autoregulatory factor (NUDR) transcriptional repressor,
resulting in elevated expression of the 5-HT1 5 autoreceptor in the RN (Czesak et al., 2006;
Lemonde et al., 2003). This is not the case for non-serotonergic neurons such as
hippocampal target neurons with 5-HT 1 receptors on their membranes. We and others
(Lemonde et al., 2003) report an association between the C(-1019)G functional
polymorphism of the promoter region of the 5-HT15 gene and MDD and bipolar depression.
These findings led us (Parsey et al., 2006) and others (Albert and Lemonde, 2004; Lemonde
et al., 2003) to propose a model of depression based on over-expression of the 5-HT1a
autoreceptor in MDD. This over-expression of 5-HTq 5 somatodendritic autoreceptors results
in reduced serotonin neuron firing and reduced serotonin release (Richardson-Jones et al.,
2010). Although our sample size of HR offspring was too small to detect such a genetic
effect, we have previously reported such a relationship in both MDD and bipolar disorder
(Parsey et al., 2006; Sullivan et al., 2009). C(-1019)G functional polymorphism of the
promoter region of the 5-HT1 A gene does not explain upregulation of terminal field
postsynaptic 5-HTqa receptors (Parsey et al., 2010a; Parsey et al., 2006), which is more
likely a result of homeostatic upregulation, secondary to reduced intrasynaptic serotonin
release (Compan et al., 1998).

The age difference between groups, as well as a difference in injected mass between groups
(Supplementary Table 1), does not explain the findings (i.e., neither age nor injected mass is
correlated with BPg), and group differences remain when including age, injected mass,
and/or tracer dose as nuisance covariates in the model. Although the difference in fp between
HR and HV groups does not reach significance in the current cohort (p = 0.059,
Supplementary Figure 3), we have previously shown that even in cohorts in which fp is
different between groups, this difference does not drive the primary finding of elevated 5-
HT1a binding in MDD (Parsey et al., 2010a). In the current cohort, we find higher binding
in HR vs. HV whether we use BPg (Figure 1) or BPp (p < 0.001), the latter of which does
not require measurement of fp (BPp = fpxB,y4ii/ Kp) (Gunn et al., 1998; Innis et al., 2007). It
is unlikely that these findings are an artifact of a partial volume effect because we detected
an effect of diagnosis on BPg in both small regions (such as raphe nuclei and insula) and
large regions (such as parietal and occipital cortices). A partial volume effect would have led
to underestimation of BPg in the diagnostic group that may have had smaller raphe nuclei,
such as the MDD group, but the direction of the findings is in the opposite direction to that
potentially attributable to a partial volume effect, namely, depressed NRM MDD subjects
have higher BPg than HV.
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The results of our preliminary study suggest that the particular pattern of elevated 5-HT1a
binding reported here may be an endophenotype that distinguishes HR subjects truly at
elevated risk for developing MDD from other offspring of early-onset MDD patients
(presumably non-carriers of a genetic constellation and/or its interactions with environment
that may contribute to the risk of developing MDD). Familial transmission implies that not
all offspring of MDD probands should manifest an elevation in 5-HTa binding and predicts
a bimodal distribution of BPg in HR subjects. Our MVPA results are consistent with this
hypothesis in that just over half of the HR subjects are classified as HV. We do not observe
high discrimination between depressed NRM MDD subjects vs. HV: counterintuitively, HV
are more distinguishable from HR subjects than they are from depressed NRM MDD
subjects. Perhaps in currently depressed subjects, BPg is more spatially correlated (i.e., there
is a homogenous increase in BPg) and hence there is less information content to be
leveraged by MVPA. The higher MVPA performance when classifying remitted NRM MDD
vs. HV is consistent with this hypothesis.

The follow-up data, although preliminary, are promising. Two out of the five subjects who
were reachable for a diagnostic interview developed clinical depression, were diagnosed
with MDD, and treated successfully with antidepressants. At the time of the follow-up
interview, both converters were in full sustained remission. A MVPA model trained to
discriminate HV vs. depressed NRM MDD subjects classifies both converters as MDD, and
one of three non-converters is classified as HV. This is consistent with the hypothesis that
the pattern of elevated BPg is an endophenotype for MDD and that MVVPA of BPg patterns
can potentially be used to predict risk for development of MDD in HR subjects. If these data
are replicated in independent samples, then the particular pattern of elevated BPf identified
here may be further refined and confirmed as an endophenotype for MDD. This potential for
detecting subjects most likely to convert may open the door for research into preventive
interventions (such as psychological and pharmacological interventions to increase
resilience and improve stress tolerance) to attempt to prevent development of MDD in these
individuals. It is important to recognize, however, that depression is likely not monolithic in
its etiology. Therefore, identification of additional biomarkers (endophenotypes) may
improve detection of risk in HR individuals that are likely to convert to MDD.

BPr is highly sensitive to measurement error in the free fraction (f,) and this error
potentially limits detection of differences in mean BPg. We used an external standard to
reduce assay variance and the larger variance of f, in HV vs. HR (2.4% vs. 1.6%) does not
prevent detection of group difference in BPr. We find no group differences in Vy(rg)
indicating that the reference region does not account for the main findings. Although one of
the MDD converters shows unexpectedly low BPg in one of the smallest ROIs (raphe
nuclei), PET quantification of BPg in smaller volume regions is particularly prone to
measurement error, yet our findings are the same at a group level across all ROIs (see the
linear mixed effects model in the Methods section).

The generalizability of this pilot study’s findings is limited primarily because of the small
sample size of the HR group (see section entitled “Supplementary Material for HR Sample
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Size™), which could not be expanded because use of [21CJWAY 100635 has been curtailed
due to the technical difficulties of the Grignard reaction. Leave-one-out cross validation
(LOOCYV) has more variance (vs. K-fold cross validation) in mean accuracy across datasets
(owing to higher dependency in results across trainings folds). However, it was the best cross
validation option given the limited sample size in order to provide sufficient training data
while testing accuracy of the model in an unbiased way. In support of our conclusion, HR
subjects are still distinguishable from HV after correcting for potential confounds such as
age, sex, and injected mass. Given the small sample size of the HR group, MVPA results of
this study should also be considered preliminary until replicated in independent samples.
The small HR group sample size needs to be increased to identify subgroups (i.e.,
susceptible vs. resilient) for future prospective studies.

These preliminary data suggest that elevated 5-HT 4 binding found in HR subjects is an
endophenotype by providing evidence that this biomarker is present in healthy, not (yet)
affected offspring of MDD probands. In addition, the data obtained by longitudinal follow-
up (five plus years) suggest that those with the highest binding convert to MDD. Future
studies should focus on replicating this finding in larger samples of HR subjects as
identification of HR subjects, and consequently the development of preventive interventions
in HR subjects, is a major unmet challenge in psychiatry. If autoreceptor binding reflects
relative risk, consideration should be given to preventive intervention trials in HR subjects
(with this endophenotype), with pharmacological agents known to down-regulate 5-HT 15
autoreceptors (i.e., selective serotonin reuptake inhibitors) (Gray et al., 2013).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. High Risk (HR) subjects differ significantly from Healthy Volunteer (HV) (p = 0.004)
but do not differ from Depressed Not-Recently Medicated (NRM) Major Depressive Disorder
(MDD) subjects (p = 0.884) across all 13 regions of interest

(anterior cingulate = ACN; amygdala = AMY; cingulate body = CIN; dorsolateral prefrontal
cortex = DOR; hippocampus = HIP; insula = INS; medial prefrontal cortex = MED;
occipital lobe = OCC; orbital prefrontal cortex = ORB; parietal lobe = PAR;
parahippocampal gyrus = PIP; temporal lobe = TEM; raphe nuclei = RN). Figure bars
represent the group mean 5-HT 1o BPg weighted by bootstrap standard errors for each
region, while the error bars display the corresponding weighted standard deviations.
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Figure 2. Voxel-based 5-HT 1 BPg contrast maps for group differences across Healthy Volunteer
(HV), Depressed Not-Recently Medicated (NRM) Major Depressive Disorder (MDD) and High
Risk (HR) subjects (omnibus F-test using family-wise error rate (FWE) correction at p < 0.05)

Plots of average (mean-centered) BPg values adjusted for sex in a midbrain cluster in the
vicinity of dorsal raphe nucleus (top row), left inferior temporal gyrus (middle row) and
ventromedial prefrontal cortex (PFC, bottom row). Statistical maps were thresholded using
FWE correction at p < 0.05, cluster size (k) < 10. Error bars represent 90% confidence
intervals (CI). Supplementary Table 2 lists all regions surviving p < 0.05 FWE correction.
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Figure 3. MVPA using whole-brain 5-HT1a BPg maps to classify High Risk (HR), Depressed
Not-Recently Medicated (NRM) Major Depressive Disorder (MDD) and Healthy Volunteer (HV)
subjects

(A) Classification performance (AUC) was plotted vs. number of features that have been
ranked by their absolute #-score (in the training data). (B) The top 75 features (voxels) over
the entire dataset were used to train a classification model and their SVM weights are
displayed neuroanatomically. Informative voxels for HR vs. HV include fusiform and
parahippocampal gyrus (z=-12), ventrolateral prefrontal cortex (z= 0), anterior cingulate
(z=12), inferior and superior parietal lobe (z= 36, 48, 60). Solid gray line represents mean
for the null distribution and error bars represent 95% confidence intervals (CI) for the null
distribution. Note that all HR vs. HV values are outside of the 95% CI. Note that due to
cortical folding adjacent voxels in 3D are often actually not adjacent (i.e., they are more
distal when displayed on a flattened cortical surface) (see section entitled “Supplementary
Material for Figure 3”).
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Figure 4.
High Risk (HR) subjects who converted to major depressive disorder (MDD) show higher 5-

HT1 BPE systematically across regions of interest than HR subjects who did not convert to
MDD (hippocampus = HIP; parahippocampal gyrus = PIP; insula = INS; temporal lobe =
TEM; amygdala = AMY; anterior cingulate = ACN; medial prefrontal cortex = MED;
dorsolateral prefrontal cortex = DOR; cingulate body = CIN; orbital prefrontal cortex =
ORB; raphe nuclei = RN; parietal lobe = PAR; occipital lobe = OCC).
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