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2 ABSTRACT

Background

Alterations of the serotonin neuromodulatory system have been shown in many psychiatric
disorders. The serotonin reuptake transporter (SERT) is responsible for the uptake of serotonin
from the extracellular fluid and thus for the termination of neurotransmission mediated by this
monoamine. Therefore, SERT has been the target of a vast amount of psychiatric and illicit
drugs. Up-to-date topologically comparative in vivo quantification of SERT using positron
emission tomography (PET) in the human brain is sparse. The effects of age and sex on regional
SERT expression need to be clarified. The comparison of binding potentials (BP) and binding
density (Bmax) post mortem allows approximation of absolute transporter availability in vivo.
Methods

30 healthy subjects (11 women) aged 31.1 (SD 10.0) years were measured with PET using the
radioligand [*!C]DASB. BPnp maps of SERT for each Brodmann and Automated Anatomical
Labelling region of interest (ROI) were computed. T-tests were performed comparing ROI
binding potentials between sexes. Correlation coefficients were calculated between ROl BP
and age. Mean ROI BPs and post mortem transporter densities were correlated for various
autoradiography studies included in the analyses. Lastly, linear equations connecting BP to
absolute SERT density, Bmax (pmol/g tissue), were generated using age-corrected values.
Results

Highest SERT BPs were observed in brainstem ROIs, particularly the raphe nuclei. No
significant effects of sex or age on BP were assessed. Binding potentials were highly correlated
with Bmax data from 8 out of 10 post mortem studies (Pearson’s r. 0.82 — 0.95;
p-values: 0.02 — 107°). Seven linear equations (R2 0.53 — 0.91) to calculate SERT Bmax using
BPno were obtained. The most significant equation (R2 = 0.91; p < 10%) is
[3H]Cyanoimipramine binding = 1.1 + 18.9 = [11C]DASB BPy),.

Discussion & Relevance

The high agreement between post mortem SERT density and BPnp further validates
quantification of SERT with PET and the highly selective tracer [**C]DASB in subcortical, as
well as in cortical brain regions. The calculation of Bmax using PET BP allows comparison of
brain protein concentrations in vivo independent of tracer used. This is an essential prerequisite
for the development of integrated models in multimodal neuroimaging which might predict
local changes in brain activation elicited by psychiatric medication measured with
pharmacological functional magnetic resonance imaging based on multi-receptor molecular
imaging in vivo with PET. However, to increase the precision of this approach, further studies
with alignment of in vivo and post mortem coordinates are necessary.
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3 ZUSAMMENFASSUNG

Hintergrund

Veranderungen des serotonergen Systems wurden bei vielen psychiatrischen Erkrankungen
aufgedeckt. Der Serotonin Wiederaufnahme Transporter (SERT), als Angriffspunkt
zahlreicher Psychopharmaka, ist flr die Aufnahme von Serotonin aus dem Extrazellularraum
und damit fir die Beendigung der Neurotransmission durch dieses Monoamin verantwortlich.
Bisher wurden kaum topologisch vergleichende Daten zur Quantifizierung von SERT mittels
Positronen-Emissions-Tomographie (PET) in vivo verdffentlicht. Ebenso ist der Einfluss von
Geschlecht und Alter auf die SERT Expression nicht zur Génze geklart. Der Vergleich von
maximaler Bindungsdichte (Bmax) post mortem und PET Bindungspotentialen (BP) bietet eine
Madglichkeit absolute SERT Dichten in verschiedenen Hirnregionen in vivo zu schatzen.
Methoden

30 gesunde Probanden (11 Frauen), mittleres Alter 31,1 (SD 10,0) Jahre wurden jeweils einer
PET Messung mit dem Tracer ['C]DASB unterzogen. BPno Werte von SERT fir jede
Brodmann und Automated Anatomical Labeling region of interest (ROI) wurden ermittelt. Die
ROI BP Werte der Geschlechter wurden anhand von T-tests verglichen. Alter und ROl BP
wurden korreliert. ROI BP Mittelwerte und publizierte Bmax Werte wurden fir jede untersuchte
post mortem Studie separat verglichen. AbschlieRend wurden anhand alterskorrigierter Daten
lineare Modelle erstellt, um SERT Bmax (pmol/g Gewebe) aus BP berechnen zu kdnnen.
Ergebnisse

Hochste SERT BP wurden in Hirnstammregionen, insbesondere in den Raphe Kernen,
erhoben. Kein signifikanter Einfluss von Geschlecht oder Alter auf BP wurde festgestellt. BP
und Bmax aus 8 von 10 untersuchten Studien waren hoch korreliert (Pearsons r: 0,82 — 0,95;
p: 0,02 —107°). 7 lineare Modelle (R 0,53 — 0,91) fiir die Berechnung von SERT Bmax anhand
von BPnp wurden erstellt. Die signifikanteste Gleichung (R2 = 0,91; p < 107!) st
[3H]Cyanoimipramine binding = 1,1 + 18,9 = [11C]DASB BPy),.

Diskussion & Relevanz

Die hohe Ubereinstimmung von BP und post mortem erhobenen SERT Dichten, bestatigt die
Validitdt der Quantifizierung von SERT mittels PET und dem hochselektiven Tracer
[1!C]DASB auch in kortikalen Hirnregionen. Die Berechnung von Bmax aus PET BP erlaubt
den Vergleich verschiedener Proteinkonzentrationen in vivo unabhéngig vom verwendeten
Tracer. Dadurch wird die Entwicklung integrierter Modelle im multimodalen Neuroimaging
ermdoglicht, mit denen regionale Veranderungen der Gehirnfunktion durch Psychopharmaka,
die mittels funktionaler Magnetresonanztomographie dargestellt werden, anhand der
molekularen Bildgebung mit PET vorhergesagt werden kdnnten. Um die Prazision dieser
Methode zu erhohen, sind jedoch Studien mit Abstimmung von post mortem und in vivo
Koordinaten notig.



Gryglewski Gregor

4 BACKGROUND

4.1 Investigating Brain Receptor and Transporter Systems

411 PET

PET molecular imaging is based on the application of tracers labelled with a nuclide prone to
B+ decay. The resultantly emitted positrons (e*) are decelerated in the surrounding tissue until
they interact with electrons (e”) and together transform into high-energy photons (y-radiation)
moving in opposite (~180°) directions, a process called annihilation. Two photons arising from
one such interaction can reach two opposite scintillation detectors and produce a current that
is amplified at approximately the same time, a coincident event occurs. The straight line
connecting two detectors which registered the same annihilation event is called line of response
(LOR). During a PET scan many such LORs are acquired yielding a sinogram, which after
reconstruction via back projections results in tomographic images showing the distribution of
radioactivity in the imaged volume. This distribution in turn is dependent on the characteristics
of the tracer molecules. These are designed to bind certain biological structures, e.g. receptors
or transporter molecules, or to mimic other substances as e.g. *Fluordesoxyglucose to visualize

metabolic or kinetic physiological processes (Heiss & Herholz 2006).

4.1.1.1 Tracers

Imaging of human brain receptors in vivo requires tracers with suitable chemical
characteristics: High specificity, high affinity for the respective receptor, low toxicity, stable
labelling, quick uptake and distribution in brain tissue, and few, rapidly cleared, and preferably
unlabelled metabolites (Heiss & Herholz 2006, Kung 1991). Obviously, when choosing the
right tracer, certain trade-offs have to be made, as some of the properties are mutually
counteracting. For example, with lipophilicity both, tissue penetration and non-specific
binding, increase, which excludes many common antidepressants as practicable tracers for the

serotonin transporter in vivo.

So far, of all the possible molecules capable of binding to SERT only the following were

selected for long range human investigations with PET (Saulin et al 2012):
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41.1.1.1 [*'C]McN5652
In the late 1980s, the ability of McN5652 to potently inhibit serotonin uptake was discovered
by Shank et al (1988). A few years later, the [*!C]labelled (+)enantiomer of McN5652,
[1'C](+)McN5652 was suggested for PET imaging and found to be superior to the
(—)enantiomer in terms of specific binding to SERT in mice (Suehiro et al 1993). Thereafter,
quantification of SERT in humans was successfully performed with [1!C]McN5652. Reliable
results, however, were restricted to regions with high transporter densities (Parsey et al 2000).

Therefore [*!*C]McN5652 was soon replaced by tracers with lower non-specific binding.

4.1.1.1.2 [“C]DASB

Wilson and Houle (1999) were the first to synthesize [*!C]DASB and report of its over 1000-
fold selectivity for SERT over the dopamine- and norepinephrine reuptake transporters (Wilson
et al 2000). In the first human trials, [**C]DASB accumulated in SERT rich regions and was
displaced by SSRIs (selective serotonin reuptake inhibitors), which confirmed its suitability
for the imaging of SERT (Houle et al 2000). Compared to [*!C]McN5652 [*!C]DASB showed
lower non-specific binding and faster brain uptake, making it the first PET tracer to allow
imaging of SERT in brain regions with low densities (Frankle et al 2004). Furthermore,
measurement of in vivo SERT occupancy by drugs such as SSRIs became possible with
[1!C]DASB and PET.

4.1.1.1.3 [“C]MADAM

Chalon et al (2003) proposed [1!C]MADAM as a suitable tracer for PET imaging of the SERT
due to its high selectivity and low non-specific binding in post mortem rat and human brains.
The success of the ligand at visualizing SERT distribution in the first in vivo experiments with
[H]labelled MADAM in mice(Larsen et al 2004), followed by the first [!CIMADAM
PET scans of monkey brains (Halldin et al 2005), prompted the application in human PET
studies (Lundberg et al 2005). Nowadays [*!*CJMADAM is continuously used as a reliable
tracer for imaging of SERT with PET (Lundberg et al 2006).
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4.1.1.2 Binding Potential
The following is a digest of information on the definition and calculation of binding potential
commonly used by many authors. The nomenclature used here was faithfully adapted from a

detailed review on the topic by Innis et al (2007).

In many PET studies the term “binding potential” (BP) is the main parameter used to answer
the issues at hand. It was introduced by Mintun et al (1984) as the ratio of absolute density of
a targeted molecular structure (Bmax) and the dissociation constant (Kp) of the ligand at its
target.

Bmax
(1

BP = = Bpax * af finity
Kp

The dissociation constant (Kp) is the multiplicative inverse of the affinity of the tracer to its
target and is defined as the concentration of free ligand (F) necessary to occupy 50% of the
binding sites of the target at equilibrium.

1 _ kOFF _ Bavail * F — (Bmax - B) * F
af finity  koy B B

Kp = (2)

Equation 2 is derived from equation 3. According to the law of mass action, the equilibrium is
defined as a state in which the amount of free ligand associating with available target molecules

(Bavail) equals the amount of ligand bound (B) dissociating from the target:
F * Bayait * kon = B * kopp (3)

koy and kypr are the association and dissociation rate constants, respectively.
Since Bmax and Kp are not easily determined in vivo, for reasons later to be clarified, the BP is
currently the best means to compare the relative abundance of the molecules visualized among

different regions and subjects in vivo.
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However, what would be of actual interest in many cases, is the absolute density of the targeted
molecular structure (Bmax) Or the amount of target sites available for binding (Bavail), as a

fraction (B) may be occupied by endogenous or exogenous ligands.
Bavait = Bmax — B (4)

But the information PET scanners can provide are the concentrations of radioactivity per units
of volume (voxels), a measure which is regardless of whether the origin of the activity are
tracer molecules specifically bound to their targets, free in tissue or bound to other structures.
For the purpose of transforming this data into a comprehensible measure of available target
molecules, the pharmacological equations mentioned above were fed with assumptions about
the respective characteristics of molecular imaging to yield the concept of binding potentials.

In detail, equation 2 can be rearranged to equation 5.

Brax
= (5)

B
F

Given the low tracer doses applied in molecular imaging procedures, the concentration of free
tracer (F) is far below Kp. Therefore, its contribution to the nominator on the right side of the

equation is neglected, resulting in the formula defining the binding potential:

B Bmax
— = = BP 6
F Kp ©)

Using this formula and the concentrations read out from PET scans, various forms of the BP
can be calculated according to the model used and measures made. B is replaced by Cs, the
concentration of specifically bound tracer, which is the difference of total tracer concentration
(C7) and free and non-specifically bound, also called the non-displaceable concentration (Cnp).
The latter can be obtained from a region known to be devoid of the target, e.g. in the case of
SERT the cerebellum (Kish et al 2005). F can be replaced by the concentration of free or total
tracer in plasma, if such measures are available, to obtain BPr and BPp, respectively.

Since in the current investigation no blood samples were taken during PET scans, calculations
of BP are based on the assumption that the free concentration of tracer is in the vicinity of the
non-displaceable concentration (Cnp). This is justified with the low non-specific binding of
[1!C]DASB. Therefore, the following formula corresponds to the BP calculated in the course

of the current investigation:

Cr — Cnp
BPyp = ———— (7
ND

10
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4.1.1.3 Technical limitations
Apart from limited tracer availability and high procurement costs the major limitations of PET
are spatial and temporal resolution.

Temporal resolution is low due to the
limited amount of radiation that is emitted

per unit of time necessitating long image

Positron
emission

acquisition time
to capture coherent images.
Spatial resolution is restricted by the size

of single detector units utilised in 511 ke

photon

PET scanners. Smaller sizes would reduce 180+0.25°
sensitivity to incoming radiation, but

there is room for technical improvement.

Despite the technical aspects, there are

physical laws limiting spatial resolution  Figure 1:

Two physical properties of PET imaging are
of PET imaging, the most obvious will be symbolically (angles and distances are grossly
overestimated) rendered. The distance a positron
travels before annihilation is termed the positron
Depending on their original energy, range and averages 1.1 mm in water for C

tracers. Noncollinearity denotes deviations of the
positrons travel a certain distance through ~ angle between the resulting photons from 180°.
Reproduced from Rahmim and Zaidi (2008).

named here.

tissue before finding their annihilation
partner. The original energy in turn depends on the B+ decaying isotope used. For most clinical
PET imaging procedures (isotopes: !C, N, 1°0, 18F) the average linear distance positrons
travel ranges from 0.6 to 2.9 millimetres (Jodal et al 2012), but can be shortened by applying
strong magnetic fields as in magnetic resonance imaging (MRI) to bend the course of the
positrons, resulting in shorter linear distances from the place of isotope decay to the point of
particle annihilation.

The kinetic energy the particles possess at the moment of annihilation translates into deviation
of the angle at which photons are emitted from 180°, an effect called noncollinearity. This adds
uncertainty to the assumption that the annihilation responsible for a coincidence event recorded
took place on a straight line between the respective two detectors (LOR). These physical
properties fundamentally limit spatial resolution of clinical PET imaging to 1.8 millimetres
full-width-at-half-maximum (FWHM), while most scanners currently operate around
4 mm FWHM (Moses 2011).

11
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Factors adding noise to the imaging process are the scatter of radiation and random

coincidences originating from different annihilation events at approximately the same point in

time (~10 nanoseconds) (Bailey 2005).

Given the spatial resolution of PET imaging
procedures, analysis of small structures may suffer
from so-called partial volume effects. If the extent of
a ROI is smaller than twice the resolution FWHM,
activity attributed to the voxels covering the ROI
after reconstruction of the PET image is a blend of
activities emitted by the structure of interest itself and
surrounding tissue. Moreover, due to the positron
range, borders between neighbouring structures are
blurred in terms of activity. Thus, if a small structure
accumulating high amounts of tracer is surrounded by
non-active tissue, the resulting activity measures for
respective voxels underestimate the activity of the
small ROI, while overestimating the surround (Soret

et al 2007).

Figure 2:

Partial volume effect (PVE) for 2D
pictures. The left tale shows a
theoretical input to an imaging
procedure with a resolution
corresponding to the grid. The right
tale shows the resulting image with
grey values attributed to each pixel
corresponding to the average grey
value on the left side. Imagine a
black ball the size of one pixel on a
white carpet. The captured image
could never do justice to its original
darkness.

Reproduced from Soret et al (2007).

12
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4.1.2 POST MORTEM STUDIES

Post mortem studies are the gold standard of topological quantification of molecular structures
(Agam et al 2002) and constitute the fundament of in vivo molecular imaging. Each ligand
applied in PET or SPECT (single-photon emission computed tomography) studies has been
investigated in vitro, be it using cells expressing the recombinant target structure, or
membranes or sections prepared from animals or humans. Thus, important characteristics of

tracers are assessed before use in humans in vivo.

100+ .5
o 757 I
E 10a
— w L]
g 50 &
“ 5_ -
5 25
(=]
m
Q T T T T 1 u ] T 1] 1
0 10 20 30 40 50 0 25 50 75 100
[*H] Tracer (nM) Bound (fmol/ mg)
Figure 3:

Exemplary data of binding of a tracer to a receptor molecule at different concentrations (left).
The resulting Scatchard plot is depicted on the right. The slope of the regression line equals
affinity * -1

(B/F, ratio between ligand in the bound and ligand in the free compartement)

Reproduced from Castelli et al (2000).

One of the most crucial among these characteristics is the affinity of the tracer for its target,
but also for other, similar structures as e.g. the dopamine- or norepinephrine transporters in the
case of SERT tracers. One technique to quantify a tracer’s affinity is to use different
concentrations of radioactively labelled ligand in a binding assay and measure the amount of
bound ligand at each concentration. Then, affinity can be obtained from the resulting data by
applying Scatchard analysis (Scatchard 1949) or non-linear regression. To validate the tracer’s
specificity further, the distribution of its binding can be compared to the distribution of tracers
known to bind the target structure reliably. Moreover, the tracer should be displaced by and

only by other substances binding to the same target.

13
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The advantages of post mortem studies are manifold. First of all, the investigator can determine
the conditions of experiments arbitrarily: Temperature, pH, chemical properties of the buffer
solution. There are no confounding factors to receptor quantification such as regional blood
flow, metabolism, varying physiological substances competing for the target molecule,
dynamic receptor conformation or sequestration. Lastly, in terms of resolution,
autoradiography combined with electron microscopy can visualize subcellular compartments
in great detail (Caro et al 1962).

The chief drawbacks of post mortem studies are sampling bias, limited information on subjects,
degradation of tissue before experiments, unphysiological circumstances of binding and only

cross-sectional study designs.

4.1.2.1 Autoradiography

Autoradiography is an imaging method capable of quantifying molecular structures in tissue
sections at high resolution. For this purpose frozen brains are sectioned to an arbitrary thickness
(10-100um) using a cryotome and dried. Binding experiments are performed at a temperature
above 4°C chosen by the experimenter. Sections are incubated in a buffer solution containing
the tritiated specific ligand for approximately 60 to 90 minutes and consecutively washed for
several minutes using buffer or water or both to displace unbound molecules. Given the slow
dissociation rate of highly affine ligands, only a small fraction of bound ligands is released
during washing. After drying, sections are apposed to tritium sensitive film for several days.
The regional blackness of the film corresponds to the local radioactivity of the section it is
exposed to which is subsequently calculated using tritiated standards as a reference.

In contrast to isotopes used in PET tracers *H is prone to f— decay, that is, electron emission.
These electrons, however, are low in energy (mean 6 keV, max. ~ 19 keV) and therefore easily
absorbed (Berger et al 1964), showing a mean range ~ 3 pum in water (Prescott 1969), which
makes autoradiography a safe method, but hinders a considerable amount of radiation from
leaving the tissue under investigation itself. Therefore activity present in deeper levels of the
section is underrepresented on the film. This effect was termed 3H- -self-absorption and makes
correction of measured activity necessary (Korr et al 1997), adding a source of variability to

autoradiography data if tissue handling protocols are non-uniform.

14



Gryglewski Gregor

The whole process is repeated with the addition of another specific ligand to the buffer solution
to displace the tritiated tracer from the target. This allows the determination of non-specific
binding which is subtracted from total binding to obtain specific binding.

If the concentration of ligand used is several orders higher than Kp, specific binding is
approximately equal to total binding density. If the concentration chosen is not sufficient to
bind most target sites available, Bmax must be calculated with a transform of Equation 5.

Table 1 contains key methodical features for all published autoradiography studies

investigating SERT in a neurologically and psychiatrically healthy group of subjects.

4.1.2.2 Membrane Binding Studies

Membrane binding studies are similar to autoradiography, but use tissue homogenates instead
of sections. This does not permit high resolution analysis as e.g. the laminar organization of
receptors, but allows more reliable quantification of total receptor density, because the
radioligand can reach targets in solution easily. Another advantage is that the determination of
dissociation constants (Kp) can be performed with less effort and more reliably than in sections
due to the fact that different concentrations of tracer can be applied simultaneously in test tubes

to membrane suspensions from the same subject.
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Study n | Age(y) Ligand Conc. (Kp) Non-specific Binding Conc. (Kp) Section Thickness (um)
Cortesetal (1988)| 16 67.9 | [*H]Imipramine 7.14 | Desmethylimipramine 56 818.18 | 10
Cortes et al (1988) 16 67.9 | [*H]Paroxetine 3846.15 | Fluoxetine 12 345.68 | 10
Gross-Isseroff and Biegon (1988) | 16 50.0 | [*H]Imipramine 3.57 | Amitryptiline 232558.14 | 40
Chinaglia et al (1993) 8 80.9 | [*H]Citalopram 0.86 | Imipramine 714.29 | 10
Joyce et al (1993) 8 68.1 | [*H]Cyanoimipramine 2.27 | Desmethylimipramine 56 818.18 | 20
Arango et al (1995) | 22 41.3 | [3H]Cyanoimipramine 1.82 | Sertraline 3448.28 | 20
Gurevich and Joyce (1996) | 15 67.6 | [*H]Cyanoimipramine 2.27 | Citalopram 862.07 | 20
Gurevich and Joyce (1996) | 15 67.6  [*H]Paroxetine 1.92 | Citalopram 862.07 | 20
Stockmeier et al (1996) 7 55 | [*H]Paroxetine 2.81 | Fluoxetine 1234.57| 10
Little et al (1997) | 8 47.6 | [\51)B-CIT 5.10 Citalopram 86.21| 16
Dean etal (1999)| 10 59.7 | [*H]Citalopram 2.59 | Paroxetine 769231 20
Bligh-Glover et al (2000) | 10 53.2 | [*H]Paroxetine 2.81 | Fluoxetine 1234.57| 20
Mann et al (2000) | 71 42 | [*H]Cyanoimipramine 1.82 | Sertraline 3448.28 | 20
Mantere et al (2002) | 10 53.5 | [*H]Citalopram 1.03 | Fluoxetine 12345.68 | 100
Klimek et al (2003) | 11 56.5 [*H]Paroxetine 2.31 | Citalopram 862.07 | 20
Varnas et al (2004) 5 58.0 | [*H]Citalopram 1.72 | Fluoxetine 12 345.68 | 100
Underwood et al (2012) | 15 46.4 | [3H]Cyanoimipramine 2.50 | Sertraline 3448.28 | 20

Table 1:

This list summarizes the key methodical aspects of autoradiography studies on SERT which investigate a neurologically and psy chiatrically
healthy adult group of subjects. The concentration of substances used is given as a multiple of the dissociation constant (Kp) specified by
Tatsumi et al (1997). For Cyanoimipramine, Kp was calculated as the average of values provided in published literature (Gurevich & Joyce
1996, Joyce et al 1993, Kovachich et al 1988, Way et al 2007). For B-CIT, Kp was adapted from Eshleman et al (1999).

(Conc., Concentration of ligand used given as a multiple of its dissociation constant at the serotonin reuptake transporter )
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4.2 Monoamine Neuromodulatory Systems

The monoamine neuromodulatory systems are comprised of groups of neurons mostly located
in the brainstem influencing many other regions of the brain. Alterations of these systems were
revealed in many psychiatric and neurological disorders.

In the case of serotonin (5-HT), these neurons are located in the raphe nuclei and project to
most cortical areas, subcortical regions, and the spinal cord (Hornung 2003, Lundberg et al
2005, Palkovits et al 1974). Norepinephrine (NE) neurons can be found in the locus coeruleus

and have similarly broad projections (Benarroch 2009).

The 5-HT system is implicated in the regulation of mood, emotion, appetite (Haleem 1993),
sleep (Franco-Perez et al 2012), processing of anxiety (Akimova et al 2009, Lanzenberger et
al 2007) and a permanently growing list of crucial brain functions (Saulin et al 2012). It is
involved in the mediation of reward (Kranz et al 2010)and is capable of controlling cognitive
performance, as indicated by reports of impaired learning and memory in humans elicited by
depletion of tryptophan, an essential precursor of 5-HT (Park et al 1994).

Trials in mice revealed the role of various 5-HT receptors in the reinforcement of actions,
exploration of new environments and locomotor activity, presumably via modulation of the
Dopamine (DA) system (Layer et al 1992, Rocha et al 2002). Mice lacking the 5-HT1g receptor
showed a pronounced aggressive behaviour compared to wild type mice (Saudou et al 1994).

Autoradiography studies on 5-HT transporter (SERT) assessed significant differences of
regional SERT density between controls and alcoholics (Gross-Isseroff & Biegon 1988,
Mantere et al 2002), antidepressant treated patients (Cortes et al 1988), patients with Morbus
Parkinson or progressive supranuclear palsy (Chinaglia et al 1993) and schizophrenics (Joyce
et al 1993).

Studies on the polymorphisms in the SERT gene found among others associations of certain
genotypes with major depressive disorder (MDD) (Ho et al 2012), attention deficit and
hyperactivity disorder (ADHD) (Kent et al 2002), hyperkinetic disorders (Seeger et al 2001),
Tourette’s disorder (Moya et al 2013), schizophrenia (Li et al 2013), and irritable bowel
syndrome (Kumar et al 2012). Drugs targeting SERT are used on a daily basis e.g. in the
treatment of MDD (Lanzenberger et al 2012), bipolar disorder, general anxiety disorder (White
et al 2005), ADHD (Popper 1997), eating disorders (McElroy et al 2012), and post-traumatic
stress disorder (Abrams et al 2013).
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The NE system seems to be involved in arousal, attention (Berridge & Waterhouse 2003,
Devauges & Sara 1990), exploration of and coping with new environments (Aston-Jones &
Cohen 2005, Yu & Dayan 2005) and therefore is hypothesized to be involved among other
things in the pathogenesis of ADHD (Biederman & Spencer 1999). Human post mortem studies
on the NE transporter (NET) found significant alterations in Morbus Alzheimer (Gulyas et al
2010, Tejani-Butt et al 1993), and a decrease of NET-binding in the LC in MDD (Klimek et al
1997) and with age (Tejani-Butt & Ordway 1992).

Dopamine (DA) projections to the striatum originate in the substantia nigra of the midbrain,
whereas DA terminals in the frontal cortex and nucleus accumbens stem from the ventral
tegmental area (Bjorklund & Dunnett 2007). The DA system is associated with reward
processing (Schultz 1998) and drive (Flaherty 2005). Disruption of striatal DA transporter
(DAT) distribution was reported ex-vivo in Morbus Parkinson, progressive supranuclear palsy,
Morbus Huntington and schizophrenia (Chinaglia et al 1992, Gonzalez et al 2000). Further
changes were found in cocaine addicts (Little et al 1993, Little et al 1998, Staley et al 1994)
and alcoholics (Tupala et al 2001).
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4.2.1 MONOAMINE REUPTAKE TRANSPORTERS
Monoamine transporters (MATS) are responsible for the uptake of their respective monoamine
neurotransmitters from the

) 5-Hydroxytryptamine neuron
extracellular fluid (Amara & Kuhar
1993) and therefore for the

termination of neurotransmission
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Monoamine reuptake transporters are mainly located
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drugs inhibiting or being a substrate of SERT are named.
Wightman 1999, Garris et al 1994)  Tryptophan, an amino acid, is a precursor of 5-HT.
Reproduced from Torres et al (2003).

beyond the synaptic cleft (Bunin &

and presumably exert so-called
volume-transmission (Agnati et al 1995). This reuptake and reuse mechanism was first
described for NE in 1961 (Hertting & Axelrod 1961, Iversen 1971).

The isolation of complementary DNA launching detailed molecular characterization of the
human NE transporter (NET) (Pacholczyk et al 1991) was rapidly followed by similar progress
on the DA- (Giros et al 1992) and 5-HT- (Ramamoorthy et al 1993) transporters, DAT and
SERT. Together with other transporter proteins, they were grouped into the solute carrier 6
gene family (SLC6). Members of this family are neurotransmitter-sodium-symporter
molecules, meaning that transport of their substrates across the cell membrane is coupled to
sodium and chloride ions (Borowsky & Hoffman 1995, Gu et al 1994, Gu et al 1996). Quite
independently of their discovery and exploration, MATSs have been the target of a vast amount
of psychiatric and illicit drugs (Bonisch & Bruss 2006, Jayanthi & Ramamoorthy 2005, White
et al 2005).
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Although MATS display higher affinity for their eponymous substrate over other monoamines
(Tatsumi et al 1997), evidence has amassed suggesting that monoamine transport is far from
exclusive:

Giros et al. (1994) have shown uptake of DA by cells expressing NET only and vice versa for
NE and DAT. Studies in mice either lacking SERT (Mossner et al 2006, Zhou et al 2002) or
treated with selective serotonin reuptake inhibitors (SSRIs) (Zhou et al 2005) reported
accumulation of 5-HT in terminals of dopaminergic neurons, which did not occur in mice also
lacking DAT or treated with a DAT-selective antagonist. Furthermore, (Zhou et al 2005) and
(Vizi et al 2004) demonstrated that monoamines taken up by non-corresponding transporters
could be released again into the extracellular fluid. In fact, drugs selective for one of the MATSs
may affect extracellular concentrations of all monoamines (Reith et al 1997).

These effects are region specific and largely dependent on the proportions of available
transporters, as shown in rodents for selective norepinephrine reuptake inhibitors (NRIs) which
raise extracellular DA concentrations in the frontal cortex and hippocampus, areas with high
NET- and low DAT- density, while having little effect on DA in the striatum, where the DAT
is abundant and NET sparse (Borgkvist et al 2012, Bymaster et al 2002, Carboni et al 2006,
Carboni et al 1990).

Further support for monoamine cross-uptake and differential drug effects can be derived from
MAT knock-out studies (Carboni et al 2001, Moron et al 2002, Shen et al 2004, Vizi et al 2004,
Xu et al 2000, Zhou et al 2002). For excellent reviews see Carboni and Silvagni (2004) or
Daws (2009).

Another intersection of monoamine systems is indicated by the presumable interdependence
of MAT expression: For example, Solich et al. (2011) demonstrated that SERT and DAT
binding are higher in NET knockout mice. Also, Chen and Lawrence (2003) observed higher
DAT binding after treatment of rats with desmethylimipramine, a NET-selective

antidepressant.

Until recently, in vivo quantification of MATs was hindered by the slow development of
specific and affine tracers that could be used in humans (Emond et al 1997, Schou et al 2004,
Wilson et al 2000). Among the MATSs, PET imaging of SERT is currently most advanced. A
comprehensive in vivo databank of SERT and 5-HT receptor binding potentials was elaborated
by Savli et al. (2012). Ito et al. (2008) provided a similar databank for the dopaminergic system.
Imaging of NET was launched recently (Arakawa et al 2008, Logan et al 2007, Takano et al

2008) and to my knowledge, up until today only few brain regions were analysed.
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In light of this evidence, there is much reason for a synoptic investigation of the monoamine
neuromodulatory systems in neuroimaging.

Comprehensive  binding databanks are the first step towards this goal.

4.2.2 EFFECTS OF SEX ON SERT

Five post mortem studies investigated the effect of sex on SERT density. Of these, two studies
published by the same group reported approximately 25% higher binding in male cortices
(Arango et al 1995, Mann et al 2000), while Gross-Isseroff and Biegon (1988) and Cortes et al
(1988) found no difference in binding density between sexes in a large number of regions.
Out of 15 in vivo studies, PET and SPECT, testing the influence of sex on SERT, only 4
investigated cortical regions: Jovanovic et al (2008) reported barely significant reduced SERT
[*'CIMADAM binding in the inferior frontal gyrus and striatal ROIs and of women, and
Erritzoe et al (2010) found sex to be a useful factor in a multiple regression model to predict
SERT binding potential for the midbrain, but not for the cortex. Meyer et al (2004) and
Praschak-Rieder et al (2008) found no significant influence on the cortex.

In summary, it can be stated that effects of sex on subcortical SERT densities are negligible,
while they remain largely uninvestigated for cortical regions.

4.2.3 EFFECT OF AGE ON SERT

17 post mortem studies tested the effect of age on SERT density.
Severson et al (1985) found an increase of [*H]imipramine binding with age to membranes
prepared from frontal and parietal cortices and the hypothalamus. Cortes et al (1988) reported
an increase with age of [3H]imipramine binding to the occipital and frontal cortex, amygdala,
globus pallidus, and the central gray. However, only two young subjects were enrolled in the
study and no correction for multiple comparisons was performed. Similarly, Gross-Isseroff and
Biegon (1988) noted an increase of [3H]imipramine binding in the amygdala, several cortical
regions and the head of the caudate nucleus. Again, no correction for multiple comparisons

was applied.

The remaining post mortem studies reported no significant influence of age on SERT density
(Andersson et al 1992, Arango et al 1995, Arranz et al 1993, Dean et al 1999, Mann et al 2000,
Mantere et al 2002, Rosel et al 1997). Most studies investigated cortical regions, only five
studies with small sample sizes measured SERT binding in brainstem or striatal regions (Bligh-
Glover et al 2000, Lawrence et al 1997, Lawrence et al 1998, Little et al 1997, Stockmeier et
al 1996).
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In contrast, these regions are the most appraised in vivo:

For the brainstem as a whole only one study investigating the influence of age on binding of a
specific tracer is available and reports no significant effect (Ho et al 2012). Four authors used
[2%1]B-CIT to determine SERT in a total of 220 subjects and found a significant decrease of
tracer binding in brainstem with age (Hesse et al 2003, Jacobsen et al 2000, Pirker et al 2000,
van Dyck et al 2000), while Heinz et al (1998) (13 subjects) and Staley et al (2006) (32
subjects) did not.

11 out of 13 in vivo studies used specific tracers to elucidate changes of midbrain SERT density
with age. 5 of these studies with a total of 203 subjects reported a significant decrease of SERT
with age (Erritzoe et al 2010, Ichimiya et al 2002, Newberg et al 2005, Praschak-Rieder et al
2008, Yamamoto et al 2002). The remaining studies with a total of 139 subjects reported no
significant effect (Cannon et al 2006, Frankle et al 2005, Ho et al 2012, Meyer et al 2004,
Oquendo et al 2007, Reimold et al 2008).

16 PET and SPECT studies investigated the effect of age on the binding of various SERT
tracers in the thalamus or diencephalon. 11 found a significant decrease of SERT with age
(Cannon et al 2006, Erritzoe et al 2010, Hesse et al 2003, Ichimiya et al 2002, Kalbitzer et al
2009, Pirker et al 2000, Praschak-Rieder et al 2008, Reimold et al 2008, Staley et al 2006, van
Dyck et al 2000, Yamamoto et al 2002), the remaining studies reported only tendencies
(Frankle et al 2005, Jacobsen et al 2000, Meyer et al 2004, Oquendo et al 2007).

9 in vivo studies investigated the effect of age on SERT binding in striatal regions. Two of
these studies used [*ZI]B-CIT which has a considerable affinity for DAT and reported a
significant decline of binding with age (Jacobsen et al 2000, Pirker et al 2000). Out of the
remaining studies, using the SERT specific tracers [*!C]DASB and [*ZIJADAM, four with a
total subject number of 79 reported no significant change in tracer binding in striatal regions
with age (Cannon et al 2006, Frankle et al 2005, Ho et al 2012, Meyer et al 2004), while three
studies with a total of 165 subjects did (Erritzoe et al 2010, Meyer et al 2001, Praschak-Rieder
et al 2008).

For cortical regions evidence is sparse. If the influence of age is tested for at all, only few small
parts, such as the anterior cingulate cortex (Cannon et al 2006, Frankle et al 2005, Meyer et al
2004, Oquendo et al 2007) or anteromedial prefrontal cortex (Praschak-Rieder et al 2008), or

gross structures, such as the neocortex (Erritzoe et al 2010) are analysed.
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Taken together, there is good reason to believe in a steady decline of striatal, thalamic, midbrain
and brainstem SERT density with age.

At the same time, the effects of age on SERT in cortical regions need to be explored. Moreover,
it is worthwhile to find out which parts of the brainstem account for most of the decline of
SERT with age. Especially the raphe nuclei should be appraised in this context.
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4.3 Study Aims & Relevance

4.3.1 SEROTONIN TRANSPORTER BINDING POTENTIAL DATABASE

To my knowledge there is only one comprehensive databank of human in vivo PET data on
SERT available, published recently by our group (Savli et al 2012), including a subgroup
(18 subjects) of the current study. Therefore, the main objective of this project was to provide
binding potential (BP) values for brain regions delineated according to the classical Brodmann
(1909) parcellation scheme and Automated Anatomical Labelling (AAL) regions (Tzourio-
Mazoyer et al 2002) as well as voxel-wise parametric maps. Despite the opportunity to see the
topology and study the function of this transporter, such a databank could serve as a reference
for future PET-studies e.g. studies with a small sample size. Moreover, studies applying other
neuroimaging techniques could use this databank for multimodal interpretation of their own
results (Savli et al 2012). Especially pharmacological functional MRI (fMRI) imaging studies
can profit from this data using it for prediction and interpretation of drug effects on regional

brain activation.

4.3.2 SEX AND AGE EFFECTS

The effects of sex and age on total and ROI-specific SERT binding are crucial for correction
if other factors are under investigation. Still, data is inconsistent between studies. Especially,
post mortem and in vivo binding values diverge: the former tend to report a SERT increase
with age, while the latter show the opposite. Therefore, testing for these demographic variables
in our large sample was expected to further clarify this matter and yield correction-values for

the comparison of in vivo and post mortem data.

4.3.3 COMPARISON WITH ABSOLUTE TRANSPORTER DENSITY

| hypothesized that PET BPs for SERT correlate with corresponding transporter densities given
in pmol/g tissue derived from post mortem autoradiography data. Regression models between
PET-binding potentials and post mortem autoradiography data allow inferences on absolute
receptor densities from in vivo data. Such regression models if available for different tracers
would make the direct comparison of the absolute in vivo abundance of their respective target
molecules possible.

Applying this method to SERT, the chief target of a vast amount of psychotropic drugs, may

facilitate understanding and future investigation of the action of psychiatric medication.
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4.4 Hypotheses

1.

Significant and valid regression models can be obtained using in vivo SERT binding
potentials and post mortem absolute binding values (pmol/g) adapted from published
data allowing the calculation of regional binding densities, Bmax, from BP.

There is a ROI-specific influence of age on SERT binding potentials.

Binding potentials for SERT differ between sexes in certain ROIs.
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5 METHODS & MATERIALS

5.1 Study Funding

Data for the current investigation was obtained from healthy control groups enrolled in the
following projects of our group:

4. The influence of sex steroid hormones on serotonin transporter binding in the human
brain investigated by PET. Funding: Austrian National Bank, Jubildumsfonds
Project # 13214, 2009 — 2012, EK: 620/2008
Principal Investigator: Assoc. Prof. PD Dr. Rupert Lanzenberger

5. The Serotonin Transporter in Attention Deficit Hyperactivity Disorder Investigated
with  Positron Emission Tomography. Funding: Austrian National Bank,
Jubildaumsfonds Project# 13675, 2010 — 2012, EK: 784/2009
Principal Investigator: PD Mag. Dr. Markus Mitterhauser, Department of Nuclear
Medicine, Co-Investigator: Assoc. Prof. PD Dr. Rupert Lanzenberger

These studies were conducted in cooperation of the Department of Nuclear Medicine (PET

measurements and radioligand synthesis) and the Department of Psychiatry and Psychotherapy
at the Medical University of Vienna, Austria.
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5.2 Subjects

Healthy control subjects were recruited via advertisements for the above mentioned projects of

our group.

5.2.1 INCLUSION CRITERIA
e Age 18 to 55 years when giving informed consent.
e Physical health.

e Understand and willingness to sign the written informed consent form.

5.2.2 EXCLUSION CRITERIA

e Severe somatic diseases.

e History of or current treatment with psychiatric medication e.g. stimulants, selective
norepinephrine or serotonin reuptake inhibitors.

e Use of alcohol, drugs of abuse, or medication in a manner indicative of chronic abuse
or satisfying DSM-IV-TR criteria for alcohol or other substance dependence.

e Current psychiatric disorder (Axis | or Axis Il diagnosis according to DSM-IV-TR).

e Pregnancy (Positive urine pregnancy test), breast feeding.

e Participation in studies with PET or SPECT within the last 10 years.

The exclusion criteria were selected to assure safety for participants and eliminate the
confounding effect of medical conditions, medication and drugs presumably altering the

monoaminergic systems on results of PET measurements.

5.2.3 STANDARD EXAMINATIONS

The screening visit consisted of a somatic and psychiatric examination including blood
sampling for routine parameters, an electrocardiogram, a urine pregnancy test (HCG), a drug
screening and the Structured Clinical Interview for DSM-1V Diagnosis (SCID). The drug
screening (urine analysis and anamnesis) covered the following substances: barbiturates,
benzodiazepines, buprenorphine, amphetamine, ketamine, cocaine, THC, methadone,
methamphetamine, methyl-enedioxy-methylamphetamine (ecstasy), morphine, phencyclidine,
kotinine (DIPRO DRUGLAB, Dipromed Handels GmbH. / A, Multi-drug screen test panel
10/2: AMP-BAR-BZO-COC-mAMP-MOP/OPI-MTD-MDMA-THC-TCA). Another urine
pregnancy test was applied before the PET measurement. Within 14 days after the PET scan a

final medical examination was conducted.
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5.3 Positron Emission Tomography Imaging Procedures

Each subject underwent one PET scan using a GE Advance PET tomograph (GE Medical
Systems, Wukesha, WI) at the Medical University of Vienna as in previous studies from our
group.

Tracers were provided, synthesized and controlled by the Department of Nuclear Medicine,
PET Centre, Medical University of Vienna. [!C]JDASB ([*!C]-N,N-dimethyl-2-(2-amino-4-
cyanophenylthio)-benzylamine) was synthesized complying with procedures developed by
Solbach et al (2004) as published by Hausler et al. (2009). The whole preparation ran
automatically in a lead shielded hot cell. Quality control was assessed obeying standard
procedures routinely performed at the PET Centre.

Emission scans started concurrently with intravenous bolus injection of [*!C]DASB following
a standard protocol realized at the PET Centre. The [}!C]DASB target dose was set at
4.7 MBqg/kg body weight. Dynamic PET scans were acquired in 3D mode during a total scan
time of 90 minutes as customized to modelling considerations (Ginovart et al 2001, Ogden et
al 2007).

The emission data was scatter corrected using 35 contiguous slices (matrix 128*128),
reconstructed with a slice thickness of 4.25mm and a spatial resolution at the center of the
field of view of 4.36mm full-width at half-maximum (FWHM).
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5.4 Data Processing & Statistics

SPSS 19.0 (for ROI-based data, descriptive statistics, diagrams, correlations and regressions;

SPSS Inc., Chicago, IL, USA, www.spss.com), Microsoft Excel 2013 (for simple calculations

and polar charts) and SPM8  (for  parametric  voxel-wise  analysis,
http://www.fil.ion.ucl.ac.uk/spm/software/spm8/) were used for statistical analyses. BP
calculation was carried out in PMOD 3.0 (PMOD Technologies Ltd, Zirich, Switzerland).

All processing steps from raw data to ROI- and voxel-BP were carried out as seen in Savli
(2012). PET scans were visually inspected and motion corrected using SPM8, and then
normalized to a tracer-specific template to enable automated ROI analysis, as described
previously by our group (Stein et al 2008). Smoothing was carried out with an isotropic 8 mm
Gaussian kernel. Eventually, normalization of each dynamic scan was evaluated visually and
corrected if deemed necessary.

Time activity curves were obtained by applying a ROI-template to each scan via an in-house
MATLAB program. The kinetic modeling tool PKIN implemented in PMOD and the
“multilinear reference tissue model” (MRTM/MRTM?2) were used to calculate binding
potentials (BPnp) (Ichise et al 2003). The cerebellar grey matter except for the vermis was used
as the reference region (Parsey et al 2006), since it has been reported to be virtually free from
SERT (Kish et al 2005). Thalamus, a SERT rich region, was used to estimate clearance rate,
k2’, with MRTM.
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5.4.1 BINDING POTENTIAL DATA

In the current investigation a standardized ROI-
template comprising the classical
cytoarchitectonic Brodmann (1909)
parcellation scheme (41 regions) and the
Automated Anatomical Labeling (AAL) atlas
(Tzourio-Mazoyer et al 2002) complemented
by subcortical ROIs (52 regions) were used as
described by (Savli et al 2012). Brainstem
ROIls were drawn on axial planes as shown in
Figure 5. This approach sacrifices power in
favour of expeditious data processing, avoiding

bias due to manual ROI delineation.

Additionally, parametric voxel-wise maps
were calculated by determining the BP for each
voxel and brain and then averaging brain maps.
All ROIs are listed in Table 10 in the appendix.
Results were presented by means of descriptive
statistics: arithmetic mean, standard deviation
(SD), range and polar diagrams, one for each of
the two parcellation schemes. Total in vivo
binding was calculated by adding the BPs of all
non-overlapping ROIs listed in Table 10 (AAL
and subcortical) multiplied by their respective
volume, then dividing the result by the sum of

these ROIs’ volumes.

Figure 5:

The positioning of brainstem ROIs on top of a BP
mean image obtained from 30 healthy subjects
is depicted in axial, coronal and sagittal planes.
Crossbars meet in the center of the dorsal raphe
ROI (black). Note the overlap of the 2 voxels
marked by the crossbar between the midbrain
and dorsal raphe ROIs. The median raphe
nucleus is marked in dark red. The midbrain ROI
is pink

Coronal

Sagittal
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54.2 EFFECTS OF SEX AND AGE

To investigate the effect of sex on SERT binding simple t-tests were calculated for total and
52 ROI (AAL and subcortical) BPs. Normal distribution of values was assessed visually in
histograms and using Kolmogorov Smirnov tests. To visualize the differences, box-plots for
ROIs with the most pronounced influence of sex were generated. Pearson and Spearman
correlation coefficients were calculated between total- and ROl BPs and age. The level of
significance was set at a < 0.05. Correction for multiple comparisons was carried out by

multiplying p-values with the number of ROIs tested (52), i.e. with Bonferroni correction.

543 COMPARISON WITH ABSOLUTE TRANSPORTER DENSITY

To compare in vivo BPs with absolute SERT density, post mortem Bmax data from published
human autoradiography studies was collected via PubMed.

Since these studies seldom used standardized parcellation schemes, in most cases several ROIs
had to be adjusted in order to become amenable to direct comparison with PET data.
The most common transformation consisted in averaging ROl BPs, considering the ROI-
volume to match a larger region characterized post mortem (e.g. frontal cortex). On the other
hand, wherever necessary, small regions evaluated post mortem were pooled, considering their
respective volume to estimate SERT binding density of the superordinate structure that they
are part of, e.g. midbrain or striatum. Detailed information on how ROIs were matched are

included in the appendix (page 59).

If more than 3 ROIs from a published autoradiography study could be matched with PET data
in this manner, the study was included in analysis. Pearson product moment and Spearman
rank correlation coefficients were calculated between mean ROl SERT BP values and
topologically corresponding post mortem transporter densities given in pmol/g tissue for each
subset of published data. Level of significance was set at a. < 0.05. Scatter plots were drawn.
Regression models were generated if correlation was significant. Residuals were checked for
normal distribution in histograms. Additionally, residual plots were drawn to control for
heteroscedasticity and possible linear or non-linear factors. Extreme outliers were excluded in
final regression models if partial volume effects or poor agreement between post mortem and

in vivo regions seemed probable.
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As a last step, Bmax values were corrected to account for the different age of subjects in the
post mortem study populations. This was accomplished by applying correction factors
calculated from published studies as explained in Table 2 and the following equation t0 Bmax
values from each autoradiography study:

Brax
= ®

Bnax: denotes the age corrected binding value, a is the relative decrease of binding per decade
(Table 2), Aage is the difference between mean age of the post mortem and the PET study
population.

The linear equations obtained with age corrected values were used to estimate absolute SERT

binding density for all ROls measured in vivo. These results were visualized as polar coordinate

systems.
Study - n Tracer Decrease per decade (%)
Thalamus 5.1°
Cannon et al (2006) 37 [*!C]DASB 4.5
Erritzoe et al (2010) = 60 | [''C]DASB 1.4b
Reimold et al (2008) 19 [*1C]DASB 6.4°
Yamamoto et al (2002) 28 [**C]McN5652 9.6
Midbrain 4.7°
Erritzoe et al (2010) 37 [*!C]DASB 4.5
Newberg et al (2005) 6 [*23]]JADAM 3
Yamamoto et al (2002) 28 [*1C]McN5652 10.5
Striatum 3.6°
Erritzoe et al (2010) 60 [*1C]DASB 1.9¢
Pirker et al (2000) 35  [\21]B-CIT 6.6¢
Table 2:

Age correction factors (decrease per decade) were calculated using published decrease values

from in vivo SERT imaging studies.

2 ROI age correction factors were calculated by multiplying the relative decrease values given
for each study by the number of subjects included, adding results, then dividing by the number
of all subjects. Correction factors for the putamen and caudate nucleus are not shown.

b Relative decrease values were obtained by dividing absolute decrease by mean ROl BP
published in the respective study.

¢ Relative decrease value was obtained by dividing absolute decrease by mean ROI BP of striatal
ROIs published in the respective study, then averaging taking into account the respective ROI
volumes.

9 Due to limited data on striatal SERT binding and age, a study using [*?31]B-CIT, a ligand not
selective for SERT was included.
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5.5 Ethics

The study protocols were approved by the ethics committee of the Medical University of
Vienna, Austria (www.meduniwien.ac.at/ethik) (EK: 620/2008; 784/2009). The studies were

completed in accordance with the Declaration of Helsinki (1964), the Austrian

Arzneimittelgesetz and the EC-GCP guidelines. All subjects gave written informed consent
prior to inclusion in the studies and were insured by the Department of Psychiatry and

Psychotherapy, Division for Biological Psychiatry, obeying §32 of the Austrian Medicines Act.
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6 RESULTS

6.1 Demography

30 Subjects (11 women), aged 18-54 years (mean 31.1 + 10.0) were included in the current
investigation. Kolmogorov Smirnov tests for age did not indicate significant deviation from
normal distribution in the whole group, as well as in the male and female subgroups. A t-test
for age comparing sex groups was not significant (p = 0.56). Details can be found in
Table 3 and Figure 6.

Group n Mean age (y) + SD Range (y)

All subjects | 30 | 31.13 £9.96 19-54
Women | 11 | 31.09 + 10.72 19-49
Men | 19 | 31.16+9.79 19-54

Table 3:

Demography of subjects.

male female
60— =60
a0= =30
40- 40
age [y) age (y)

0= =30
20- =20
10= =10

[ 1 I 1 I 1 1 1 I 1 1 I 1

53 5 4 3 2 1 0 1 2 3 4 5 [

prevalence prevalence
Figure 6:

Distribution of age in the study population approximated normal distribution.
(Prevalence, number of subjects)
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6.2 Serotonin Transporter Binding Potential

SERT Binding potentials for ROIs defined by AAL (52 ROIs) and Brodmann (41 ROIs)
parcellation schemes are given in Table 10 (page 59) and visualized in Figure 8 and Figure 9,
respectively. Kolmogorov Smirnov tests did not indicate significant deviation of BP measures
from normal distribution in any ROI investigated, neither in the whole sample, nor in male or
female subsamples. Highest binding values were seen in subcortical regions, notably in the
raphe nuclei, followed by midbrain, nucleus accumbens, and thalamus. Among cortical
regions, the entorhinal area (Brodmann areas 28 and 34), olfactory cortex, subgenual cingulate
cortex (corresponding to Brodmann area 25) and Insula show the most pronounced binding

potentials. The very same ROIs show the greatest variance in BP values.

R

[“C] DASB BP,,
o —

Figure 7:

Mean images of SERT BP in sagittal, axial and coronal planes obtained as described in the
methods section for 30 healthy subjects. Crossbars intersect in the dorsal raphe nucleus. For
orientation, binding images were overlaid onto a single subject T1 weighted MRI of a standard
brain in MNI space. Corresponding ROl BPnp values can be found in Table 10.
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MidbraiIhala“us

. 50
Median raphe nucleus
Corsal raphe nuckeus

45

Strigtum
Nuclues accumbens. 40
Caudate nucleus. 35

Putamen 30

Palidum
Amyegdal
Insula

Parahippocampal
Byrus

Hippocampus

Posterior cingulate
Eyrus

Median cingulate and
pa acingulate gyri

Subgenual
Cingulate cortex

Anterior cingulste and
paracingulae gyri

Temporal pole:
middle tempor al gyrus

Temporal pole:
superior temporal gyrus

Fus¥orm gyrus

Lingualgyrus
Calcarine fissure and surrocunding cortex
_ Cuneus
Inferior occiotal ayrus
Midd ke occipical gyrus
Superior occipital gyrus

Figure 8:

Precentral gyrus pogeentral gyrus.

Rolandic operculum
Superior frontalgyrus dorsolateral
Middle frontal gyrus

Inferior frontal gyrus, opercular part
Inferior frontal gyrus, triangular part

Superior frontal gyrus medial
Supplementary motor area

ventrom edial
prefrontal cortex

Paracentral obule

Superior frontal gyrus
orbital part

Superior frontal gyrus,
medial orbital

Middle frontal gyrus,
orbial part

Inferior frontal gyrus,
orbital part

Gyrusrectus
Olfactory cortex

Superior temporal
gyrus

Heschlgyrus

Middle temporal gyrus

Inferior temporal gyrus
Superior parietalgyrus

Inferior parietal, but S.Jprama'ginal_
Angular gyrus and angular gyri

Precy nE&é.lpram arginal gyrus

SERT BP for AAL and subcortical ROIs (see Table 10 for numeric values) are plotted in this polar
chart. Highest values can be seen in subcortical regions. Among cortical ROls, the olfactory cortex

and the subgenual cingulate cortex lead.
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BA1
BA 4 BA?2
Baga7 A4 16 BA 3
BA 46 BA 4
BA 45 14 BAS
BA 44 1,2 BAG6
BA 43 1.0 BA7
BA 42 0,8 BAS
BA 41 0,6 BA9
Ol
BA 40 BA 10
0
BA 39 BA 11
BA 38 BA 17
BA 37 BA 18
BA 36 BA 19
BA 35 BA 20
BA 34 BA 21
BA 32 BA 22
BA31 BA 23
BA 30 BA 24
BA28 5, 57 BA 26 BA 25

Figure 9 :

SERT BP for Brodmann areas (see Table 10 for numeric values) are plotted in this polar chart.

Highest values can be seen in BA 34, 28 (entorhinal area) and 25 (subgenual area).
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6.3 Sex and Age Effects

The effects of sex on age on SERT BP in AAL and
subcortical ROIls, as well as on whole brain binding were
investigated using t-tests, and Pearson and Spearman
correlation analyses. After Bonferroni correction none of
the results remained significant. Therefore, as an
additional exploratory point, effects of age on BPs were
assessed in males and females separately. Again,
Bonferroni correction rendered most effects insignificant.
Nevertheless, the following tendencies were observed:
Slightly higher BP in the subgenual cingulate cortex and
gyrus rectus in men (ANOVA uncorrected p = 0.05 and
p = 0.10, respectively; Figure 10 and Figure 11).

In the whole sample, the strongest association of a
decrease in SERT BP with age was noted in the
Heschl gyrus (Pearson and Spearman correlation
coefficients —0.47 and —0.40, uncorrected p = 0.01 and
p = 0.03, respectively; Figure 12). All regions in which
SERT binding might be influenced by subjects’ age, as
indicated by uncorrected p-values < 0.05 for Pearson
product moment or Spearman rank correlation, were
summarized in Table 4.

In the male subgroup (n = 19), as in the whole group, the
same tendency of decreasing binding in the Heschl gyrus
with age was observed (uncorrected p = 0.03).
In females, despite the small sample size (n = 11),
correlation analysis yielded uncorrected p-values < 0.05
in a broader range of regions (Table 5). Note that
significance of nonparametric correlation of age and
binding in the paracentral lobule of women remains
significant after Bonferroni correction
(corrected p = 0.03; Figure 13).
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a

- male female
p =0.054

Figure 10:

Higher BP in subgenual cingulate
cortex of men (mean BP = 0.86)
vs. women (mean BP = 0.73),

uncorrected p = 0.05.

- T
o
o
; T
o |
a
-
= oa-
@ [
“ 1
2
&
.o
= male female
Figure 11:
Higher BP in gyrus rectus of
men (mean BP = 0.45) vs.
women (mean BP = 0.39),

uncorrected p = 0.10.
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10- RZLlinear =0.22
p =0.009

-]
|

Heschl [11C]DASB BPyyp
T i

® male
® female

=

Figure 12:

A decrease in SERT BP of 0.06 per
decade was noted in the Heschl gyrus

(uncorrected p = 0.009; R = 0.22).

10 2 | 20 50 &0
age [y)

Region of interest (AAL) Pearson r p Spearman p p
Heschl gyrus | -.47 ** .01 | -40* .03
Operculum rolandicum | -.37 * .05 | -.34 .06
Postcentral gyrus | -.33 .08 | -.37* .04
Dorsal raphe nucleus | .39 * .03 .26 17
Thalamus | -.33 .07  -36* .05

Table 4:

SERT BP was correlated with age using Pearson product moment and Spearman
rank correlation. ROIs with a potential influence of subjects’ age on binding are

listed. p-Values included in this table are not corrected for multiple testing.
(*, uncorrected p < 0.05; **, uncorrected p < 0.01)
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female: R?Linear =0.56

o male Figure 13:
b p=0.01 ® female SERT BP showed a decrease of 0.09 per
male . _
™ S — decade in women (uncorrected p =

0.008), but not in men.

Correlation coefficients:

Pearson -0.75 p=0.01
Spearman -0.86 p =0.0006
Spearman corrected p = 0.03

(If not specified, p-values are not
corrected.)

Paracentral lobule [M1C]JDASBE BPyp

o
ol | I I I I I

10 20 30 40 50 60
age [y)
Region of interest (AAL) ‘ Pearson r ‘ p ‘ Spearman p ‘ p
Men (n =19)
Heschl gyrus | -.49 * | 03 | -.40 .09
Women (n = 11)
Paracentral lobule | -.75 ** .01 | -.86 ***
.00
1
Supplementary motor area | -.60 .05 | -.69* .02
Precunes | -.68 * .02 | -.76 ** .01
Cuneus | -.61* .05 | -.65* .03
Lingual gyrus | -.65 * .03 | -61* .05
Median cingulate and paracingulate gyri | -.68 * .02 | -69* .02
Posterior cingulate gyrus | -.60 * .05 | -.66 .03
Median raphe nucleus | .61 * .05 12 71
Table 5:

SERT BP was correlated with age using Pearson product moment and Spearman rank correlation
for each sex group separately. ROIs with p-values below 0.05 for correlation of binding with age
are listed. p-Values included in this table are not corrected for multiple testing. Binding potentials
in the paracentral lobule of women significantly decrease with age (corrected p=0.03 for Spearman
rank correlation).

(*, uncorrected p < 0.05; **, uncorrected p < 0.01; ***, uncorrected p < 0.001)
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6.4 Comparison with Absolute Transporter Density

Since analysis of sex and age effects on SERT BP yielded no significant results for ROIs
included in the current analysis, a priori no corrections were made to account for the different
demography of subjects enrolled in the post mortem studies.

Kolmogorov Smirnov tests and visual inspection of scatter-plots were carried out for each
autoradiography study in order to find significant deviation from normal distribution of mean
post mortem binding densities of ROIs matched with our in vivo PET data. Only data from
Varnas et al (2004) did not fit normal distribution if midbrain and dorsal raphe nucleus, regions
of high SERT density, were included in analysis.

Results of correlation of mean post mortem binding densities (Bmax), assessed with radioligands
highly selective for the serotonin reuptake transporter, with in vivo SERT binding potentials
are presented in Table 6. Except for values provided by Gross-lIsseroff and Biegon (1988),
absolute binding densities from published studies were in excellent agreement with PET BPnp.
Scatter plots for mean BPnp and Bmax for each autoradiography study can be found on the

following pages (Figure 14 to Figure 22).

(Model #) Post mortem study ROIs Radioligand Pearson r p Spearman p p
(1) Cortes et al (1988) 15 [BH]Imipramine .88 *¥** <104 .94 *x* 107
Cortes et al (1988) 9 [®H]Paroxetine .97 Hk* <103 .97 *** <104
Gross-Isseroff and Biegon (1988) 18 [*H]Imipramine .04 .89 .02 .94
(2) Chinaglia et al (1993) 11 [®H]Citalopram .86 *¥** <103 G <10*
(3) Joyce et al (1993) 11 | BHICN-IMI .95 *xx 105 | .75 ** .01
(4) Arango et al (1995) 7 | [PHICN-IMI 82 % .02 85 * .02
(5) Gurevich and Joyce (1996) 23 [®H]CN-IMI .97 *** 10° .92 *** <10°
(6) Gurevich and Joyce (1996) 12 [®H]Paroxetine .89 *** <103 G <10*
Mann et al (2000) 4 [EH]CN-IMI .92 .08 1
(7) Varnas et al (2004) 17 [®H]Citalopram .84 Hkx <104 L) <104
Table 6:

Mean post mortem absolute SERT binding densities (Bmax) were correlated with mean SERT binding
potentials for each autoradiography study separately. High agreement between Bmax and BPnp was
found in most cases and yielded highly significant results for studies with Bmax values for a sufficient
numbers of ROIs provided.

(Model # refers to the number of regression model given in Table 7; CN-IMI, Cyanoimipramine;
* p<0.05; **, p<0.01; ***, p <0.001)
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6.4.1 REGRESSION MODELS: FROM BINDING POTENTIALS TO ABSOLUTE
BINDING

To make the calculation of absolute SERT density (Bmax) values from in vivo binding potentials
possible, linear regression models were calculated between BPnp and Bmax (pmol/g tissue), as
assessed with selective radioligands in post mortem studies. This was performed for
autoradiography data correlating significantly with mean BPnp (Table 6).

For data by Cortes et al (1988), Chinaglia et al (1993), Gurevich and Joyce (1996) and Varnas
et al (2004) scatter plots suggested a non-linear relationship between mean BPnp and Bmax.
Also, quadratic regression models showed a better fit over linear models, implied by significant
F-tests. However, after exclusion of the raphe nuclei, regions susceptible to
partial volume effects, and the midbrain which was topologically poorly fit to its in vivo ROI
(see appendix, page 64), the relationship between Bmax and BP for the remaining ROIs was
predominantly linear. This circumstance is demonstrated using scatter plots for the respective
studies (e.g. Figure 14). Unfortunately, excluding these ROIs rendered regression models
calculated for Bmax values of [®H]paroxetine provided by Cortes et al (1988) insignificant.
Thus, 7 linear equations to calculate post mortem SERT density, assessed with different

radioligands, from PET BPnp were obtained (Table 7).

R2 linear =0.77 R2 linear =0.83
2504 e o 70+ .
R? quadratic =0.92 R? quadratic =0.83 ®
2254
—_— — 60
= 200+ 2
o ©
£ 175 £ s0-
- 2
g ]
a E
wm 150 @ 4.
v ROI o
[
E 125+ ® 2mygdala -
o @ Hippocampus E ROI
= Parahippacampus o 30+
ppocamp
2 100 @ Nucleus Caudatus 2 ® amygdala
E @ Pallidum £ @ Hippocampus
— @ Putamen = Parahippocampus
«?: 754 Striatum = 20+ @ Nucleus Caudatus
L @ Thalamus h @ Fallidum
@ Dorsal Raphe Nel. @ Futamen
L0 Median Raphe Nel. Striatum
Midbrain @ Thalamus
Cingulate Cortex 104 Cingulate Cortex
25 Frontal Cortex Frontal Cortex
Farietal Cortex Farietal Cortex
Occipital Cortex Oceipital Cortex
0 T T T T T T T 0 T T T T T
0 1 2 3 4 5 6 .0 .5 1.0 1.5 2.0
[1C]DASB BPyp [1C]DASB BPyp

Figure 14:

Scatter plots and R? values indicated a non-linear relationship between mean SERT binding
potentials and absolute ['H]imipramine binding (Cortes et al 1988), if all ROIs initially matched
post mortem - in vivo were taken into account (left panel). This was supported by a significant
F-test quadratic vs. linear regression model (AF = 22.6; p < 0.001). If midbrain and raphe nuclei
were excluded, however, no significant advantage (AF = 0.09; p = 0.78) of non-linear over linear
models could be seen (right panel).

(Ncl., Nucleus)
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As a last step, age corrected Bmax values were used to calculate regression models (Table 8).
This improved 4 of 7 models significantly, 2 models were improved, but not significantly, and
one model was left unchanged (Table 9). Age-corrected models were used to calculate
Bmax (pmol/g tissue) values using mean SERT binding potentials for all AAL, Brodmann and

subcortical ROIs (Table 10). Figure 23 and Figure 24 present these results as polar charts.

Model # | R? p -binding (pmol/g)
1 .83 | <104 [®H]Imipramine 14.9 32.4
2 .68 .01 [*H]Citalopram 4.1 4.2
3 .89 | <10 [®H]CN-IMI 20.9 4.0
4 | 68 | .02 [2H]CN-IMI = 20 X [HC]DASB BPnp + 4.4
5 .86 | <107° [®H]CN-IMI 16.1 2.3
6 77 | <1073 [®H]Paroxetine 10.8 3.0
7 44 | <01 [*H]Citalopram 4.1 5.4
Table 7:

Linear regression models from SERT BPnp to Bmax (pmol/g tissue) were calculated for each
autoradiography study separately. Midbrain and raphe ROIs were excluded from regression
analyses. Model # refers to the respective post mortem study, as specified in Table 6.

Model # | R? p -binding (pmol/g)
1 .86 | <10 [®H]Imipramine 21.1 29.6
2 77 | <.01 [®H]Citalopram 5.6 3.6
3 90 | <107 [®H]CN-IMI 25.1 2.3
4 | 68 | .02 [2H]CN-IMI = 20 X [11C]DASB BPnp + 4.4
5 91 | <101 [®H]CN-IMI 18.9 1.1
6 .81 | <103 [®H]Paroxetine 13.6 0.9
7 53 | <.01 [®H]Citalopram 5.0 49
Table 8:

Using age-corrected binding values for thalamus and striatal ROIs, linear regression models from
SERT BPnp to Bmax (pmol/g tissue) were calculated for each autoradiography study separately.
Midbrain and raphe ROIs were excluded from regression analyses. Model # refers to the respective
post mortem study, as specified in Table 6.

Model # AR? AF p Table 9:
Age correction of Bmax values of thalamus and
1].02* 9.27 .01 striatal regions was performed to account for
2 | .08 * 6.74 .04 the different demography of subjects enrolled in
3 01 3.83 08 post mortem studies. Improvement of all models
affected can be seen as an increase of R? and F
4° 0 0 . values. For 4 of the models this improvement
5 | .04 **x* 69.57 <1073 was significant as shown by F-tests.
6 |.04* 7.71 .02 2 not affected by age correction
7 | .09 432 | .06 (*, p<0.05; **, p<0.01; ***, p < 0.001)
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R? linear =0.827 Figure 16:
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Figure 15:
Scatter plot showing correlation of mean SERT BPnp and mean
[®H]imipramine Bmax values (pmol/g tissue) adapted from Gross-Isseroff and
Biegon (1988).
For information on how regions investigated in this autoradiography study
were matched with PET ROIs see Table 11 and Table 14.
(BA, Brodmann area)
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Figure 17:

Scatter plots showing correlation of mean SERT BPnpo and mean [3H]citalopram Bmax values (pmol/g
tissue) adapted from Chinaglia et al (1993). For information on how regions investigated in this
autoradiography study were matched with PET ROIs see Table 11 and Table 15.
Correlation coefficients:

Pearson r: 0.87 p<103
Spearmanp: 0.92 p<10™*

R? values indicated a non-linear relationship between mean SERT binding potentials and absolute
[®H]citalopram binding, if all ROIs initially matched post mortem — in vivo were taken into account
(left panel). This was supported by a F-test quadratic vs. linear regression model
(AF = 13.4; p = 0.06). If midbrain and dorsal raphe nucleus were excluded, however, no significant
advantage (AF = 0.10; p = 0.76) of non-linear over linear models could be seen (right panel).

(Ncl., Nucleus; BA, Brodmann area)
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Figure 18:

Scatter plot showing correlation of
mean SERT BPnop and mean
[3H]cyanoimipramine Bmax values
(pmol/g tissue) adapted from Mann et

[3H]Cyancimipramine Bmax (pmol/g)
-
1

al (2000).
Correlation coefficients:
Pearson r: 0.91 p =0.08

Spearmanp: 1
(BA, Brodmann area)
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Figure 19:

Scatter plot showing correlation
of mean SERT BPnp and mean
[®H]cyanoimipramine

Bmax values (pmol/g tissue)
adapted from Joyce et al (1993).
For information on how regions
investigated in this
autoradiography study were
matched with PET ROIs see Table
11 and Table 16.

Correlation coefficients:
Pearson r: 095 p<10°°
Spearman p: 0.75 p =0.01
(Ncl., Nucleus; BA, Brodmann
area)

Figure 20:

Scatter plot of correlation of
mean SERT BPnp and mean
[®Hlcyanoimipramine

Bmax values (pmol/g tissue)
adapted from Arango et al
(1995).

Correlation coefficients:
Pearsonr: 0.82 p =0.02
Spearman p: 0.85 p =0.02
(BA, Brodmann area)
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Figure 21:

Scatter plots showing correlation of mean SERT BPnp and mean [*H]cyanoimipramine
(upper left panel) and [*H]paroxetine (upper right panel) Bmax values (pmol/g tissue) adapted from
Gurevich and Joyce (1996).

For information on how regions investigated in this autoradiography study were matched with PET
ROIs see Table 11 and Table 17.

Correlation coefficients:
[*H]Cyanoimipramine: Pearsonr: 0.91 p<10~° Spearman p: 0.92 p<10°°
[®H]Paroxetine: Pearsonr: 0.89 p< 1073 Spearman p: 0.92 p <1074

R? values indicated a non-linear relationship between mean SERT binding potentials and absolute
[®H]cyanoimipramine binding, if all ROIs initially matched post mortem - in vivo were taken into
account (upper left panel). This was supported by a significant F-test quadratic vs. linear regression
model (AF = 6.9; p = 0.02). If the midbrain ROl was excluded, however, no significant advantage
(AF = 0.001; p = 0.98) of non-linear over linear models could be seen (bottom left panel).
The relationship between PET and [®H]paroxetine binding data was linear regardless of the
inclusion of the midbrain in analyses.

(BA, Brodmann area)
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Figure 22:

Scatter plots showing correlation of mean SERT BPno and mean [3H]citalopram
Bmax values (pmol/g tissue) adapted from Varnas et al (2004). For information on how regions
investigated in this autoradiography study were matched with PET ROIs see Table 11 and Table 18.

Correlation coefficients:
Pearson r: 0.84 p<10™*
Spearmanp: 0.82 p<10™

R2 values indicated a non-linear relationship between mean SERT binding potentials and absolute
[®H]citalopram binding, if all ROIs initially matched post mortem - in vivo were taken into account
(left panel). This was supported by a significant F-test quadratic vs. linear regression model (AF =
116.5; p < 1077). If midbrain and dorsal raphe nucleus were excluded, however, no significant
advantage (AF = 0.02; p = 0.89) of non-linear over linear models could be seen (right panel).

(BA, Brodmann area)
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Figure 23:

Applying the linear equations listed in Table 8 to mean SERT BPnp values of AAL and subcortical
ROl resulted in Bmax (pmol/g tissue) values for each ROl and model. A different colour was assigned
to represent values calculated with each model.
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Figure 24:

Applying the linear equations listed in Table 8 to mean SERT BPnp values of Brodmann areas
resulted in Bmax (pmol/g tissue) values for each BA and model. A different colour was assigned to
represent values calculated with each model.

Despite their high significance, depending on the model used, calculated Bmax values vary
substantially. This discrepancy is explained in the discussion section with the different methods

used in autoradiography studies to determine binding densities.
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7 DISCUSSION

7.1 Serotonin Transporter Binding Potential

SERT binding potential values assessed in the current investigation are in good agreement with
most literature values on the distribution of SERT throughout the brain. [*!*C]DASB PET along
with automated calculation of BPnp using the “multilinear reference tissue model”
(MRTM/MRTM2) for standardized and broadly used ROIs (AAL and Brodmann areas) was
already proven a valid method (Savli et al 2012). Savli et al (2012) determined SERT BP for a
subgroup (n=18) of the study group in the current analysis and found it to correlate with values
by other authors, derived using manual delineation methods, while eliminating the bias that
can be ascribed to such procedures. The addition of 12 subjects did not alter obtained BP values
substantially. The greatest deviations of BPnp were found in the median raphe nucleus (+0.22),
the midbrain ROI (+0.15), the thalamus (—0.07), the amygdala (—0.04) and the calcarine fissure
and surrounding cortex ROI (+0.04).

Seeing such a small drift of values even in small ROIs known to possess the highest SERT
densities confirms the reliability and quality of the method and reinforces the produced average

values in the present sample as representative of a healthy Caucasian population.
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7.2 Effects of Sex and Age

The effects of demographic variables on SERT, if present, are weak and require large samples
to be unveiled.

In agreement with published post mortem and in vivo studies testing for the effects of sex on
SERT, only slight tendencies towards lower SERT BPnp in females were found which did not
reach significance (o < 0.05), even if no correction for multiple comparison was performed.
Targeted testing in larger samples might reveal more.

Despite the fact that no significant effects of age on SERT BP were assessed, the tendencies
seen were clearer than for the influence of sex. Decreasing BP in the thalamus is in agreement
with published findings as discussed in the background section. The effect of age on other ROI
BP found in the current investigation is a contrast to literature. Cortical regions were hardly
appraised in this context so far, but a few post mortem studies reported an increase of SERT
density with age, while in the current sample, SERT BPnp tends to decrease in cortical ROIs.
Similarly, most in vivo studies published agree on reporting a reduction of SERT in brainstem
regions, whereas a SERT BPnp increase in the dorsal raphe nucleus in the whole sample
(n=30) and in the median raphe nucleus of females (n = 11)was noted. Although none of these
in vivo studies investigated the raphe nuclei specifically, assuming that the raphe nuclei account
for a great part of brainstem SERT abundance, this is a striking result which should entail
further appraisal. Another interesting circumstance observed was that, in spite of its smaller
size, in the female sample the decline of BP was more pronounced in several regions. However,
all of these results must be seen in the context of the limitations inherent in the method of
SERT quantification via PET and [**C]DASB: Due to low SERT densities in cortical regions,
the low signal to noise ratio may account for a non-negligible part of the variance of BPnp
values in this part of the brain. At the same time the small size of the raphe nuclei leads to
partial volume effects which in turn add to the variance of BPnp assessed in this ROl among
subjects.

Again, targeted testing in a larger (female) sample promises more distinct information.
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7.3 Comparison with Post Mortem Data

Absolute regional SERT densities (Bmax), measured within the scope of different
autoradiography studies which constitute the gold standard of receptor and transporter
quantification methods, excellently correlate with SERT binding potentials (BPnp) obtained
with PET using the highly selective tracer [*!C]DASB and automated ROl analysis. Thus, the
validity of SERT quantification with [*'*C]DASB applying standardized Brodmann area and
AAL ROI templates and the MRTM/MRTMZ2 is once again confirmed.

Binding densities provided by 2 out of 10 autoradiography studies tested did not correlate
significantly with binding potentials:

Values from Mann et al (2000) show a good association with BP despite the characterization
of cortical regions where SERT quantification with PET could suffer from low signal to noise
ratio. Unfortunately, only 4 ROIs could be compared yielding slightly insignificant p-values.
Gross-Isseroff and Biegon (1988) provided binding density values for plenty of regions, but
these are not consistent with the state of knowledge on distribution of SERT throughout the
brain. For example Bmax Values reported for thalamic and striatal regions, known for high SERT
abundance, are in the same range as for parts of the cortex. No explanation for this discrepancy

could be found.
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7.3.1 REGRESSION ANALYSES

The regression from PET binding potentials to absolute SERT densities has already been
performed by Savli et al (2012) for Bmax Values provided by Varnas et al (2004). Nevertheless,
it was considered worthwhile to appraise the construability of these results in the context of a

plethora of autoradiography studies which analysed SERT applying different methods.

7.3.1.1 Linearity

What immediately catches the eye of the investigator when comparing post mortem and in vivo
data is the underestimation of SERT abundance in the raphe nuclei with PET. As discussed in
the background section, PET imaging of small areas with high binding values surrounded by
extensive areas with low binding, such as the raphe, suffers from low resolution of the method
producing partial volume effects, a blending of neighbouring binding values.

Another region inconsistently fitting on the linear regression curves is the midbrain. In this
case, the limitation of the current approach becomes apparent: The matching of ROIs in vivo
to post mortem and vice versa was aimed at the inclusion of a large number of regions in order
to increase the power of analyses. This, however, led to the pooling of binding density values
of subregions of the midbrain which were not representative of the midbrain as a whole. For
additional clarifications see the appendix section (page 64 ff.).

Since the inclusion of these ROIs bent the theoretically established linear relationship between
absolute SERT density (Bmax) and BP towards a non-linear one, the bias inherent in the
reconciliation of binding values of these ROIs across methods warrants their exclusion in final
regression analyses. This step successfully rendered non-linear regression models redundant,
to the detriment of one model, connecting BP and [3H]paroxetine Bmax values published by

Cortes et al (1988), which lost significance due to the reduction in the number of ROIs.

7.3.1.2 Age Correction

Seeing no significant effects of age on SERT BPnp in our own sample, the reasonableness of
adjusting binding values to account for the differing demography of post mortem subjects had
to be established separately. A rationale for age correction of thalamic, striatal and midbrain
ROIs was derived from published literature (see Table 2). Since the midbrain was excluded in
a previous step (see above), changes in models are merely attributable to age correction of
thalamic and striatal binding values. All the more surprising is the significant improvement of
most models afflicted by age correction, which might be interpreted as further support for the
decline of SERT density in these regions with age.
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7.3.1.3 Differences Between Models

Given the different methods applied by autoradiography studies, varying binding density
values (Bmax) are obtained leading to divergent linear equations connecting BP t0 Bmax. The
factor accounting for most of the variation among regression models is the radioligand used to
bind SERT in each study. Therefore in the following section, studies using the same ligand
will be discussed together.

Joyce et al (1993), Arango et al (1995) and Gurevich and Joyce (1996) labelled SERT with
[¥H]cyanoimipramine at a concentration of approximately 2*Kp in 20um thick sections. This
favourable methodical conformity lead to similar linear equations. A circumstance which
might be responsible for a part of the discrepancy is the specification of Bmax values in
fmol/mg protein by Joyce et al (1993) and Gurevich and Joyce (1996), considering that the
conversion factor from fmol/mg protein to pmol/g tissue is unlikely to be exactly 10 or equal
for all brain regions and subjects. Furthermore, binding values published by Joyce et al (1993)
and Arango et al (1995) were presented as graphs only compelling the use of a ruler to be
read out.

A slightly higher conversion factor from SERT BPnp to [*H]cyanoimipramine Bmax values
published by Joyce et al (1993) compared to the two other models was calculated.
This can be accounted for by the use of desmethylimipramine to determine non-specific
binding instead of citalopram or sertraline. Desmethylimipramine displays a higher affinity for
the norepinephrine reuptake transporter (NET) than for SERT (Tatsumi et al 1997) and hence
displaces [®H]cyanoimipramine from this target during the determination of
non-specific binding. Thus, the small fraction of [3H]cyanoimipramine bound to NET is
attributed to the ligands’ specific binding. Another potential factor could be an overly rigorous
age-correction of binding values, since a relatively large part of regions published by Joyce et
al (1993) was affected.

Overall, quantification of SERT with [3H]cyanoimipramine as performed in these studies can
be considered a reliable approach. For this reason and the high statistical significance of the
regression model calculated with values published by Gurevich and Joyce (1996) for a plethora
of regions measured in a large number of subjects, it was elected the preferred model for
estimation of absolute SERT density (Bmax) from PET SERT BPnp data.

[H]Cyanoimipramine binding (pmol/g tissue) = 1.1 + 18.9 = [11C]DASB BPyp,
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Chinaglia et al (1993) and Varnas et al (2004) quantified SERT with [3H]citalopram at
concentrations of approximately 1*Kp and 2*Kp, respectively. The different ligands applied
for the determination of non-specific binding should not alter results significantly, because
both imipramine and fluoxetine, show good selectivity and high affinity for SERT. A potential
confounding factor for the current analyses is that Bmax Was specified in different units in these
two publications (fmol/mg protein vs. pmol/g tissue). Moreover, Varnas et al (2004) cut
100 um thick sections, which necessitated correction for 3H-B-self-absorption.
Notwithstanding a few outliers in terms of the agreement of BP and [3H]citalopram Bmax, the
models obtained for values from both studies are in very good agreement. However, the small
number of subjects enrolled in these studies and the inability of these models to explain a large
amount of the variance, as indicated by R2 values, disqualify them for our inferential purposes

in the presence of the [3H]cyanoimipramine models.

The model calculated with [3H]imipramine Bmax Vvalues published by Cortes et al (1988)
contains the highest conversion factor from BP to Bmax and the highest constant value of all
linear equations calculated. The latter prohibits the calculation of meaningful values for regions
with low SERT densities, i.e. cortical ROIs. Cortes et al (1988) used high concentrations of
radioligands (~7*Kp) so that specific binding was similar to total binding density, but a
non-negligible amount NET was bound (~0.3*Kp) (Tatsumi et al 1997). Due to the
determination of non-specific binding with desmethylimipramine, this bound NET fraction
might have added noise to the measurement of SERT density, as explained above for data by
Joyce et al (1993).

Lastly, the model for [3H]paroxetine Bmax Values by Gurevich and Joyce (1996) has a
conversion factor which approximates the average of factors of [®H]cyanoimipramine and
[*H]citalopram models. [3H]Paroxetine binding was measured in a smaller number of brain
regions than [3H]cyanoimipramine binding, which is sufficient to explain the difference in
significance of models calculated with this data. Since Gurevich and Joyce (1996) themselves
found [3H]paroxetine binding to underestimate SERT density at high levels compared to
[¥H]cyanoimipramine, the model obtained with the latter is preferred.
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7.4 Limitations

The ideal experiment to obtain valid equations for the calculation of absolute binding densities
(Bmax) from PET binding potentials would involve PET measurement and autoradiography of
the same group of subjects with the same tracer together with a MR scan to align values in
standardized MNI (Montreal Neurological Institute) or Talairach space.

The latter can be accomplished using post mortem material only by applying a MR scan before
cryosectioning of brains. This would eliminate the confounding factor of matching regions
assessed in autoradiography studies with PET ROIs arbitrarily based on nomenclature
substantially increasing the power of regression analyses. Also feasible is the use of the same
radioligand in PET and autoradiography to rule out tracer specific variations in binding across
these methods.

PET measurement and autoradiography of the same subjects is difficult, if not impossible, to
perform. The benefit over the current approach would be the possibility to compare BP and
Bmax Values in the same brain regions for a number of patients, resulting in topologically
specific regression models, which is statistically sounder than the comparison of mean values
over all regions. Moreover, topological differences in the error of the PET quantification
method could be revealed.

Lastly, what cannot be ruled out when comparing binding densities from autoradiographic
analyses and PET data are changes in conformation, distribution, availability between the

in vivo and post mortem conditions.
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7.5 Conclusion

Post mortem studies have long been the only means of receptor and transporter molecules
quantification in human brains. They currently still constitute the gold standard of absolute
quantification methods, fostering the expansion of in vivo molecular imaging methods which
make attractive study designs possible in order to answer questions raised in many fields of
neuroscience.

The current investigation showed by the example of the serotonin reuptake transporter that
receptor or transporter quantification methods with PET can profit from autoradiographic
analyses by extracting conversion formulas to estimate absolute receptor or transporter
availability. This approach not only validates PET measurements, but allows for the
comparison of absolute densities of different structures imaged in vivo, which in turn makes
the development of complex multi-receptor and —transporter models possible. These could be
used to topologically predict alterations in brain functionality assessed, for example, by
functional magnetic resonance imaging elicited by the application of psychiatric drugs such as
SSRIs.

On the other hand, the comparison of PET and post mortem data is useful to identify regions
in which binding is not accurately assessed with PET BP, e.g. due to partial volume effects,
such as the raphe nuclei in the case of SERT BP. Starting from there, correction factors for the
in vivo imaging of such regions could be calculated.

Future studies quantifying a broad range of structures using PET and autoradiography with the
same tracer molecules aligning measures to standardized brain coordinate systems are essential

to consolidate the applicability of this promising method.
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8 APPENDIX

8.1 SERT Binding Potential Table

Table 10:

Mean (n = 30), minimal (min.) and maximal (max.) SERT binding potentials (BPnp), standard
deviation (SD), volumes and binding density (Bmax) of 52 ROIs defined by the AAL parcellation
scheme plus subcortical regions and of 41 Brodmann areas. BPs of cortical ROIls were averaged
over the left and right hemispheres.

Bmax is given in pmol/g tissue and was calculated using the Model #5 obtained using age-corrected
[®H]cyanoimipramine binding density values from Gurevich and Joyce (1996).

2 Values below zero are may be calculated in regions with negligible amounts of SERT.

(AAL, Automated Anatomical Labelling; BP, binding potential; SD, standard deviation; min.,
minimal BP values; max., maximal BP values; Bmax, absolute binding densities calculated using
mean BP values and Model #5; BA, Brodmann area)

Region of interest (AAL) Volume  BPmean SD Min. Max. Brmax
(cm?) (pmol/g)
Total binding 941.90 .36 .07 .24 .50 7.86
Subcortical regions
Amygdala 3.56 1.50 .25 1.03 2.17 29.37
Pallidum 1.46 1.66 .22 1.26 2.19 32.45
Putamen 5.90 1.83 .23 1.32 2.23 35.57
Caudate nucleus 1.76 1.82 .25 1.35 2.37 35.34
Nuclues accumbens 0.33 2.28 .40 1.58 3.12 44.14
Striatum 9.86 1.87 .23 1.37 2.25 36.34
Dorsal raphe nucleus 0.05 5.00 1.02 3.23 7.81 95.47
Median raphe nucleus 0.05 4.04 1.08 2.80 6.77 77.25
Midbrain 0.70 3.43 .58 2.59 4.88 65.81
Thalamus 4.60 2.11 .26 1.65 2.75 40.89
Central region
Precentral gyrus 37.01 .22 .10 .02 A4 5.15
Postcentral gyrus 40.73 .25 .10 .07 .44 5.87
Rolandic operculum 13.70 .40 .10 .23 .62 8.60
Frontal lobe, lateral surface
Superior frontal gyrus, dorsolateral 54.88 .20 .08 .06 .36 4.90
Middle frontal gyrus 58.30 .22 .07 .09 .36 5.33
Inferior frontal gyrus, opercular part 15.49 .23 .08 .10 .40 5.46
Inferior frontal gyrus, triangular part 15.28 .25 .08 12 42 5.82
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Volume

(cm?)

Superior frontal gyrus, medial

Supplementary motor area 36.68

Ventromedial prefrontal cortex

Paracentral lobule

Superior frontal gyrus, orbital part

Superior frontal gyrus,

medial orbital

Middle frontal gyrus, orbital part 13.38

Inferior frontal gyrus, orbital part

Gyrus rectus

Olfactory cortex

Superior temporal gyrus

Heschl gyrus

Middle temporal gyrus

Inferior temporal gyrus

Superior parietal gyrus

Inferior parietal, but supramarginal and

angular gyri

Angular gyrus 19.78

Supramarginal gyrus

Precuneus

Superior occipital gyrus

Middle occipital gyrus

Inferior occipital gyrus

Cuneus
Calcarine fissure 13.66 13 .62
and surrounding cortex

Lingual gyrus

Fusiform gyrus
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Temporal pole: superior temporal gyrus
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8.2 Fitting ROIs In Vivo to Post Mortem

The following table shows how AAL and Brodmann Area ROIs were pooled to fit larger

regions characterized in autoradiography studies.

New ROI BP Volume (cm?) Parts (sub-ROls)

Frontal cortex .27 347.63 Precentral gyrus; superior & inferior frontal gyrus;
middle frontal gyrus; middle frontal gyrus, orbital part;
supplementary motor area;
rolandic operculum;
paracentral lobule;
gyrus rectus;
olfactory cortex

Parietal cortex .22 141.83 Superior parietal gyrus;
inferior parietal, but supramarginal and angular gyri;
angular gyrus;
supramarginal gyrus;
precuneus

Temporal cortex .34 150.31 Superior, middle & inferior temporal gyrus;
Heschl gyrus;
temporal pole
Occipital cortex .33 134.87 Superior, middle & inferior occipital gyrus;
cuneus;
calcarine fissure and surrounding cortex;
lingual & fusiform gyri
Cingular cortex A8 33.60 Anterior, posterior, median & para -cingulate gyri;
subgenual cingulate cortex
Superior frontal gyrus 24 126.60 Superior frontal gyrus: medial, orbital, medial orbital &
dorsolateral part
Inferior frontal gyrus .29 50.35 Inferior frontal gyrus: opercular, triangular & orbital part
Temporal pole .53 28.83 temporal pole: superior & middle temporal gyrus
Perirhinal Cortex .68 16.11 BA 35; BA 36
Entorhinal Cortex 1.07 3.66 BA 28

Table 11:

The regions listed in the first column were characterized in post mortem studies and had to be
matched with appropriate in vivo ROIls. Therefore “new ROI” binding potentials were calculated
using ROI SERT BP values listed in Table 10.
First, the BP of each part (sub-ROIl) was multiplied by its volume; results were summed; and then
divided by the volume of the new ROI to obtain new BPs.

(BP, calculated binding potential used in analyses)
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8.3 Fitting ROIs Post Mortem to In Vivo

In this section it is shown, how regions and binding densities characterized in post mortem
studies are adjusted to fit AAL and Brodmann area ROIs. Since most studies did not use
standardized parcellation schemes, different techniques had to be used for many regions to
accomplish this goal. Therefore, on the following pages, there is one paragraph for each
autoradiography study clarifying the methods used to match regions with in vivo ROIls. In most
cases, simple arithmetic mean calculations sufficed. For several regions, binding of a sub-
region was used to represent Bmax (pars pro toto). Finally, for a few regions, binding density
was calculated correcting for the wvolume of their parts (Table 12).
To obtain Bmax pmol/g tissue, Bmax values given in pmol/g protein were divided by 10 according

to estimates of chemical composition of brain tissue (Ericsson et al 2007, Swatton et al 2004).

ROI Parts (volume factor)

Hippocampus Dentate gyrus (1); cornu ammonis fields (2)

Amygdala® Basal nucleus (2); basal accessory nucleus (1); lateral nucleus (3); corticomedial complex (2);

other parts (1 each)

Striatum® Pallidum; putamen; nucleus caudatus; nucleus accumbens;

substantia innominata (striatal minus other ROl volumes)

Midbrain© Midbrain regions (87); dorsal raphe nucleus (2)

Thalamus® Median nuclei (0.5 each); anterior nucleus (1); pulvinar (5); nucleus medials dorsalis (5);

other parts (1 each)

Table 12:

Given the different volume of sub-regions for the ROIs listed in the first column, an attempt was
made to correct for the contribution of each part to the binding density of the whole ROI. This
was accomplished by multiplying the Bmax of each part by a volume factor, adding the results, and
dividing this sum by the sum of volume factors of parts included in the first step of the calculation.

2 Volume factors were estimated using published post mortem measures of amygdala sub-nuclei
volumes (Harding et al 2002, Schumann & Amaral 2006).

b Volume factors were adapted from PET ROl volumes listed in Table 10.

¢ Midbrain and dorsal raphe nucleus ROIs share 2 voxels.

4 Volume factors were estimated using published post mortem measures of thalamic sub-nuclei
volumes (Byne et al 2002, Danos et al 2003).
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8.3.1 CORTESET AL (1988)

ROI Bmax (pmol/g) Adjustments made
Hippocampus 44.38 Volume corrected? binding density was calculated using Bnmax values of
dentate gyrus and cornu ammonis 1 & 3.
Parahippocampal 48.05 Subiculum (pars pro toto).
gyrus
Amygdala 47.37 Volume corrected? binding density was calculated using Bnmax values of
basal, basal accessory, lateral, and granular nucleus.

Pallidum 60.84 Average of globus pallidus and substantia innominata binding.

Striatum 59.65 Volume corrected? binding density was calculated using Bnmax values of
nucleus caudatus, pallidum, globus plallidus lateralis, and substantia
innominata.

Dorsal raphe nucleus 237.81 Average of Bmax Values measured at different levels.
Median raphe nucleus 154.95 Average of Bnax values measured at different levels.

Midbrain 106.41 Volume corrected? binding density was calculated using Bmax values of
central gray, substantia nigra, and red, interpeduncular, tegmental
pendunculo-pontine and dorsal raphe nucleus.

Thalamus 67.91 Volume corrected? binding density was calculated using Bnax values of

Table 13:

the zona incerta, and anterior, anterolateral, medial, paramedian

rotundocellular and reuniens nucleus.

Methods used to match regions used by Cortes et al (1988) to PET ROls.
Resulting [*H]imipramine Bmax (pmol/g tissue) values are listed.

2 See Table 12.

(Bmax, calculated absolute SERT density used in analyses)
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8.3.2 GROSS-ISSEROFF AND BIEGON (1988)

ROI Bmax (pmol/g) Adjustments made

Hippocampus 26.93 Volume corrected? binding density was calculated using Bmax values of
dentate gyrus (hilus, molecular-, and granular layer) and cornu
ammonis parts (molecular-, and pyramidal layer).

Parahippocampal 32.90 Average of parahippocampal gyrus and subiculum binding.
gyrus
Amygdala 90.47 Volume corrected? binding density was calculated using Bnax values of

basal, basal accessory, lateral, central, cortical, and medial nucleus.

Pallidum 43.33 Average of lateral & medial globus pallidus, and substantia innominata
binding.

Nucleus caudatus 70.80 Head and body (pars pro toto).

Striatum 56.79 Volume corrected? binding density was calculated using Bmax values of
putamen, nucleus caudatus, globus pallidus, and substantia
innominata.

Thalamus 45.76 Volume corrected? binding density was calculated using Bmax values of
the anterior, ventrolateral and medial nucleus.
BA 37 77.30 Lateral occipitotemporal gyrus binding was used.

Table 14:

Methods used to match regions used by Gross-Isseroff and Biegon (1988) to PET ROIs.
Resulting [*H]imipramine Bmax (pmol/g tissue) values are listed.

2 See Table 11.

(Bmax, calculated absolute SERT density used in analyses)

8.3.3 CHINAGLIA ET AL (1993)

ROI Bmax (pmol/g) Adjustments made
Pallidum 6.95 Average of lateral & medial globus pallidus binding.
Nucleus caudatus 12.90 Average of ventral and dorsal nucleus caudaus head binding.
Striatum 12.47 Volume corrected? binding density was calculated using Bmax values of
putamen, globus pallidus, nucleus caudatus, and -accumbens.
Midbrain 47.14 Volume corrected? binding density was calculated using Bmax values of
substantia nigra and dorsal raphe nucleus.

Table 15:

Methods used to match regions used by Chinaglia et al (1993) to PET ROIs. Resulting [*H]citalopram
Bmax (pmol/g tissue) values are listed.

2 See Table 12.
(Bmax, calculated absolute SERT density used in analyses)
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8.3.4 JOYCEET AL (1993)

Bmax Values for different layers in cortical regions are provided in this study. These values
were averaged for each cortical region. For subcortical regions, several simple adjustments

were made Table 16.

ROI Bmax (pmol/g) Adjustments made
Hippocampus 16.79 Volume corrected? binding density was calculated using Bmax values of
dentate gyrus (granular layer) and cornu ammonis 1 & 3.
Putamen 42.40 Dorsal putamen (pars pro toto).
Nucleus caudatus 47.60 Dorsal nucleus caudatus (pars pro toto).
Striatum 43.97 Volume corrected? binding density was calculated using Bmax values of

Table 16:

putamen, nucleus caudatus and -accumbens.

Methods used to match regions used by to PET ROls.
Resulting [®*H]cyanoimipramine Bmax (pmol/g tissue) values are listed.

2 See Table 12.

(Bmax, calculated absolute SERT density used in analyses)

8.3.5 ARANGO ET AL (1995)
Arango et al (1995) used the classical cytoarchitectonic Brodmann (1909) parcellation scheme.

Therefore, no adjustments had to be made.

8.3.6 MANN ET AL (2000)

This study divided several Brodmann Areas into sulcal and gyral sub-regions. Binding

densities of these were averaged to obtain Bmax for BA.
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8.3.7 GUREVICH AND JOYCE (1996)

ROI Bmax (pmol/g) Adjustments made
Precentral gyrus 5.90 Average of precentral gyrus (superior, middle & inferior frontal gyrus)
binding.
Postcentral gyrus 6.99 Average of postcentral gyrus (superior, middle & inferior frontal gyrus)
binding.
Middle frontal gyrus 2.18 Prefrontal Cortex, middle frontal gyrus binding was used.
Anterior cingulate and 10.75 Prefrontal Cortex, cingulate gyrus binding was used.
paracingulate gyri
Median cingulate and 12.63 Average of precentral gyrus (cingulate gyrus) and postcentral gyrus
paracingulate gyri (cingulate gyrus) binding.
Hippocampus 12.58 Volume corrected? binding density was calculated using Bmax values of
stratum lacunosum moleculare, dentate gyrus (molecular & granular
layer) and cornu ammonis 1-3.
Parahippocampal 8.64 Average of subiculum, pre- & parasubiculum binding.
gyrus
Amygdala 39.79 Volume corrected? binding density was calculated using Bmax values of
the anterior amygdaloid area and the basomedial, basolateral,
mediodorsal, lateral, vertical cortical, and central nucleus.
Pallidum 29.76 Average of lateral & medial globus pallidus binding.
Putamen 26.64 Average of putamen (caudal striatum) and ventral & dorsal putamen
(rostral striatum) binding.
Nucleus caudatus 27.83 Average of caudatum (caudal striatum) and ventral & dorsal caudatum
(rostral striatum) binding.
Striatum 28.03 Volume corrected? binding density was calculated using Bmax values of
putamen, pallidum, nucleus caudatus and -accumbens.
Midbrain 39.94 Average of central gray, substantia nigra (pars reticulata, compacta &
lateralis), red, parabrachial pigmented and paranigral nucleus binding.
Thalamus 30.62 Volume corrected? binding density was calculated using Bmax values of

Table 17:

zona incerta, and the anteroventral, mediodorsal, centromedian,

parafascicular, posterolateral and ventral posterolateral nucleus.

Methods used to match regions used by Gurevich and Joyce (1996) to PET ROls.
Resulting [*H]Cyanoimipramine Bmax (pmol/g tissue) values are listed.

2 See Table 12.

(Bmax, calculated absolute SERT density used in analyses)
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8.3.8  VARNAS ET AL (2004)
Varnas et al (2004) listed Bmax values for different layers in cortical regions. These values were
averaged for each cortical region. For subcortical regions, several simple adjustments were

made (Table 18).

ROI Bmax (pmol/g) Adjustments made

Hippocampus 5.93 Binding densities of dentate gyrus and the cornu ammonis fields

(pyramidal & molecular layer) were averaged.

Amygdala 11.00 Nucleus basolateralis (pars pro toto)
Pallidum 9.50 Ventral pallidum and globus pallidus binding were averaged.
Nucleus accumbens 19.00 Ventral striatum binding was used.
Striatum 11.41 Volume corrected? binding density was calculated using Bmax values of

putamen, globus pallidus, nucleus caudatus, and -accumbens.

Midbrain 34.95 Volume corrected? binding density was calculated using Bmax values of

dorsal raphe nucleus, substantia nigra and central gray.

Thalamus 11.29 Volume corrected? binding density was calculated using Bmax values of

pulvinar, mediodorsal, and anterior nucleus.
Table 18:

Methods used to match regions used by Varnas et al (2004) to PET ROls.
Resulting [®H]Citalopram Bmax (pmol/g tissue) values are listed.

2 See Table 12.
(Bmax, calculated absolute SERT density used in analyses)
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9 ABBREVIATIONS

[13]JADAM
[*B11-CIT

[1!C]DASB
[1!CIMADAM
[11C]MCcN5652

5-HT
ADHD
AAL
BA

B

B/F
Bavail
BP
Bmax

C

DA
DAT
DSM-IV
e /e’
GCP
EK
fMRI
FWHM
HCG
Kb
Korr
Kon
LOR
MAT
MDD
MRI
NE
NET
PET
ROI
SCID
SD
SERT
SLC6
NRI
SPECT
SSRI
THC

[121] 2-((2-((dimethylamino)methyl) phenyl)thio)-5-iodophenylamine
[121]-Methyl (1R,2S,3S)-3-(4-iodophenyl)-8-methyl-8-
azabicyclo[3.2.1]octane-2-carboxylate
[*C]-N,N-dimethyl-2-(2-amino-4-cyanophenylthio)-benzylamine
[**C]-N,N-dimethyl-2-(2-amino-4-methylphenylthio)-benzylamine
[1!C]-(+)-6beta-(4-Methylthiophenyl)-1,2,3,5,6 0,10 B-
hexahydropyrrolo[2,1-a]isoquinoline

Serotonin

Attention Deficit Hyperactivity Disorder

Automated Anatomical Labelling

Brodmann area

Number of bound target molecules

Quotient of bound and free ligand

Number of free target molecules, ready to be bound
Binding potential

Maximal binding density

Concentration

Dopamine

Dopamine reuptake transporter

Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition
Electron / positron

Good clinical practice

Ethik-Kommission

functional magnetic resonance imaging

Full width at half-maximum

Human chorionic gonadotropin

Dissociation constant

Dissociation rate constant

Association rate constant

Line of response

Monoamine transporter

Major depressive disorder

Magnetic resonance imaging

Norepinephrine

Norepinephrine reuptake transporter

Positron emission tomography

Region of interest

Structured Clinical Interview for DSM Disorders
Standard deviation

Serotonin reuptake transporter

Solute carrier family 6

Norepinephrine reuptake inhibitor

Single-photon emission computed tomography
Selective serotonin reuptake inhibitor
Tetrahydrocannabinol
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