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Abstract: [*C]5-Hydroxy-tryptophan ([**C]5-HTP) is a Positron Emission Tomography marker for serotonergic biosyn-
thesis and degradation, with use in imaging of neuroendocrine tumors and recently also the endocrine pancreas
in diabetes. In order to further develop [*'C]5-HTP as a quantitative in vivo tool for understanding the mechanisms
of serotonin signaling in human pancreas, we aimed to develop a kinetic modeling approach sensitive for changes
in serotonin biosynthesis, retention and degradation. Cynomolgus monkeys were examined by [*'C]5-HTP PET/CT,
either at baseline (n=9) or following intravenous pretreatment with 3 mg/kg carbidopa (Dopa Decarboxylase inhibi-
tor, n=3) or 2 mg/kg clorgyline (Monoamine Oxidase-A inhibitor, n=5). The dynamic tissue uptake was analysed by a
2-tissue compartment model including an efflux mechanism from the second tissue compartment (2TC k), which
theoretically reproduces the known processing of 5-HTP in neuroendocrine cells. The 2TC k . model could accu-
rately describe all three modes of tissue kinetics depending on the pretreatment regiment. Rate constant k, (cor-
responding to DDC activity) and the macro-parameter Flux (K) was decreased (P<0.05) by carbidopa pretreatment,
while k, (corresponding to cellular washout of intact [*'C]5-HTP) was increased (P<0.05). The efflux parameter k ___
(corresponding to MAO-A activity) was decreased (P<0.05) by pretreatment of clorgyline, while the macro-parameter
Flux/Efflux ratio (K/k,..) was increased (P<0.0001). We present a compartment model analysis method that can
quantitatively assess in vivo pharmacological interactions with several of the key enzymatic steps of the serotoner-

gic biosynthesis in pancreas.
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Introduction

Peripheral monoamine signaling has been
largely unexplored by means of modern medi-
cal imaging technology. Several Positron Emi-
ssion Tomography (PET) radioligands for visual-
ization of the serotonergic, dopaminergic and
noradrenergic systems have been developed
but primarily studied in the central nervous sys-
tem (CNS) [1-3].

Serotonin is perhaps mainly recognized as an
important neurotransmitter in the brain, closely
linked to mood and depression, but in fact
almost 90% the endogenous serotonin resi-
de in the gastrointestinal (Gl) tract. The periph-
eral actions of serotonin are several and inclu-
de regulation of Gl motility, vasoconstriction,

wound healing and more. Recently, it has been
shown that serotonin has important actions
also in the pancreas; the molecular machinery
necessary for serotonin biosynthesis and deg-
radation is present in the beta cells [4], impli-
cated in insulin secretion [5] and linked to beta
cell proliferation during pregnancy [6]. Addi-
tionally, as the serotonin system is restricted to
islets with no expression in the exocrine pan-
creas [4, 7-10] the radiolabeled serotonin pre-
cursor [*C]5-Hydroxy-tryptophan ([*'C]5-HTP)
has recently been validated as an imaging bio-
marker for pancreatic islet mass in metabolic
disease [11-14].

Figure 1A shows a schematic representation of
the metabolic fate of [**C]5-HTP in neuroendo-
crine cells. [*'C]5-HTP enters the neuroendo-
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degradation by MAO-A is negli-
gible during the first hour af-
ter intravenous administration
of [**C]5-HTP. However, it has
recently been shown that inhi-
bition of MAO-A strongly im-
pacts the in vivo metabolism
of [*'C]5-HTP [11], indicating
that further model develop-
ment could improve the kinet-
ic PET analysis.

In order to further develop
[*1C]5-HTP as a quantitative in
vivo tool for understanding the

C,
Ky

C,

mechanisms of serotonin sig-
naling in human pancreas, we
here report an optimized com-
partment model sensitive for
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Figure 1. Schematic representation of the major steps in the serotonergic
metabolic pathway in neuorendocrine cells (A). A PET compartmental model

changes in serotonin biosyn-
thesis, retention and degra-
dation.

should be versatile enough to take these processes into account, while still

minimizing the amount of parameters to be fitted. The 2-tissue compart-
parameter is a potential model de-
scribing the important processes in the neuroendocrine cell (B).

ment (2TC) model with an efflux (k

|OSS)

crine cell through Large Amine Transporters
(LATs) and is then converted into [*1C]5-HT (i.e.
11C-labelled serotonin) by Dopa Carbopxylase
(DDC, also known as Aromatic L-amino acid
decarboxylase). [**C]5-HT may then be trans-
ported into intracellular vesicles by the Ve-
sicular Monoamine Transporter 2 (VMAT2).
Inside the vesicles, [*1C]5-HT is shielded from
degradation. The population of [*1C]5-HT in the
cytosol however, is subject to degradation by
Monoamine Oxidase-A (MAO-A) into [*C]5-
hydroxyindoleacetic acid ([**C]5-HIAA) which is
eliminated across the cell membrane for fur-
ther urinary excretion.

In the context of the beta cells, the intracellular
vesicles also contain insulin, which may be
secreted together with 5-HT as a response to
changes blood glucose, following exocytosis.
VMAT2 has for this reason been extensively
evaluated as an imaging marker for visualiza-
tion of pancreatic beta cells [15, 16].

Previously, an irreversible two tissue compart-
ment (2TC) model has been used as a model
for [**C]5-HTP uptake, retention and elimination
in the brain [17]. This model assumes that the
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Methods and materials
Study design

The analysis uses dynamic data on [*'C]5-HTP
uptake in pancreas in non-diabetic non-human
primates (NHP). Semi-quantitative analysis
(Standardized Uptake Values (SUV) or % of
injected dose/g of tissue (%ID/g)) of some of
the PET examinations has been reported previ-
ously [11].

[*C]5-HTP PET in non-human primates

Imaging protocol, anesthesia, animal handling
and tracer metabolite analysis protocol has
been reported in detail previously [11]. The ani-
mal experiments were approved by the local
Animal Research Ethical Committee and were
performed according to the Uppsala University
guidelines on animal experimentation (UFV
2007/724).

Non-human primates (NHPs, female cynomol-
gus monkeys, 3-9 kg) were examined by a
Discovery ST PET/CT (GE Healthcare) after an
intravenous (IV) bolus injection of [*'C]5-HTP
(5-20 MBqg/kg). Carbon-11 has a radioactive
half-life of 20 minutes and consequently the
signal is fully decayed after approximately 2 h.
Then, a second [*'C]5-HTP PET examination
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Table 1. Metabolic stability of [*1C]-5HTP in non-hu-
man primates in vivo, at baseline of after pretreat-
ment with carbidopa (DDC inhibitor) or clorgyline
(MAO-A inhibitor)

5 min 30 min 60 min
Baseline (n=7) 90.7+1.5 67.8+2.7 53.5+2.5
DDC inhibited (n=1) 94.8 87.4 79.4

MAO-A inhibited (n=5) 94.3+2.6 77.3+3.8 62.0£4.5

Values indicate percentage of intact [**C]-5HTP as averages and
SD.

was performed, this time following IV pretreat-
ment with 3 mg/kg carbidopa or 2 mg/kg clor-
gyline, in order to inhibit key enzyme steps of
the pancreatic serotonin metabolic pathway:
DDC or MAO-A respectively. In total, n=9 base-
line scans were performed, n=3 scans with
DDC inhibited and n=5 scans with MAO-A
inhibited.

For all examinations PET data was acquired for
90 minutes (divided into 33 frames; 12x10 s,
6x30 s, 5x120 s, 5x300 s and 5x600 s).
Venous blood was collected at 0.5, 1, 3, 5, 10,
15, 20, 30, 45, 60 and 90 minutes to obtain
whole blood to plasma ratios.

Due to restriction on blood sampling volume
metabolite analysis could only be performed on
a subset of NHPs: [*C]5-HTP alone i.e. baseline
(n=7), following carbidopa pretreatment (n=1)
and following clorgyline pretreatment (n=5). In
these animals, the fraction of remaining native
[**C]5-HTP was determined in blood samples 5,
30 and 60 minutes following IV administration.

Image analysis

Reconstructed images were analyzed using
PMOD 3.7 (PMOD Technologies Ltd., Zurich,
Switzerland). Pancreas was segmented pixel-
by-pixel with assistance from co-registered CT
projections. Only pixels within pancreas, with
minimal partial volume effects were included.
An image derived input function (IDIF) was
obtained by identifying single pixels on trans-
axial projections fully within vena cava. Maxi-
mum Intensity Projection (MIP) images were
generated in Carimas 2.9 (Turku PET Center,
Turku, Finland).

Pharmacokinetic analysis was performed us-
ing standard nonlinear regression techniques
using the PKIN module (PMOD Technologies
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Ltd., Zurich, Switzerland). A two tissue com-
partment model (2TC) with an Efflux rate con-
stant k. from the second tissue compart-
ment (Figure 1B) was deemed to best repre-
sent the physiological processing of [*'C]5-
HTP in the endocrine cell, including reversible
uptake by LATs (K, and k,>0) into the cytosol,
irreversible enzymatic processing by DDC
[**C]5-HT or ["C]serotonin (k,>0 and k,=0)
and finally MOA-A mediated degradation and
release of [**C]5-HIAA into the blood stream
(K,eo)- In this model, the first tissue compart-
ment would represent uncovered [**C]5-HTP in
the cytosol, while the second compartment
would represent [*'C]serotonin in the cytosol or
in vesicles. k . would represent direct release
of [*!C]serotonin from the second compart-
ment. The macro-parameter Flux or K was
defined as K, *k,/(k,+k,). The vascular contribu-
tion (V,) was set to 0.05 for all subjects.

IDIF derived from vena cava were used in all
cases. The plasma-to-whole blood ratio was
approximately 1 for all time-points, and regard-
less of pretreatment. Therefore, the plasma-to-
whole blood ratio was kept constant at unity.
The IDIF was corrected for metabolite stability,
using population-based metabolite analysis for
the different pretreatments (Table 1).

Statistical analysis

Differences between groups was assessed by
a 2-tailed student’s t-test using &=0.95.

Results
[*C]5-HTP uptake in pancreas

As reported previously [11], but confirmed he-
re with additional data, [*'C]5-HTP exhibited
strong uptake in pancreas at baseline (Figure
2, top row). The retention in pancreas was high-
er than other abdominal tissues for up to 90
minutes, except the kidneys, which was due to
urinary excretion. Pretreatment with DDC inhib-
itor carbidopa, which prevents the conversion
of 5-HTP into serotonin, strongly reduced the
retention in specifically the pancreas (Figure 2,
middle row). Pretreatment with MOA-A inhibi-
tors clorgyline, on the other hand, increased
the retention of radioactivity in the pancreas,
but not other abdominal tissues (Figure 2, bot-
tom row).

Am J Nucl Med Mol Imaging 2020;10(5):226-234
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Figure 2. Maximum Intensity Projection (MIPs) visually showing the biodistribution and pancreatic uptake and re-
tention of [*1C]5-HTP over time after injection. The biodistribution is shown at baseline conditions (top row), after
pretreatment with DDC inhibitor Carbidopa (middle row) and after pretreatment with MAO-A inhibitor Clorgyline
(bottom row). All images are normalized to SUV 15. The head of the pancreas is indicated by the white cross hairs.

The metabolic stability of [**C]5-HTP was also
impacted by pretreatment with carbidopa and
clorgyline, where both compounds increased
the percentage of intact [**C]5-HTP at all time-
points compared to baseline (Table 1).

Compartmental analysis

The time activity curves of [*C]5-HTP exhibited
distinctly different kinetics depending if scan-
ned at baseline of following inhibition of DDC or
MAO-A (Figure 3). At baseline, initial strong
uptake in pancreas was followed by a slow
efflux phase (Figure 3A). When inhibiting DDC,
again initial uptake in pancreas was observed,
but followed by very rapid washout from tissue
(Figure 3B). Inhibition of MAO-A yielded high ini-
tial uptake in pancreas, similar as during base-
line, but followed by a retention phase over
almost 90 minutes (Figure 3C).
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The 2TC k . model could describe all three
modes of kinetics, despite the large variation
seen in the uptake, washout and retention of

[*1C]5-HTP (Table 2; Figure 3A-C).
Assessment of rate constants

K, was unchanged regardless of intervention
(Figure 4A). Rate constant k., i.e. the transport
from the first tissue compartment to the blood
compartment, was increased after pretreat-
ment with carbidopa, but not clorgyline (Figure
4B). This agrees with the strong decrease seen
for k, (the rate constant governing transport
from the first to the second tissue compart-
ment) after administration of carbidopa but not
clorgyline (Figure 4C). Thus, by pharmacologi-
cally arresting the transport of [**C]5-HTP in to
the second tissue compartment forces an
increase of k, instead.

Am J Nucl Med Mol Imaging 2020;10(5):226-234
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Figure 3. Representative examples of [**C]5-HTP time activity curves (TACs)
in pancreas at baseline (A), after pretreatment with carbidopa (B) or clor-
gyline (C). The TACs from pancreas and the IDIF (derived from vena cava)
are indicated as black and red closed circles, respectively. The model fit is
shown as blue line and open circles.

The efflux parameter k __ was decreased both

on k_.. The clorgyline pre-
treatment, on the other hand,
can be interpreted as a direct
inhibition of the Kk par-

loss
ameter.

Macro-parameters were also
investigated, as they may pro-
vide improved robustness
compared to individual rate
constants, which may be over-
determined and not indepen-
dent of each other. As expect-
ed from observing the chang-
es in the individual rate con-
stants, the Flux (Ki), was
strongly decreased by carbi-
dopa intervention (Figure 4E).
The macro-parameter Flux/
Efflux ratio (i.e. K, divided by
K..) was strongly increased
by MAO-A inhibition (Figure
4F).

Discussion

Here, we present a PET com-
partment model with suffi-
cient complexity to describe
multiple of the most important
enzymatic steps in the pro-
cessing and utilization of sero-
tonin in neuroendocrine cells.

[*C]5-HTP has been widely
used as a general imaging
marker of neuroendocrine tu-
mors. Recently, [*C]5-HTP
has also been proposed as a
marker for the endocrine pan-
creas in the context of islet
mass and islet dysfunction in
metabolic disease. Usually,
semi-quantitative output such
as SUV, SUV__, %ID/g or %ID
has usually been used from
the PET scans for both appli-

cations. Although for example SUV may be an

by pretreatment of carbidopa and clorgyline
(Figure 4D). However, in the case of DDC inhibi-
tion by carbidopa, there is hardly any radioac-
tivity in the second tissue compartment any-
way, which presumably explains the decrease
in k rather than a direct action of carbidopa

loss’
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effective and robust endpoint, it is likely that
that a static SUV value is an amalgam of sev-
eral parallel processes, including uptake, wash-
out and internal metabolism. Therefore, we pro-
pose that these processes can be disentangled
by the selection of an appropriate compart-

Am J Nucl Med Mol Imaging 2020;10(5):226-234
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Table 2. Estimated rate constants, macro-constants and goodness-of-fit

pancreas receives its

for all NHPs using the 2TC k___ model tracer delivery from arte-
rial blood. However, the

Flux  Flux/Efflux o 5 .
K, K, K, K, Chi R cynomolgus animal mo-

s (K) (K/k,) , ,

- ‘ = del is quite small for the
Baseline 067 0 011 050 0.66 1.63  3.40 0.96 expected resolution of
040 0O 020 0.22 0.40 1.79 1.69 0.97 Thus, there is a substan-
051 0.02 0.13 036 0.45 1.24 416 0.95 tial risk for introducing
0.72 045 0.6 0.18 0.38 214 0.69 0.99 variability due to partial
074 018 014 009 031 338 065 099 ?(O'Um_e effects V\I’lhe_” de-
062 013 002 005 007 142 141 098 Ineating a small tissue
193 0.33 038 017 1.03 589 025 1.0 such as the descending
’ ’ ) ) ’ ) ) ) aorta. The vena cava is
144 051 021 018 0.42 2.31 1.35 0.98 easier to identify and
DDC inhibited  0.712 0.90 0.03 0.02 0.02 1.24 3.41 0.93 accurately delineate, and
0.56 0.54 0.007 0.01 0.007 0.54 715 0.94 was thus chosen as a
0.20 0.30 0.04 0.01 0.02 2.59 26.7 0.67 proxy for the aorta. The
MAO-A inhibted 0.75 0.09 0.05 0.02 0.27 175 0.07 1.0 descending aorta should
046 003 001 0003 015 439 014 10 FS:?e‘iassourcelfofthi
047 0 007 001 047 345 417 0098 In future analysis o
0.58 0.04 0.07 0.02 0.38 200 0.36 0.99 human scans using this
’ ’ ’ ) ) ) ) ’ model, as the risk for par-
142 0418 0.35 0.03 0.93 35.3 1.21 0.99 tial volume effects is

ment model and fitting of its rate constants to
dynamic PET data of high temporal and spatial
resolution of the pancreas.

The 2TC k, model (Figure 1B) is in theory simi-
lar to the generalized but widely accepted sero-
tonin model of the neuroendocrine cell in Figure
1A. The standard 2TC model, on the other
hand, lacks a rate constant describing direct
efflux from the second tissue compartment. An
alternative to the efflux rate constant would be
to include the k, rate constant, describing flow
of tracer from the second to the first tissue
compartment - but this could also be interpret-
ed as reconversion of [*'C]serotonin ([*C]5-HT)
back to [*1C]5-HTP, which in not a reasonable
physiological or enzymatic process in the con-
text of the neuroendocrine cell. A 3TC model
including efflux from the second tissue com-
partment could in theory also incorporate the
trapping of [*1C]5-HTP inside secretory vesicles
(Figure 1A). However, such a model would
include up to 5-6 parameters for fitting (K, k,,
K, Koo Koo Kg)r Which likely would lead to over-
determination of the equation system.

The vena cava was used as a source for the
image derived image function (IDIF). This was
a deliberate choice, despite the fact that the
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lower.

The metabolic stability of [*!C]5-HTP varied
depending on the intervention, to an extent
that it should be taken into account when gen-
erating the IDIF. Since metabolic stability was
not assessed in all NHPs, population based
estimates were used. In the case of inhibition
of DDC by carbidopa, data from only one NHP
was available. In that animal, the metabolic sta-
bility of [**C]5-HTP increased substantially. This
is in line with a previous study in rhesus mon-
key, where 10 mg/kg of DDC inhibitor NSD1015
increased the metabolic stability of [*!C]5-HTP
from approximately 50% to 85% at the 60 min-
ute time-point [17]. Thus, it was deemed rea-
sonable to extrapolate the stability data to all
n=3 carbidopa treated NHPs in this study.

The 2TC k. model could adequately fit experi-
mental data from pancreas from both from
baseline scans (uptake and efflux), as well as
from DDC inhibition scans (rapid washout) and
MAO-A inhibition scans (strong retention).
Importantly, the parameter estimation was rel-
atively robust, enabling identification of which
rate constant was affected by each of the inter-
ventions. In the case of carbidopa, the k, was
decreased, which importantly could be inter-

Am J Nucl Med Mol Imaging 2020;10(5):226-234



Model of [*1C]5-HTP in pancreas

1.0+

0.8+

0.6+

1/min

0.4+

mL/mL/min

0.2+

0.0~

D Efflux (K;ose) E
1.0+

0.8+

1/min

mL/mL/min

*

k, c ks
0.39
n.s.
0.2+
£
£
0.14
n.s. *
0.0
O o < O ¥
 © S ©
& @@ &
Flux (K;) F Flux/Efflux ratio (Ki'Kjoss)
50- Fekkk
n.s.
40~
= 30+
E
3
£ 20~
10+ ns

& O ol
TN ,

-’-:F'\\ X \s
& &

Figure 4. Estimated parameters of the 2TC model including efflux (k ) in pancreas at baseline (n=9) or following
pretreatment with DDC inhibitor carbidopa (n=3) or MAO-A inhibitor clorgyline (n=5). The rate constants K, k., k

andk (
provide improved robustness.

preted as representing the enzymatic conver-
sion of [*C]5-HTP to [*!C]serotonin by DDC.
Thus, the model confirms carbidopa as a DDC
inhibitor. Clorgyline, on the other hand, affect-
ed primarily the Efflux parameter k ___. Again, in
the context of the model k _ would represent
the process of removing tracer from the second
tissue compartment, i.e. MOA-A mediated con-
version of [**C]5-HTP into [*1C]5-HIAA and sub-
sequent washout from the cell.

Some rate constants exhibited a substantial
variability which is to be expected to some
extent. Thus, macro-parameters such as the
Flux (K,) into the second tissue compartment as
well as the Flux/Efflux ratio (Ki/kloss) was even
more robust in demonstrating the effect of the
respective pharmacological interventions in

the pancreatic serotonin metabolism.

Thus, the 2TC K., Model accurately confirmed
the known mechanisms of carbidopa and clor-
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Efflux) are reported separately (A-D). The macro parameters Flux (or K)) (E) and the Flux/Efflux ratio (F) may

gyline on serotonergic processing in neuroen-
docrine tissue. The model can thus potentially
be used for assessing changes in the different
enzymatic steps in the pancreas in health and
disease. This is of particular interest in the con-
text of metabolic disease, where the molecular
point of dysfunction can be pinpointed. For
example, it is likely that destruction of islet
mass in the pancreas would correspond to a
decrease or loss of DDC enzymatic activity
(since the acinar pancreas does not contain the
molecular machinery for 5-HTP processing),
and subsequently in a decrease of k,. However,
recent publications have indicated that the loss
of insulin secretion ability may be due to dedif-
ferentiation of beta cells into neuroendocrine
precursor cells, rather than outright beta cell
destruction [14, 18-20]. Thus, accurate assess-
ment of dysfunction at different points in the
molecular machinery may assist in understand-
ing the complex regulation and dysfunction of
the endocrine pancreas in metabolic disease.

Am J Nucl Med Mol Imaging 2020;10(5):226-234
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Conclusion

Here, we demonstrate a [*'C]5-HTP compart-
mental analysis, which can quantitatively
assess in vivo pharmacological interactions
with several of the key steps of the serotonergic
biosynthesis in pancreas. With this technique it
is potentially possible to pin-point the origin of
molecular function or dysfunction of the seroto-
nergic metabolic pathway in the endocrine pan-
creas in health and disease.
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