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ARTICLE INFO ABSTRACT

Keywords: Degradation products of the essential amino acid tryptophan (Trp) are important signaling molecules in the mam-
Tryptophan malian brain. Trp is metabolized either through the kynurenine pathway or enters serotonin and melatonin syn-
7- [18F]Quorotryptophan theses. The aim of the present work was to examine the potential of the novel PET tracer 7-['8F]fluorotryptophan
Serotomrﬂl (['8F]FTrp) to visualize all three pathways in a unilateral 6-OHDA rat model. ['®FIFDOPA-PET scans were per-
Kynurenine L . . . . . .

PET formed in nine 6-OHDA-injected and six sham-operated rats to assess unilateral dopamine depletion severity four
6-OHDA weeks after lesion placement. Afterwards, 7-['8F]FTrp-PET scans were conducted at different timepoints up to
Disease models seven months after 6-OHDA injection. In addition, two 6-OHDA-injected rats were examined for neuroinflam-
Animal mation using ['®F]DAA1106-PET. 7-['8F]FTrp-PET showed significantly increased tracer uptake at the 6-OHDA

injection site which was negatively correlated to time after lesion placement. Accumulation of ['®*FIDAA1106 at
the injection site was increased as well, suggesting that 7-[18F]FTrp uptake in this region may reflect kynurenine
pathway activity associated with inflammation. Bilaterally in the dorsal hippocampus, 7-['®F]FTrp uptake was
significantly decreased and was inversely correlated to dopamine depletion severity, indicating that it reflects re-
duced serotonin synthesis. Finally, 7-['®F]FTrp uptake in the pineal gland was significantly increased in relation
with dopamine depletion severity, providing evidence that melatonin synthesis is increased in the 6-OHDA rat
model. We conclude that 7-['8F]FTrp is able to detect alterations in both serotonin/melatonin and kynurenine
metabolic pathways, and can be applied to visualize pathologic changes related to neurodegenerative processes.

1. Introduction

Parkinson’s disease (PD) is not only associated with progres-
sive degeneration of dopaminergic neurons, but also with pathologi-
cal alterations of tryptophan (Trp) metabolism (Szabo et al., 2011).
Metabolites or degradation products of the essential amino acid Trp
are important signaling molecules in the mammalian brain, which
vary in concentration according to the individual’s physiological con-

dition (Richard et al., 2009). There are three relevant metabolic
pathways (Fig. 1): the serotonin and melatonin biosynthesis path-
ways, and the kynurenine metabolic pathway with the final prod-
uct nicotinamide adenine dinucleotide (NAD') (Ruddick et al., 2006;
Schwarcz et al., 2012). Several intermediates are biologically active
as well, such as kynurenic acid and quinolinic acid in the kynure-
nine pathway, and N-acetylserotonin (=normelatonin) in the melatonin
pathway.

Abbreviations: 6-OHDA, 6-hydroxy-dopamine; DA, dopamine; IDO-1, indoleamine 2,3-dioxygenase 1; KAT, kynurenine aminotransferase; KMO, kynurenine 3-
monooxygenase; KYNU, kynureninase; NAD+, nicotinamide adenine dinucleotide; PD, Parkinson’s disease; SUVR, standardized uptake value ratio; TFCE, threshold-
free cluster enhancement; Trp, tryptophan; VOI, volume of interest.
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Fig. 1. Metabolic pathways of Trp and their visualization with its PET-analogue 7-['8F]FTrp.

Serotonin is mainly synthesized in neurons of the raphe nuclei,
which give rise to a dense network of axonal projections into all re-
gions of the brain (Jacobs and Azmitia, 1992). As a first step, Trp
hydroxylase adds a hydroxyl group in position 5 of the indole mo-
tif, generating 5-hydroxytryptophan. The second step involves decar-
boxylation through aromatic amino acid decarboxylase, yielding 5-
hydroxytryptamine (=serotonin). Serotonin is produced in cell bodies
as well as axon terminals, and can be released from both structures
(Best et al., 2010; De-Miguel et al., 2015). Altered (typically decreased)
serotonergic activity is well-known to be associated with depression and
anxiety (Andrews et al., 2015; Olivier, 2015). In PD, serotonergic neu-
rons progressively degenerate, although with slower progression than
dopaminergic neurons (Politis and Niccolini, 2015). Dysfunction of the
serotonergic system is associated with tremor, L-DOPA-induced dyski-
nesias, and non-motor symptoms of PD, such as depression and fatigue
(Politis and Loane, 2011; Politis et al., 2014).

Melatonin is produced by N-acetylation and subsequent O-
methylation of serotonin in the pineal gland. It is mainly released at
night (Tordjman et al., 2017), and reaches the brain through the blood-
stream or the pineal recess, which is an evagination of the third ventricle
(Tricoire et al., 2002). Melatonin receptors are present in many brain
areas, and are involved in sleep, anxiety, pain and circadian rhythm
(Ng et al., 2017). There is considerable controversy in the literature
about the changes of melatonin production in PD. A recent review
summarized that some authors found no change in melatonin home-
ostasis while others reported phase shifts with decreased production
(Mack et al., 2016). Yet another study observed that serum melatonin

levels were increased in PD patients and in 6-OHDA rat models, and
that there was a significant correlation with disease severity (Lin et al.,
2014). A possible explanation for these conflicting findings is that mela-
tonergic changes in PD are highly variable.

The vast majority of Trp that is not consumed by protein synthe-
sis is degraded by the kynurenine pathway (Campbell et al., 2014;
Schwarcz et al.,, 2012). In the brain, the enzyme indoleamine-2,3-
dioxygenase 1 (IDO-1) converts Trp to formylkynurenine, which is fur-
ther transformed into kynurenine by kynurenine formamidase. After
that, the kynurenine pathway can proceed through three main branches
(Campbell et al., 2014; Schwarcz et al., 2012) that are named af-
ter their key enzymes kynurenine aminotransferase (KAT-branch lead-
ing to kynurenic acid), kynureninase (KYNU-branch leading to an-
thranilic acid), and kynurenine 3-monooxygenase (KMO-branch, lead-
ing to quinolinic acid and NAD%). Because of the high affinity of
kynurenine for KMO, the KMO branch is the main metabolic pathway
in microglia and macrophages, where it gives rise to the excitotoxic
NMDA receptor agonist quinolinic acid. The neuroprotective metabo-
lite kynurenic acid on the other hand is mainly produced through the
KAT-branch in astrocytes, which can also degrade toxic quinolinic acid
formed in other cell types. In PD, there is a general up-regulation of IDO
activity (Maddison and Giorgini, 2015), while KAT-branch activity and
kynurenic acid production decrease, so that Trp catabolism shifts fur-
ther towards the KMO branch and increased quinolinic acid production.
This abets excitotoxicity caused by quinolinic acid or excess glutamate,
which leads to neurotoxicity and cell death (Lim et al., 2017; Tan et al.,
2012).
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In PD, 7-['8F]FTrp is supposed to display a decrease of serotonin
production in raphe neurons, an activation of the kynurenine pathway
and alterations (either way) in melatonin production (orange arrows).

Accordingly, PD patients suffer from an imbalance between sero-
tonin production (decrease) and kynurenine pathway activity (in-
crease), with an additional shift towards formation of neurotoxic
metabolites in the kynurenine pathway. To therapeutically address
these changes, e.g. by applying serotonergic agents (Schrag et al.,
2015) or by shifting the kynurenine pathway towards neuroprotec-
tive branches (Zadori et al., 2012), a thorough diagnosis of the Trp
metabolic state is needed. However, PET imaging of Trp metabolism
(Zlatopolskiy et al., 2020) is rarely used for diagnosis in PD patients.
Thus, a-['!Clmethyl-L-tryptophan as a surrogate marker for both sero-
tonin synthesis and kynurenine pathway metabolism (Chugani and
Muzik, 2000; Diksic, 2001) was applied, but the short half-life of
carbon-11 limits its use to imaging centers with an on-site cyclotron.
In an attempt to circumvent this drawback, our group has recently
developed the 18F-labeled Trp analogue 7-['8F]fluorotryptophan (7-
['8F]FTrp), which delineates serotonergic brain regions and the pineal
gland in healthy rats (Zlatopolskiy et al., 2018). However, it is cur-
rently unknown if 7-['8F]FTrp can also be used to visualize kynure-
nine metabolism. Therefore, the aim of the present work was to ex-
amine its potential to facilitate the visualization of all three pathways
in a unilateral 6-OHDA rat model. Serotonergic axon terminals are
present throughout the brain, so that a certain overlap of serotonin and
kynurenine pathways is likely. Previous studies have shown that kynure-
nine metabolism is indeed altered after intracerebral 6-OHDA injection
(Knyihar-Csillik et al., 2006), and that inhibition of IDO-1 has a neu-
roprotective effect (Sodhi et al., 2021). Furthermore, neuroinflamma-
tion is confined to the lesioned hemisphere (Gasparotto et al., 2017;
Haas et al., 2016; Koprich et al., 2008), although one study reported
widespread (including contralateral) occurrence of activated microglia
28 days after striatal 6-OHDA infusion (Cicchetti et al., 2002). We there-
fore postulate increased 7-['8F]FTrp uptake ipsilaterally, particularly at
the injection site, reflecting increased kynurenine metabolism due to
inflammation. To estimate the extent of microglial activation, we per-
formed additional PET scans with the tracer [18F]DAA1106. Decreased
7-['8F]FTrp uptake due to decreased serotonin production is expected
to occur in both hemispheres, but will be most obvious contralateral
because of the absence of neuroinflammation.

In order to evaluate the relationship between 7-[18F]FTrp uptake and
dopamine depletion severity, we conducted PET scans with [18F]JFDOPA
in the same animals. Our main aim in this study was to visualize chronic
alterations of Trp metabolism by means of the PET tracer 7-[18F]FTrp
in a unilateral 6-OHDA Parkinsonian rat model and assign them to sero-
tonin, melatonin and kynurenine metabolic pathways.

2. Materials and methods
2.1. Animals

Altogether, 17 adult male Long Evans rats (Rattus norvegicus; Janvier,
France; three months old at the start of the study) were used. Fifteen rats
(328-365 g) were used for the 7-[18F]FTrp study: Nine rats were sub-
jected to unilateral 6-OHDA injections in the medial forebrain bundle,
and six rats were sham-operated, as previously described (Apetz et al.,
2019; Kordys et al., 2017). All fifteen rats underwent one [18F]FDOPA-
PET and one 7-['8F]FTrp-PET scan. To evaluate the influence of neu-
roinflammation at the 6-OHDA injection site, two additional rats with
a 6-OHDA lesion [360 + 387 g] were examined using [®F]DAA1106
and ['8F]FDOPA during the first week and four weeks after 6-OHDA in-
jection. To assess the integrity of the serotonergic system in the chronic
phase, three rats were sacrificed three, seven and eleven months after 6-
OHDA injection for serotonin immunohistochemistry of the dorsal raphe
nucleus (see below). Rats were housed in pairs in individually ventilated
cages (NextGen, Ecoflow, Phantom, Allentown) under controlled ambi-
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ent conditions (22 + 1 °C and 55 + 5% relative humidity) on an inversed
12 h light/dark schedule (lights on 8:30 pm-8:30 am). They had free ac-
cess to food and water. Experiments were carried out in accordance with
the EU directive 2010/63/EU for animal experiments and the German
Animal Welfare Act (TierSchG, 2006) and were approved by regional
authorities (LANUV NRW; application number 84-02.04.2012.A304).

2.2. Surgery

Animals were anesthetized (initial dosage: 5% isoflurane in O,/N,O
(3:7), reduced to 1.5-2.5% isoflurane for maintenance) and received
0.1 ml Carprofen (Rimadyl®, Pfizer, Berlin, Germany) subcutaneously
for analgesia. Each animal was fixed on a warming pad in a stereo-
tactic system with a motorized stereotactic drill and injection robot
(Robot Stereotaxic, Neurostar®, Tiibingen, Germany). For lesion gen-
eration, 21 ug 6-hydroxy-dopamine (6-OHDA) hydrobromide stabilized
with ascorbic acid (Sigma Aldrich; equals 14 pg of 6-OHDA free base)
in 3 pL NaCl was injected unilaterally into the medial forebrain bundle
(n = 9; coordinates: - 4.4 mm posterior, 1.2 mm lateral, 7.9 mm ventral
to Bregma). In sham animals (n = 6), 3 pL NaCl were injected into the
same region. Injection side (left/right) was randomized.

2.3. MRI measurements

One day after 6-OHDA/sham injection, all rats underwent a struc-
tural MRI scan under 2% isoflurane anesthesia. T,-weighted, rapid ac-
quisition with relaxation enhancement (RARE) images were recorded
with an 11.7-T BioSpec animal scanner (Bruker BioSpin®, Billerica, MA,
USA) by using a quadrature receive-only rat brain surface coil (Bruker
BioSpin®) in combination with an actively decoupled, transmit-only
quadrature resonator (Bruker BioSpin®), fitting into the BFG-150/90-
S14 combined gradient and shim set (Resonance Research Inc., Billerica,
MA, USA).

2.4. PET measurements

Fifteen rats (9 6-OHDA, 6 shams) were measured with both 6-
['8F]fluoro-L-3,4-dihydroxyphenylalanine (['8F]JFDOPA)- (Zarrad et al.,
2017) and 7-['8F]FTrp-PET (Zlatopolskiy et al., 2018) in list mode using
a Focus 220 micro PET scanner (CTI-Siemens, Germany) with a resolu-
tion at center of field of view of 1.4 mm. [!8F]FDOPA-PET scans took
place four weeks after the 6-OHDA/sham lesion. First, 15 mg/kg benser-
azide (Sigma-Aldrich; Steinheim, Germany) was injected intraperi-
toneally to block peripheral decarboxylation of ['8F]JFDOPA. 50 min
after benserazide injection, rats were anesthetized (initial dosage: 5%
isoflurane in O,/air (3:7), then reduction to 2%), and a catheter for
tracer injection was inserted into the lateral tail vein. Rats were placed
on an animal holder (Medres, Cologne, Germany), and fixed with a tooth
bar in a respiratory mask. Breathing rate was monitored and kept at
around 60 breaths per min by adjusting the isoflurane concentration
(1.5-2.5%). Body temperature was maintained at 37 °C by a feedback-
controlled system. 54-71 MBq of [18F]FDOPA in 500 ul NaCl were in-
jected into the lateral tail vein at the start of the 60 min emission scan,
followed by a 10 min transmission scan with a rotating >’ Co point source
for attenuation correction.

7-['8F]FTrp-PET measurements were conducted over a period of one
to seven months after placement of the 6-OHDA/sham lesion. For time-
points see Inline Supplementary Fig. S1. The procedure was carried out
as described above, except that the animals were not pre-treated with
benserazide. 45-71 MBq of 7-['8F]FTrp in 500 uL NaCl were injected i.v.
at the start of the 120 min emission scan, which was followed by a %’ Co
transmission scan (10 min) for attenuation correction. All 7-[18F]FTrp-
PET scans were performed in the rats’ dark phase (lights off at 8:30 a.m.
in the animal room) with tracer injection between 11:48 a.m. and 3:39
p-m. During the scan, the overhead lights were switched on, and natural
daylight came from the window near the scanner. The rats’ eyes were
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open and protected from drying with eye and nose cream (Bepanthen,
Bayer Vital GmbH).

Two additional 6-OHDA-lesioned rats underwent PET scans with
[18F]DAA1106 (Zlatopolskiy et al., 2015), which binds to the transla-
tor protein 18 kDa and visualizes activated microglia (Schroeder et al.,
2021). They were measured 4 days and 32 days after 6-OHDA injec-
tion (71-78 MBq i.v.). The same animals underwent [!8F]FDOPA-PET
at 7 days and 30 days after 6-OHDA-injection (50-78 MBq). The emis-
sion scan started with tracer injection (['8F]DAA1106) or 30 min after
tracer injection (['8F]FDOPA), lasted 30 min, and was followed by a
57Co transmission scan (10 min).

2.5. Image reconstruction and analysis

After Fourier rebinning, images were reconstructed into 30 min-
frames using the iterative OSEM3D/MAP procedure (Qi et al., 1998)
resulting in voxel sizes of 0.38 x 0.38 x 0.80 mm. For [!8F]FDOPA
image analysis, the second frame (30-60 min p.i.) was used, while
the fourth frame (90-120 min p.i.) was used for 7-['8F]FTrp image
analysis. For post-processing and image analyses the software VINCI
4.72 (Max Planck Institute for Metabolism Research, Cologne, Ger-
many) was used. Images were co-registered manually to the Swanson rat
brain atlas (Swanson, 2003), smoothed with a Gauss kernel of 1.5 mm
FWHM and intensity normalized to the cerebellum (SUVR = individ-
ual voxel value divided by mean value of cerebellum; ['8F]FDOPA and
7-['8F]FTrp) or brain background (['®F]DAA1106). Images with right
hemispheric injections were flipped so that the intervention was al-
ways displayed on the left. The [18F]FDOPA images were used to cal-
culate dopamine depletion severity: Basal ganglia (BG) volumes of in-
terest (VOIs), which covered striatum and nucleus accumbens, were
drawn ipsi- and contralesional, and VOI mean values were extracted.
A dopamine depletion severity score (dimensionless) was calculated as
1-(SUVRyg ipsilesional/SUVRg contralesional).

7-['8F]FTrp uptake differences between 6-OHDA and sham group
were calculated using a voxel-wise t-test. This was followed by
a threshold-free cluster enhancement (TFCE) procedure (Smith and
Nichols, 2009), which includes correction for multiple testing on the
p < 0.05 significance level. In addition to the voxel-wise comparisons,
several VOIs were generated: Injection site (covering the area of edema
and inflammation, see insert of Fig. 2), pineal gland, and dorsal hip-
pocampus. For the dorsal hippocampus, four VOIs were established: Two
VOIs overlapping with the ipsi- and contralesional significant clusters
(Fig. 2 E3), and two anatomical VOIs derived from the MRI template.
Two Pearson correlation analyses were performed to assess the rela-
tionship between mean VOI 7-[18F]FTrp uptake and either dopamine
depletion severity or time after 6-OHDA lesion. All animals were pooled
for correlation analysis.

2.6. Immunohistochemistry

Rats were transcardially perfused with 4% paraformaldehyde solu-
tion in phosphate buffered saline (PBS), brains were extracted and post-
fixed for at least 48 h. Subsequently, brains were transferred to a 30%
sucrose solution. After the brains sunk to the bottom of the vessel, which
took at least 72 h, they were frozen in a Leica CM1950 cryostat and cut
into transverse sections of 30 um. For antigen demasking, sections were
immersed in 0.01 M sodium citrate buffer (pH 6.0) and heated to 97
°C for 10-15 min in a microwave. Sections were then incubated in 3%
H,0, in methanol for 3-5 min to quench endogenous peroxidase activ-
ity. Subsequently, sections were incubated with blocking serum (10%
normal goat serum; Vector) for 1 h. The primary antibody (polyclonal
rabbit anti-5-HT, Immunostar) was applied at a dilution of 1:500 at 4
°C overnight. Afterwards, the secondary antibody (anti-rabbit IgG) from
the rabbit Vectastain ABC kit was applied according to the manufac-
turer’s instructions for 1 h at room temperature. The sections were then
incubated with the avidin-biotin complex from the rabbit Vectastain
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ABC kit for 30 min. Finally, sections were incubated in diaminoben-
zidine solution (SigmaFast tablets, 0.35 mg/mL 3,3’-diaminobenzidine,
Sigma-Aldrich + 0.3 uL/mL 30% H,0,) for 10 min, dehydrated in an
ascending alcohol series, immersed in Roti-Histol for 2 min, and then
coverslipped in Entellan.

3. Results

['8F]FDOPA-PET showed a strong reduction of tracer uptake in the
ipsilesional basal ganglia (= striatum and nucleus accumbens) four
weeks after 6-OHDA injection (Fig. 2 Al, A2, white arrows; see In-
line Supplementary Figs. S2 + S3). The dopamine depletion severity
score (dimensionless) amounted to 0.18 + 0.02 in 6-OHDA-injected rats
(n = 9), and 0.01 + 0.02 in sham rats, which means that ipsilesional
[8F]FDOPA uptake was approx. 18% lower than contralesional up-
take, with a noise level of approx. 1%. At the 6-OHDA injection site,
[18F]FDOPA uptake was increased after one week (Fig. 4C+E), but re-
turned to baseline levels (SUVR 1.02 + 0.05) after four weeks and was
the same as in sham animals (SUVR 1.03 + 0.12; Figs. 2 A4, B4).

7-[18F]FTrp-PET revealed a higher mean tracer uptake at the 6-
OHDA injection site compared to the NaCl injection site in sham ani-
mals (Fig. 2 C4, blue arrow). The voxel-wise t-test demonstrated that
the increase of 7-[18F]FTrp uptake in 6-OHDA animals was statistically
significant in a small cluster (4 voxels) at the center of the injection
site (Fig. 2 E4, red voxels). When VOI values of the whole injection site
were compared, no significant difference was found between 6-OHDA
rats (SUVR 1.14 + 0.09) and shams (SUVR 1.12 + 0.06; p = 0.5744).
However, a strong negative correlation was found between 7-[18F]FTrp
uptake in the injection site VOI and time after lesion placement (Table 1;
Fig. 3A2; 6-OHDA and shams were pooled for correlation analysis). This
indicates that tracer uptake was initially increased at the injection site
but this effect faded with time.

Mean 7-['8F]FTrp uptake in the dorsal hippocampus of 6-OHDA rats
showed a bilateral reduction when compared to shams (Fig. 2 C3, yellow
arrows). Voxel-wise comparison revealed statistically significant differ-
ences for two clusters in the ipsi- and contralesional dorsal hippocampus
(Fig. 2 E3+E4, blue voxels). Comparison of the anatomical hippocam-
pal VOIs yielded a statistic tendency (p = 0.0712) for the contralesional
but not ipsilesional (p = 0.3225) dorsal hippocampus. For both dorsal
hippocampal clusters, a negative correlation was found with dopamine
depletion severity (Table 1, Fig. 3B1). This indicates that the higher
unilateral striatal dopamine depletion, the lower was the dorsal hip-
pocampal 7-[18F]FTrp uptake both ipsi- and contralesional. Dorsal hip-
pocampal 7-[18F]FTrp uptake showed no correlation with time after the
lesion, indicating that reduced uptake was a robust phenomenon occur-
ring throughout the investigated chronic phase between one and seven
months after lesion placement.

A higher 7-['8F]FTrp uptake was found in the pineal gland of 6-
OHDA rats compared to shams (Fig. 2 C5, orange arrow). VOI anal-
ysis revealed a statistic tendency (6-OHDA SUVR 1.21 + 0.14; sham
SUVR 1.08 + 0.1; p = 0.0645; Tab 1). 7-[18F]FTrp uptake in the pineal
gland was neither correlated with the time of day (R = 0.27, p = 0.3929;
tracer injection between 11:48 a.m. and 3:39 p.m. during the rats’ dark
phase, which began at 8:30 a.m.), nor with the elapsed time after lesion
(Table 1). This confirms that altered 7-['8F]FTrp uptake cannot be ex-
plained by a natural fluctuation which may occur during the four hours
of our measurement time window, and also not by short-term lesion
effects or aging.

The ['8F]DAA1106 images, taken four days and four weeks after
6-OHDA injection, revealed strong microglial activation around the in-
jection site at both timepoints (Fig. 4B+D). Accordingly, neuroinflam-
mation at the injection site persists for at least four weeks.

Serotonin immunohistochemistry of the dorsal raphe nucleus
showed that 6-OHDA injection was not associated with an obvious loss
of serotonergic neurons (Fig. 5).
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Fig. 2. Changes of Trp metabolism in relation to dopamine depletion severity.
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Columns 1-6 indicate transverse section levels. Rostrocaudal coordinates in mm relative to Bregma are shown in row E. (A): Mean ['®F]FDOPA images (obtained
after four weeks) from n = 9 rats infused with 6-OHDA into the medial forebrain bundle, projected onto an MRI template. Images with right-hemispheric lesions were
flipped so that dopamine depletion (white arrow) is always shown on the left. The structural T,-weighted MR images of one single animal taken after 24 h show the
volumes of interest covering the injection site (Inj VOI) and the pineal gland (Pin VOI). (B): Mean ['®F]FDOPA images from n = 6 sham rats. (C): Mean 7-['8F]FTrp
images of the same rats as shown in A (taken between 30 and 207 days after 6-OHDA infusion). Increased 7-['8F]FTrp uptake compared to shams is visible at the
injection site (blue arrow) and in the pineal gland (orange arrow). Decreased 7-['F]FTrp uptake is evident bilaterally in the dorsal hippocampus (yellow arrows).
(D): Mean 7-['8F]FTrp images of the same sham rats as shown in B. (E): Difference of 7-['8F]FTrp uptake in 6-OHDA versus sham rats. Blue voxels: sham > 6-OHDA.
Red voxels: 6-OHDA > sham. p < 0.05, corrected for multiple testing. Abbreviations: Hip: hippocampus; Inj: injection site; N.acc: nucleus accumbens; Pin: pineal

gland; Str: striatum. Scale bar: 5 mm (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

Table 1.

7-['8F]FTrp uptake group comparison and correlation (p) with dopamine depletion severity (dop) and time-point

of measurement (time; range 1-7 months after lesion).

SUVR sham SUVR 6-OHDA SUVR p dop SUVR p time
whole injection site 1.12+0.06  1.14 + 0.09p = 0.5744 R=-0.01, p = 0.9609 R=-0.80%, p = 0.0004
right cluster hippocampus ~ 1.07 £ 0.05  0.95 + 0.04*p = 0.0001  R=-0.69%,p = 0.0047 R=-0.08,p = 0.7671
left cluster hippocampus 1.02£0.05 0.91 +£0.04'p =0.0006 R=-0.61*,p=0.0162 R=0.18,p=0.5141
pineal gland 1.08 £ 0.10  1.21 + 0.14p = 0.0645 R=0.59*,p=0.0213 R=-0.03,p =0.9074

4. Discussion

In this study we assessed focal cerebral 7-[18F]FTrp distribution
in a unilateral 6-OHDA Parkinsonian rat model in comparison to
sham-injected controls. [18F]FDOPA PET was employed to estimate
unilateral dopamine depletion severity in the same animals. While
[8F]FDOPA measurements were performed exactly four weeks after 6-
OHDA injection, 7-['8F]FTrp PET measurements were spread between
one and seven months after 6-OHDA injection. This was done to fa-
cilitate correlation analysis between 7-['8F]FTrp uptake and time af-
ter 6-OHDA/sham injection. The correlation coefficient is an important
marker to distinguish between reversible changes in 7-[18F]FTrp uptake
directly caused by substance injection (e.g. neuroinflammation, which
should abate with time) and persistent alterations caused by death of
serotonergic neurons or permanent synaptic changes.

We identified two brain regions where 7-['8F]FTrp uptake was
different in the unilaterally 6-OHDA-injected rats compared to sham-
injected controls: (1) The injection site where 7-[18F]FTrp uptake was

increased in Hemiparkinsonian rats and negatively correlated with time
after injection. (2) Two clusters in the dorsal hippocampus where
7-['8F]FTrp uptake was bilaterally decreased in Hemiparkinsonian
rats, reduction was stable over time, and negatively correlated with
dopamine depletion severity. ['8F]DAA1106 PET four weeks after 6-
OHDA injection revealed strong microglial activation at the injection
site. Thus, increased 7-[18F]FTrp uptake at the injection site could re-
flect increased kynurenine metabolic pathway activity, which is closely
associated with neuroinflammation (Badawy, 2017). We have shown
previously that microglial activation can persist for up to six months
(Schroeder et al., 2021). A non-selective increase of 7-[\8F]FTrp uptake
via the LAT1 amino acid transport system may have played a role during
the acute phase, but can be ruled out in the chronic phase. The latter can
be inferred from [18F]FDOPA uptake, which is mediated by the LAT1
system as well (Kageyama et al., 2000) and showed no increase at the
injection site after four weeks. Although 7-[18F]FTrp accumulation at
the injection site decreased with time, the highest uptake in 6-OHDA
injected rats was measured after 104 days (see Fig. 3A2). This demon-
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Fig. 3. Pearson correlation of 7-['®F]FTrp uptake with dopamine depletion severity (row 1) and elapsed time after 6-OHDA/sham injection (row 2). (A): Injection site.
(B): Contralesional hippocampus cluster. (C): Pineal gland. Regression lines are plotted for better visibility. The dopamine depletion severity score is a dimensionless
value, calculated as 1-(SUVRy ipsilesional / SUVRyg contralesional).
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Fig. 4. Relationship between ['®F]DAA1106
(neuroinflammation) and ['®F]FDOPA uptake
(dopamine synthesis) in a unilateral 6-OHDA
Parkinsonian rat model. Shown are horizon-
tal sections through the brains of two ani-
mals, which received MRI and four PET mea-
surements each. The PET images are projected
onto the individual MR images (upper rows)
as well as displayed alone (lower rows). The
outlines of the brain (black dashed line) and
the injection site (blue dashed line) are in-
dicated. A: T,-weighted MRI 24 h after 6-
OHDA injection in horizontal and transverse
view. The edema caused by the neurotoxin is
clearly visible (orange arrowheads) and delin-
eates the injection site. B: Uptake of the TSPO-
ligand ['®F]DAA1106 four days after 6-OHDA
injection. Note that increased ['*F]DAA1106
uptake is observed around the injection site.
C: ['8F]FDOPA-PET one week after 6-OHDA
injection. ['8F]FDOPA uptake is increased at
the injection site and in the ipsilesional stria-
tum (white arrowheads). D: [18F]DAA1106-
PET four weeks after 6-OHDA injection. TSPO
expression is still widespread, but highly con-
centrated at the injection site. E: [\8F]FDOPA-
PET four weeks after 6-OHDA injection. There
is only baseline uptake at the injection site and
reduced uptake in the striatum (blue arrow-
heads). Scale bar: 5 mm (For interpretation of
the references to color in this figure legend, the
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Fig. 5. Serotonin immunohistochemistry in the dorsal raphe nucleus of three
different Hemiparkinsonian rats. Lesion is always on the left side. Time-
point after 6-OHDA lesion (A): Three months. (B): Seven months. (C+D):
Eleven months, two different section levels. The inserts show the corresponding
['8F]FDOPA-PET images at the level of the striatum. Scale bar: 500 um.

strates that a neurotoxin such as 6-OHDA can cause long-term changes
of Trp metabolism, most likely via the kynurenine metabolic pathway
(Knyihar-Csillik et al., 2006).

The bilateral decrease of 7-[18F]FTrp accumulation in the hippocam-
pus on the other hand cannot be attributed to the kynurenine metabolic
pathway, because IDO-1 expression is already very low in the healthy
brain (Dang et al., 2000) and unlikely to decrease any further. This and
the fact that 7-[18F]FTrp accumulation was negatively correlated with
dopamine depletion severity suggests that the decreased uptake of 7-
['8F]FTrp reflects impairment of the serotonin pathway. This would be
in line with a previous study, which found a bilateral reduction of trans-
['8F]Mefway (a serotonin 1A receptor ligand) binding in the hippocam-
pus of rats with unilateral 6-OHDA lesions (Lee et al., 2014). The dorsal
hippocampus receives strong serotonergic input from the median raphe
nucleus (Azmitia, 1981; Kohler and Steinbusch, 1982; Vertes et al.,
1999). Serotonergic neurons from the lateral parts of the nucleus ei-
ther project to the ipsilateral or to the contralateral hippocampus (with
equal strengths), while bilaterally projecting neurons are located on the
median raphe midline (Azmitia, 1981). This fact explains the bilateral
effect of unilateral 6-OHDA injection on hippocampal 7-[18F]FTrp up-
take. However, it is unclear if raphe neurons merely have decreased
their serotonin synthesis, or if a considerable number of serotonergic
neurons have died after 6-OHDA infusion. Although a systematic im-
munohistological analysis was beyond the scope of this study, we per-
formed immunohistochemistry with four unilaterally 6-OHDA lesioned
animals. Our immunohistological stainings revealed no obvious differ-
ence in the numbers of ipsi- and contralesional serotonergic neurons in
the rostral raphe group. This is in line with previous reports, indicat-
ing that while bilateral 6-OHDA injections have a more severe effect on
serotonergic neurons (Eskow Jaunarajs et al., 2012), unilateral injec-
tions do not decrease the number of serotonergic dorsal raphe neurons
(Berghauzen-Maciejewska et al., 2016). Because we did not find a reduc-
tion of 7-[8F]FTrp in other forebrain areas rich in serotonergic projec-
tions (e.g. hypothalamus or amygdala), a significant global degeneration
of serotonergic neurons or even an overall reduction of serotonin syn-
thesis in our 6-OHDA model is unlikely. We therefore postulate that the
decrease of serotonin production is selective for the median raphe-dorsal
hippocampus projection. A possible explanation could be that 6-OHDA
causes a selective down-regulation of serotonin transporters in the hip-
pocampus (Berghauzen-Maciejewska et al., 2016). This could in turn
result in a strong occupation of 5-HT1 autoreceptors (Berumen et al.,
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2012), with an associated inhibition of serotonin release and synthe-
sis. A recent study reported that after unilateral 6-OHDA infusion in the
striatum, binding of the 5-HT1A tracer ['8F]Mefway in the hippocam-
pus positively correlated with striatal dopamine transporter availability
(Lee et al., 2015). This could point to increasing hippocampal 5-HT1
receptor occupancy by endogenous serotonin with increasing dopamin-
ergic lesion severity. Evidence for decreased serotonin tissue concentra-
tions was found in the hippocampus after unilateral 6-OHDA infusion
in the substantia nigra pars compacta (Pierucci et al., 2009). The effect
was bilateral, but stronger on the contralateral side, which is in excellent
agreement with our findings. However, another study found a reduction
of tissue serotonin levels in the ipsi- but not contralesional hippocam-
pus (Kaminska et al., 2017), while a third publication reported that no
change was detectable (Liu et al., 2019). This indicates that the degree of
disturbance in the hippocampal serotonergic system may be variable in
the unilateral 6-OHDA rat model. Further studies are needed to address
this point.

In addition to the changes at the 6-OHDA injection site and in the
hippocampus, we found significantly increased 7-['8F]FTrp uptake in
the pineal gland of 6-OHDA-infused rats, which was positively corre-
lated with dopamine depletion severity. It is conceivable that the in-
creased pineal 7-['8F]FTrp uptake reflects elevated synthesis of mela-
tonin, either through increased Trp uptake via the amino acid uptake
system T (Gutierrez et al., 2003) or increased Trp hydroxylase activity
(Barbosa et al., 2008). Earlier studies have shown that striatal as well
as serum melatonin levels are increased in 6-OHDA rat models, which is
particularly evident in the chronic stage six weeks after lesion placement
(Lin et al., 2014, 2013). It is unclear if this can be considered a compen-
satory up-regulation, since there is considerable debate about whether
melatonin acts as a neuroprotective or neurodegenerative agent in PD
patients and animal 6-OHDA models (Mack et al., 2016).

5. Conclusions

Using the tracer 7-['8F]FTrp, we demonstrated chronic changes of
Trp metabolism at the injection site, bilaterally in the hippocampus
and in the pineal gland of 6-OHDA-infused rats. These effects were de-
tectable for more than 200 days after lesion placement. This demon-
strates that pathological alterations of serotonin and melatonin pro-
duction as well as kynurenine pathway activity can be persistent, even
when dopaminergic neurodegeneration is not further progressing. With
7-['8F]FTrp, we were able to detect these alterations in brain regions
with tentative association to either the serotonin, melatonin or kynure-
nine pathways of Trp metabolism. Trp analoga such as 7-[18F]FTrp may
be suitable to image the integrity of serotonin/melatonin systems in PD
patients as well. Because in patients, changes in serotonin and kynure-
nine metabolism may take place in the same brain areas, our next step
will be to develop PET tracers which selectively address either sero-
tonin/melatonin production or kynurenine metabolism respectively.

Data and code availability

The PET data sets are stored in a repository:

https://doi.org/10.26165/JUELICH-DATA/MGRYJV

The PET analysis software VINCI (Max Planck Institute for
Metabolism Research) is freely available (for academia) at:

http://vinci.sf.mpg.de

There are software versions for MS Windows, Linux and MacOS.

Data availability

The PET datasets are available at: https://doi.org/10.26165/
JUELICH-DATA/MGRYJV
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