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Measuring endogenous 5-HT release by emission
tomography: promises and pitfalls
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Molecular in vivo neuroimaging techniques can be used to measure regional changes in
endogenous neurotransmitters, evoked by challenges that alter synaptic neurotransmitter
concentration. This technique has most successfully been applied to the study of endogenous
dopamine release using positron emission tomography, but has not yet been adequately extended
to other neurotransmitter systems. This review focuses on how the technique has been applied to
the study of the 5-hydroxytryptamine (5-HT) system. The principles behind visualising fluctuations
in neurotransmitters are introduced, with reference to the dopaminergic system. Studies that aim to
image acute, endogenous 5-HT release or depletion at 5-HT receptor targets are summarised, with
particular attention to studies in humans. Radiotracers targeting the 5-HT,,, 5-HT.s, and 5-HT,
receptors and the serotonin reuptake transporter have been explored for their sensitivity to 5-HT
fluctuations, but with mixed outcomes; tracers for these targets cannot reliably image endogenous
5-HT in humans. Shortcomings in our basic knowledge of the mechanisms underlying changes in
binding potential are addressed, and suggestions are made as to how the selection of targets,
radiotracers, challenge paradigms, and experimental design might be optimised to improve our
chances of successfully imaging endogenous neurotransmitters in the future.
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Evolution of Positron Emission
Tomography as a Brain Imaging
Technique

Neuroimaging techniques such as positron emission
tomography (PET) and single photon emission
computed tomography (SPECT) have allowed us to
image receptors and transporters in the living human
brain. Moreover, PET and SPECT can be used to
measure dynamic changes in neurotransmission that
occur in response to regional fluctuations in the
endogenous neurotransmitter, acutely induced by
experimental challenges, either in terms of a physio-
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logic stimulus or as a consequence of pharmaco-
logical intervention. This approach has been widely
applied to the study of the dopaminergic system in
which neuroreceptor mapping using the radiotracers
["'Clraclopride or [***I]IBZM have been combined
with pharmacological challenges that elicit dopa-
mine release (Laruelle, 2000). Even nonpharmacolo-
gical, physiologic changes in endogenous dopamine
may be measurable (Egerton et al, 2009). These
challenge studies have contributed to a vast new
understanding of brain dopaminergic mechanisms in
schizophrenia (Abi-Dargham, 2004), Parkinson’s dis-
ease (Brooks, 2006), and stimulant abuse (Narendran
and Martinez, 2008).

Despite success with imaging endogenous dopa-
mine, this technique has not been convincingly
extended to other receptor systems, such as u-opioid
(Scott et al, 2007) or 5-hydroxytryptamine (5-HT)
(Aznavour and Zimmer, 2007). Establishing imaging
paradigms to measure the dynamics of different
neurotransmitters would be an extremely useful tool
for improving our understanding of the brain and
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could potentially provide new treatments for brain
disorders. The 5-HT system is of particular interest
because of its involvement in the regulation of mood,
sleep, and appetite and consequentially in psychia-
tric disorders, notably depression.

Herein, we will review the attempts made so far to
validate serotonergic radiotracers for their suscept-
ibility to endogenous 5-HT release and suggest
reasons for possible failure.

The Principles of Imaging Endogenous
Neurotransmitters With PET and
SPECT

Measuring neurotransmission by PET or SPECT
relies on the differential occupation of target recep-
tors by a neurotransmitter, after fluctuations in its
synaptic concentration after a challenge. Therefore,
the availability of the target receptor to an exogenous
radiotracer will be altered, and the corresponding
changes in tracer occupancy can be followed by
comparing the binding potential (BP) (or equivalent
binding measure), under baseline and challenge
conditions.

The BP is a convenient outcome parameter defined
as the ratio of B,.. (total receptor density) to Kp
(radioligand equilibrium dissociation constant), and
is a measure of specific binding in relation to one of
three possible reference concentrations. It is termed
accordingly; BPnp, when related to a brain region
devoid of the receptor in question, and BP» or BP;,
when related to total or free plasma concentrations,
respectively (for review, see Innis et al, 2007).
Typically, reference tissue models are used; thus,
BP can be written as follows:

B .
BPND _ ]CNDI< avail (l )
D

where B.,.i is the density of receptor sites available
for radioligand binding and fyp the free fraction of
radioligand in the tissue. With slight modification, this
equation can also be applied to BP» and BP: (Innis
et al, 2007). One explanation for a change in BPyp in
response to a challenge is described by the competition
(or occupancy) model (Figure 1A). Here, a direct
competition between the neurotransmitter and the
radioligand for occupancy of the receptor results
in reduced BP,p after neurotransmitter release and
increased BPyp after neurotransmitter depletion. Any
change in BPyp, can be described by comparing BPnp
under baseline and challenge conditions (Equations (2)
to (4)) according to the competition equation, assuming
that Kp, Bayai, and Fyr themselves are not altered by the
challenge. This can be equally applied to measures of
BP; and BPr as follows:

fND B avail
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Therefore, the following factors determine the
ability of a tracer to detect fluctuations in synaptic
neurotransmitter concentration: affinity of the
neurotransmitter for its receptor (Kyr), basal neuro-
transmitter concentration (Fyr), and the magnitude of
change in neurotransmitter concentration (AFyr)
after a challenge. Accordingly, receptor occupancy
elicited by the changed neurotransmitter concentra-
tion is determined by Equations (5) and (6), where
the susceptibility of a neurotransmitter to be dis-
placed is highest if AFyris much larger than the sum
of the baseline neurotransmitter concentration and
the affinity of the neurotransmitter for the receptor:

BPbaseline - BPchallenge

Occupancy = BP,. (5)
aseline
AFnr
Occupancy = 6
upancy Kyt + Fnt + AFnt (®)

If the competition model applies, the probability of
measuring a robust signal change in response to a
pharmacological challenge is independent of radiotracer
characteristics, and solely depends on the affinity of the
endogenous neurotransmitter for the target receptor,
because the baseline and evoked change in neurotrans-
mitter concentrations will apply for all targets.

VA critical review of neuroimaging of the dopa-
mine system has questioned the validity of the
competition model to provide an adequate explana-
tion of imaging data obtained in pharmacological
challenge experiments (Laruelle, 2000). The direc-
tion of change in the BP response was consistent
with the competition model for some (such as
raclopride, IBZM (iodobenzamide), NPA (N-propyl-
norapomorphine)) but not for all (such as spiperone,
NMSP (N-methylspiperone)) D2 tracers. In addition,
a temporal uncoupling of dopamine elevation and
tracer displacement was observed, as measured by
microdialysis; the duration of the BP response
outlasted that of the transient increase in dopamine
levels and a delay existed between maximal change
in BP and peak dopamine release (Carson et al, 2001;
Endres et al, 1997; Laruelle et al, 1997). The latter
could be explained by the slow dissociation of radio-
tracers from the receptor in vivo, but the temporal
characteristics of the former observation may more
closely match those of agonist-induced receptor
internalisation. This mechanism regulates the cell-
surface expression of G protein-coupled receptors,
such as the D2 receptor (Bernard et al, 2006; Koenig
and Edwardson, 1997). Trafficking is bidirectional,
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potentially allowing a reciprocal mechanism to
upregulate the cell-surface expression in response
to dopamine depletion. Therefore, the internalisation
model was proposed as an alternative (or additive)
to the competition model (Figure 1B). This model
suggests that a reduction in receptor affinity upon
internalisation decreases BP rather than a change in
B...n and there is some preliminary evidence to support
this theory (Guo et al, 2010; Skinbjerg et al, 2010).
Regardless of the mechanism, an important factor
governing the likelihood of visualising a BP response
after a challenge is the extent to which the receptors are
available for neurotransmitter binding versus radio-
tracer. Accessibility may differ because of differential
receptor-affinity states. If the receptor of interest is a G
protein-coupled receptor, relative availability is partly
determined by the proportion of receptors in the high-
affinity state (Rgcn), according to the ternary complex
model (Figure 2). This predicts that because the majority
of radiotracers are antagonists, they will have access to a
greater proportion of receptors than will endogenous

neurotransmitters (agonists), thus reducing the signal-to-
noise ratio, as compared with equal access. The ratio
may be increased using an agonist tracer. Accessibility
may also differ because of cellular compartmentalisa-
tion, e.g., through the existence of intracellular receptor
pools or as a result of internalisation (Figure 1B). By way
of example, the differential in vivo availability of D2
receptors to dopamine has been estimated by comparing
images produced by the antagonist tracer [*'Clraclopride
with the agonist ["'CINPA under basal and challenge
conditions (Figure 3, Abi-Dargham et al, 2000; Laruelle,
2000; Narendran et al, 2004). The model confirms the
improved signal-to-noise ratio of an agonist versus anta-
gonist tracer, in line with the ternary complex model.
A maximal proportion of only 38% is available for
dopamine binding relative to the tracer in vivo (whether
an antagonist or an agonist), which may explain why
a ceiling effect is observed with a maximum ~40%
reduction in BP in the human brain, regardless of the
magnitude of change in dopamine. The model also
points to the existence of a small proportion of receptors
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that are ‘protected’ from occupation by dopamine in vivo
by compartmentalisation (Figures 1B and 3).

Development of Radiotracers to Image
Endogenous 5-HT

The successful application of the technique relies on
the use of suitable radiotracers. From the dopami-
nergic literature, the relative merits of radioligands
that render them sensitive to displacement or
internalisation by endogenous dopamine are unclear
(Laruelle, 2000). An ideal tracer would be sensitive
to both increases in neurotransmitter concentration
(corresponding to release) and decreases (caused by
depletion). Baseline BP values should be large and
noiseless enough in brain regions of interest (ROIs) to
allow for calculation of decreases, and test-retest
reproducibility should be high.

A summary of all 5-HT receptor targets, their
current ligand availability, and receptor/transporter
densities in the human brain are provided in Table 1.
Many represent suitable targets for whole-brain
imaging techniques; PET ligands have been devel-
oped for 6 of the 15 targets. Of these, four have been
formally evaluated for their susceptibility to image
endogenous 5-HT in humans, namely the 5-HT,4,
5-HT,, and 5-HT, receptors and the 5-HT transpor-
ter, serotonin reuptake transporter (SERT). Another
target, the 5-HT,5 receptor, is under investigation.

A summary of published studies that determine
tracer sensitivity to endogenous 5-HT is provided
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Figure 2 The ternary complex model. The actions of drugs
are determined by two fundamental properties; namely affinity
(the propensity of a ligand to bind) and efficacy (its propensity to
induce signalling events). All ligands able to bind to a receptor
possess affinity, but only agonists possess the ability to elicit
receptor function and are therefore said to have efficacy. (A) The
ternary complex model for agonist interaction at a GPCR states
that the receptor must be bound to two other components for
agonism to occur: agonist (A) and the associated G protein (G).
The receptor exists in two different states: uncoupled (R) and G
protein coupled (RG). The agonist-bound state (ARG) allows
receptor activation to occur. (B) The extended ternary complex
model explains the existence of different affinity states of the
same receptor in vivo. This theory is an extension of the simple
model and postulates that partially activated receptor conforma-
tion(s) (R*) exist in equilibrium with the ground state (R) and the
activated G protein-coupled (AR*) conformations, and that each
state has differing affinity for its endogenous (or otherwise)
agonist. Agonists bind with greatest affinity to the partially
activated (G protein coupled) R* state, known as the high-
affinity state (Rygn) and with lower affinity to the uncoupled
ground state (R), known as the low-affinity state (R.ow).
Antagonists bind with equal affinity to all states, which explains
why agonists label a smaller fraction of the same receptor
compared with antagonists. This model also accounts for the
characteristic known as constitutive or intrinsic activity, whereby

the presence of the agonist is not necessarily required for

in Table 2. The majority have used PET paradigms
receptor activity to occur. GPCR, G protein-coupled receptor.

in humans, nonhuman primates, or small animals.

<

Figure 1 Schematic representations of the competition and internalisation models. (A) The competition (occupancy) model. If two
ligands with affinity for the same receptor are simultaneously present in the synapse, such as endogenous neurotransmitter and
radioligand, it can be assumed that they will directly compete with one another for occupation of their target, and under basal
conditions, this will reach equilibrium. If a challenge is introduced to alter synaptic levels of the neurotransmitter, displacement will
occur resulting in corresponding changes in BP. This predicts that increases in endogenous neurotransmitter will result in higher
occupancy levels, reduced receptor availability for the radioligand, and a corresponding decrease in BP. The reverse would be predicted
in response to neurotransmitter depletion. The competition model is explained by Equations 1 to 4. The model assumes that the defining
parameters for BP are not altered by the change in endogenous competition itself. Given that equilibrium is not achieved during
challenge paradigms, that affinities can be altered by endogenous neurotransmitter, e.g., by cooperative binding (Frankle et a/, 2009;
Taly et al, 2009), and that B,..; can change by receptor-trafficking mechanisms, this cannot be guaranteed. Modified from Laruelle
(2000). (B) The internalisation model. Agonist-induced receptor internalisation regulates the cell-surface expression of GPCRs and thus
the occurrence of cell signalling processes. Receptors are internalised by vesicles, into the endosomal compartment for recycling back to
the membrane or for degradation, as required. This model predicts that under the stimulated condition, neurotransmitter release will
increase the incidence of agonist-induced internalisation, therefore reducing BP by virtue of a reduction in the affinity of the tracer for the
internalised receptor or a reduction in B,..; or both. This implies either that the tracer shows reduced affinity for internalised receptors
compared with those on the cell surface, perhaps because of unfavourable vesicular or endosomal binding conditions, or that the
internalised receptor compartment is somehow inaccessible to the tracer because of low lipophilicity for example. The latter explanation
is perhaps less likely, given the tracer’s ability to cross the blood—brain barrier and the lack of correlation between radiotracer lipophilicity
and its sensitivity to neurotransmitter. Some evidence supports the former hypothesis; in the case of D2, in vitro studies have shown that
raclopride affinity is reduced in intracellular versus cell-surface receptors (Guo et a/, 2010). Under the depleted condition, decreases in
neurotransmitter release could permit recruitment of internalised receptors back to the cell surface, resulting in increased B, or
increased affinity and thus an increased BP. The model could be even more complex; BP could increase or decrease by virtue of altered
internal affinity with or without a change in B,..i. If internalisation is involved, consideration for the regulatory properties of the
neurotransmitter system under investigation and susceptibility of the target to translocation, as well as the binding properties of cell
surface versus internalised receptors will be crucial in determining a radiotracer’s ability to image neurotransmission. As receptor
activation also depends on the extent to which the receptor is coupled to the G protein, the availability of G protein and associated
accessory proteins may also be important. Modified from Laruelle (2000). BP, binding potential; GPCR, G protein-coupled receptor.
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Figure 3 Pharmacological models of the D2 receptor. (A) Original and (B) extended pharmacological model of D2 receptors in vivo.
(Panel A) D2 receptors exist in different affinity states for agonists according to the ternary complex model for GPCRs (Figure 2):
Ruien and Riow, With each contributing 50% of the total receptor population (derived from in vitro data; Sibley et al, 1982). Under
baseline conditions, 10% of Ryeq are occupied by dopamine (Abi-Dargham et a/, 2000), leaving 40% available to further DA
occupancy. It is assumed that DA does not bind effectively to D2 receptors that are in the low-affinity configuration. Thus, 90% are
available to antagonist tracer and of these, only 44% are available to DA, representing the ‘ceiling’ extent to which increases in
extracellular DA can displace the radiolabelled tracer after a challenge. (Panel B) A fraction of Ry Sites appear protected from DA
occupation, suggesting a subdivision of receptor populations into synaptic and nonsynaptic compartments. The differential effect of
an agonist tracer ([''CINPA) versus an antagonist tracer ([1!Clraclopride), suggested that a higher proportion (73%) of D2 are Rygn,
with 38% of these susceptible to endogenous competition and only 27% in the R ow State. Modified from Narendran et al, 2004.

GPCR, G protein-coupled receptor.

Ex vivo radioligand-binding experiments have also
been included. The following sections discuss the
findings and relative merits of each study in turn,
with particular reference to human studies.

Are 5-HT;, Ligands Sensitive to
Endogenous 5-HT?

Studies With [""CIWAY100635

["*C]WAY100635 is currently the most used 5-HT,4
PET tracer in vivo (for review, see Kumar and Mann,
2007). Using several radioligand-binding techniques,
its sensitivity to 5-HT elevation and depletion was
investigated after pharmacological challenge in mice
and rats (Hirani et al, 2000; Hume et al, 2001; Maeda
et al, 2001; Rice et al, 2001). A range of potent releasing
and depleting agents were administered to manipulate
synaptic 5-HT concentrations, but none altered binding
in any brain region, despite significant reductions in
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tissue 5-HT levels, with two exceptions. In response
to high doses of pindolol, [""CIWAY100635 BP was
reduced as expected (reflecting receptor occupancy),
but lower doses increased BP in the postsynaptic
regions of the frontal cortex and hippocampus (Hirani
et al, 2000). The authors posited that decreases in
endogenous 5-HT release could be responsible. Their
follow-up study combined microdialysis with rat
PET using fenfluramine to increase 5-HT (Hume et al,
2001). Small decreases in hippocampal BP were
recorded, but no significant change was observed in
the frontal cortex where increases in 5-HT were of a
smaller magnitude.

The single human study included pilot data
obtained from four subjects who had undergone
acute dietary tryptophan depletion (to deplete
central 5-HT levels; (Carpenter et al, 1998; Williams
et al, 1999) versus tryptophan infusion (to increase
central 5-HT levels) before tracer injection (Rabiner
et al, 2002). No difference in BP was evident in any
region of the tested ROIs.
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Table 1 5-HT receptor properties and available selective radioligands

Target Nomenclature 5-HT affinity Highest B.,.. fmol/mg Reference Selective  Selective ~ PET
(transduction) K;, nM (pK;) protein (region) ligands radioligand tracer
GPCRs 5-HT.a  (Gio)  0.2-400 (9.7-6.4) 860—3,140* (hipp)
300-1,910* (ctx) (Burnet et al, 1997) [ [ [
5-HT.5  (Gis) 1-40 (9.0-7.4) 400-500* (g pall)

396* (occ ctx) (Varnas et al, 2001) [ d I I
5-HT.p  (Gyso) 1-10 (9.0-8.0) 226 (g pall) (Miller and Teitler, 1992) [ () ()
5-ht,, (Giso) 6.3—10 (8.2-8.0) 224 (put) (Miller and Teitler, 1992) — — —
5-HTx  (Giso) 10-20 (8.0-7.7) 79 (rat wb) (Wainscott et al, 2005) [ d I —
5-HT,, ( q/11) 4-1,000 (8.4-6.0) 570 (ctx) (Rosel et al, 2000) 7 7
5-HT.n  (Gona) 4-12 (8.4-7.9) ND — v — —
5-HT,c  (Gg1) 2.5—-158 (8.6-6.8) 688 (pig ch plx) (Leonhardt et al, 1992) [ [ d —
5-HT, (Gy) 100-1,259 (7.0-5.9) 223 (stri) (Bonaventure et al, 2000) I 7
5-hts, 3] 126—-199 (6.9-6.7) ND — 17 — —
5-hty, ) — ND — — — —
5-HT,  (GJ) 32-158 (7.5-6.8) 215 (stri) (Hirst et al, 2000) v v v
5-HT, (Gy) 0.3-8 (9.6-8.1) 68 (thal) (Thomas et al, 2002) [ I —

Ion channel 5-HT, — 316-631 (6.5-6.2)" 465 (pig ctx) (Fletcher and Barnes, 1996) [ [
Transporter SERT — 1,000-1,200 (6.0-5.9)" 587 (ctx) (Stanley et al, 1982)
682 (thal) (Rosel et al, 1997) [ I I

ch plx, choroid plexus; ctx, cortex; g pall, globus pallidus; GPCR, G protein-coupled receptor; hipp, hippocampus; ND, not determined; occ, occipital; PET,
positron emission tomography; put, putamen; SERT, serotonin reuptake transporter; stri, striatum; thal, thalamus; wb, whole brain; 5-HT, 5-
hydroxytryptamine.

For comprehensive reviews of 5-HT receptors, see Barnes and Sharp (1999); Torres et al (2003); and Tricklebank and Middlemiss (2004). According to the
nomenclature agreed by IUPHAR (International Union of Basic and Clinical Pharmacology), the term ‘receptor’ is only applied to entities for which operational,
structural, and signal transduction information is available; thus, 5-ht;g, 5-htsa, and 5-htsg have lowercase letters indicating that no function has yet been
attributed to them. K; values are taken from the IUPHAR GPCR database (http://www.iuphar-db.org), except *values are from the K; database; http:/
kidb.cwru.edu/pdsp.php. Bmax Values are taken from the literature and are from the human brain, unless otherwise stated. Units are equivalent fmol/mg protein,
* denotes a simple conversion from fmol/mg tissue assuming that 10% of tissue weight is protein. B...« values vary between tracers, species, and laboratories,
but only one such example is provided here. For comparison, the D2 receptor B...« in the caudate is ~ 100 fmol/mg protein (Ruiz et al, 1992; von Euler et al,
1990).

vIndicates that selective compounds are available.

(»~) Ligands also have 5-HT,p affinity. ‘Selective ligands’ refer to availability of compounds with published selectivity for the given target relative to other
receptors. ‘Selective radioligands’ refer to availability of selective radiolabelled ligands for use in vitro and/or in vivo, and ‘PET tracers’ refer to availability of

in vivo tracers that have shown promise in human subjects using PET.

Studies With [**F]-WAY Analogues

In a concerted effort to design more sensitive probes,
some analogues of WAY100635 were success-
fully '®F-labelled (McCarron et al, 2004; Sandell
et al, 2001). Three of these have been tested for
their vulnerability to detect changes in 5-HT, namely
["*FIFPWAY, ["*F][FCWAY, and ['*F]FBWAY, which
became better known as [**F]MPPF (Passchier et al,
2000).

Both [*®*F]FPWAY and [®*F]JFCWAY were studied
using ex vivo techniques in rodents with various
manipulations, but no change in BP in response to
challenge was observed under any condition that
could be attributed to changes in specific 5-HT;-
binding signal (Jagoda et al, 2006). In contrast, a
monkey PET study observed a slow and steady
decrease in raphe BP and a transient increase in
cortical BP when ["“FIJFPWAY was administered
under a bolus-infusion paradigm with paroxetine
(Giovacchini et al, 2005), indicating possible detec-
tion of a change in endogenous 5-HT. To our knowl-
edge, no challenge studies have been performed in
humans.

Studies With [**FIMPPF

The development of ['**FIMPPF led a multidiscipli-
nary group to perform a sequence of elegant experi-
ments to determine its sensitivity to endogenous
5-HT (Aznavour and Zimmer, 2007). The kinetics of
["*FIMPPF was monitored with a f-sensitive intra-
cerebral probe, detecting emitted f-particles within a
1.1 mm range in the rat brain. Probes were inserted
into the ROI and reference region void of 5-HT,4
receptors. The methodology is experimentally
powerful because it can be combined with micro-
dialysis in the same animal under challenge
conditions.

They first determined whether ["*FIMPPF could
detect increases in 5-HT in the rat. After fenflur-
amine challenge, dose-dependent increases in 5-HT
and simultaneous decreases in [**FIMPPF BP were
recorded in the hippocampus, and a linear relation-
ship between the two was established, consistent
with ["®*FIMPPF displacement from 5-HT,, receptors
by 5-HT (Zimmer et al, 2002). This finding was
supported by another study using ex vivo auto-
radiography (Udo de Haes et al, 2005). Electrical
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Table 2 Studies investigating the susceptibility of receptor radioligands to manipulation of endogenous 5-HT

Receptor  Radioligand Challenge Species (n) Protocol BP effect Effect on 5-HT Reference
or surrogate
5-HT, A [*H]-WAY 100635 Fenfluramine (3 mg/kg i.p., 5min prior) Mouse (n=9-11) Ex vivo (D) None — Rice et al (2001)
MDMA (10 mg/kg i.p., 5min prior) TOS; 45 min —
Cocaine (20 mg/kg i.p., 5min prior) —
p-Chloroamphetamine (10 mg/kg i.p., 5 min prior) —
p-Chlorophenylalanine (150 mg/kg, twice daily for 157-62% (TL)
4 days prior)
[**C]-WAY 100635 5,7-Dihydroxytryptamine (150 pg i.v. infusion) Rat (n=6-7) Ex vivo (D) None 1 >65% (TL) Maeda et al (2001)
Reserpine (5 mg/kg, s.c., 24 h prior) TOS; 20 min —
Fenfluramine (10 mg/kg i.p., 10min prior) 19-fold
[**C]-WAY 100635 Pindolol (0.005-0.1 mg/kg i.v., 10 min prior) Rat (n=4-5) PET, bolus Thipp, Fetx — Hirani et al (2000)
[**C]-WAY 100635 Fenfluramine (10 mg/kg i.p., 30 min prior) Rat (n=6-7) PET, bolus 110-20% hipp 115-fold Hume et al (2001)
None Fctx 14.5-fold
[**C]-WAY 100635 Fenfluramine (10 mg/kg i.v., 20 min post) Rat (n=3-4) PET, bolus None 19-fold Maeda et al (2001)
[**C]-WAY 100635 Tryptophan depletion/infusion Human (n=4) PET bolus None — Rabiner et al (2002)
['*F]-FCWAY Paroxetine (10 mg/kg i.p., 20min or 1h prior) Mouse (n=7, awake) Ex vivo (D) None — Jagoda et al (2006)
['*F]-FPWAY Paroxetine (10 mg/kg i.p., 10min post) Mouse (n=5-6, awake) Ex vivo (A) None — Jagoda et al (2006)
Fenfluramine (20 mg/kg i.p., 10 min post) TOS; 30min
Paroxetine (10 mg/kg i.p., 20min prior or post) Mouse (n=5-6, awake) Ex vivo (D) None —
Fenfluramine (20 mg/kg i.p., 20 min post) TOS; 30 min
Fenfluramine (10 mg/kg i.p., 20 min post) Rat (n=5, awake) Ex vivo (D) None —
Paroxetine (10 mg/kg i.p., 20min post) TOS; 60min
Fenfluramine (10 mg/kg i.v., 20 min post)
[**F]-FPWAY Paroxetine (5 mg/kg i.v., 90 min post) Monkey (n=4) PET bolus infusion 17-13% ctx — Giovacchini et al (2005)
18-27% raphe
[*8F]-MPPF Fenfluramine (10 mg/kg i.v., 20 min post) Rat (n=9-10, Ex vivo (D) None — Jagoda et al (2006)
awake)
TOS; 60 min
['*F]-MPPF Fenfluramine (10 mg/kg i.p., 30 min prior) Rat (n=5-7) Ex vivo (A) 120% hipp 130-fold Udo de Haes et al (2005)
TOS; 30 min
[*8F]-MPPF Citalopram (10 pmol/kg) + ketanserin Rat (n=5-7) Ex vivo (A) None 110-fold Udo de Haes et al (2005)
(100nmol/kg s.c., 30 min prior) TOS; 30 min
[**F]-MPPF Fenfluramine (1, 2 and 10 mg/kg i.v., Rat (n=4) p-Probe 125% hipp 120% Zimmer et al (2002)
20 min post)
160% hipp 150%
1100% hipp 115-fold
['*F]-MPPF p-EPA (5mg/kg i.p., 4 h prior) Rat (n=9) p-Probe Thipp 160% Zimmer et al (2003)
['*F]-MPPF Raphe stimulation (plus clomipramine) 10, 20 Rat (n=4) p-Probe 127-53% hipp 11.5-, 2- and Rbah et al (2003)
and 30 min 2.8-fold
[**F]-MPPF 8-OH-DPAT (0.5 mg/kg i.v., 15 min prior) Rat (n=4-5) B-Probe 130% raphe 134% Zimmer et al (2004)

5-HT, » surface
density
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Table 2 Continued

Receptor  Radioligand Challenge Species (n) Protocol BP effect Effect on 5-HT Reference
or surrogate
[**F]-MPPF Fluoxetine (10 mg/kg i.p., 1h prior) Rat (n=5) B-Probe 135% raphe 136% Riad et al (2004)
5-HT, » surface
density
[**F]-MPPF Fluoxetine (5 mg/kg i.v., 30 min prior) Cat (n=3) PET bolus 134% raphe — Aznavour et al (2006)
[*8F]-MPPF Fluoxetine (20 mg p.o., 5h prior) Human (n=8) PET bolus 144% raphe — Sibon et al (2008)
[*8F]-MPPF Fenfluramine (10 mg/kg i.v., 90-130 min post) Monkey (n=5, awake) PET bolus None 135-fold Udo de Haes et al (2005)
['*F]-MPPF Tryptophan depletion versus tryptophan infusion Human (n=6) PET bolus None 167% and  Udo de Haes et al (2002)
110-fold
plasma
tryptophan
[**F]-MPPF Tryptophan depletion Human (n=8, patients) PET bolus None 186% plasma Praschak-Rieder et al
tryptophan  (2004)
['**F]-MPPF Sleep (versus wake) Human (n=14, PET bolus 112% whole brain — Derry et al (2006)
patients) Tctx and others
[*'C]-CUMI-101 Citalopram (4 mg/kg, i.v.) Baboon (n=2) PET bolus lraphe and others — Milak et al (2008b)
5-HT,A [*H]-NMSP Fenfluramine (3 mg/kg i.p., 5 min prior) Mouse (n=6-8) Ex vivo (D) None — Rice et al (2001)
p-chloroamphetamine (10 mg/kg i.p., 5 min prior)
Paroxetine (2 mg/kg i.p., 5min prior) TOS; 60 min
[**C]-MDL100907 Fenfluramine (10 mg/kg i.p., 30 min prior) Rat (n=5) PET, bolus None 15-HT,4 c-fos Hirani et al (2003)
and Arc
expression
[*®F]-setoperone Paroxetine (20mg p.o., 4.5h prior) Human (n=5) PET bolus None — Meyer et al (1999)
[**F]-setoperone Tryptophan depletion Human (n=10) PET bolus 1 8% ctx and others  |72% plasma Yatham et al (2001)
tryptophan
[*8F]-deutero- Fenfluramine (1.5 mg/kg i.v., 6 h post) Baboon (n=2) PET bolus infusion None — Staley et al (2001)
altanserin
[**F]-altanserin Citalopram (0.25 mg/kg i.v., 1h post) plus pindolol Human (n=7) PET bolus infusion None 1Plasma Pinborg et al (2004)
(<25mg p.o. daily for 4 days prior) prolactin
[**F]-altanserin Ketamine (0.05 mg/kg i.v., 2h post plus 0.2 mg/kg/h Human (n=3) PET bolus infusion None — Matusch et al (2007)
infusion)
[*8F]-altanserin Clomipramine (25 mg i.v., bolus 10 min prior, Human (n=11, PET bolus 114-23% in Vt (ctx) — Larisch et al (2003)
plus infusion for 20 min post) patients)
5-HT, [*'C]-SB207145 Citalopram (0.25 mg/kg i.v., 30 min prior) plus Human (n=6/7) PET bolus None 1 Plasma Marner et al (2010)
pindolol (<25mg p.o. daily for 3 days prior) prolactin
SERT ["'C]-DASB TCP (15 mg/kg i.p., 1h prior) Rat (n=5-6) Ex vivo (D) | Various — Lundquist et al (2005)
TOS; 60 min
[*'C]-DASB TCP (10 mg/kg i.p., 4 h prior) Cat (n=2) PET bolus 121-40% various — Ginovart et al (2003)
[*'C]-DASB TCP (15 mg/kg i.v., 30 min post) Rat (n=2-4) PET, bolus infusion | 40% thal — Lundquist et al (2007)
TCP (2mg/kg i.v., 1h prior) Monkey (n=3) PET, bolus 130% (Vt) thal Lundquist et al (2007)
[*'C]-DASB 5-HTP (20 mg/kg i.v., 30 min prior) Monkey (n=5, awake) PET bolus 135-40% stri 1 <250-fold Yamamoto et al (2007)
110-15% various 18-fold
[**C]-DASB Tryptophan depletion Baboon (n=2, 14/9 PET bolus 130% various 165% plasma Milak et al (2005)
scans) tryptophan
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stimulation of the raphe nucleus, at high firing rates

and in combination with a 5-HT reuptake blocker,
could also produce modest, dose-dependent reduc-
tions in hippocampal BP corresponding to regional
increases in 5-HT (Rbah et al, 2003). Conversely,
reductions in 5-HT evoked by the tryptophan
hydroxylase inhibitor p-ethynylphenylalanine signi-
ficantly increased hippocampal binding (Zimmer
et al, 2003). These data were in accordance with
the competition model in the hippocampal regions.
However, by combining f-probe measurements with
immunoelectron microscopy, receptor internalisa-
tion was shown to have a role in the BP response
in raphe regions (Zimmer et al, 2004). First, acute
5-HT,, agonists were shown to internalise auto-
receptors in the raphe but not the somatodendritic
receptors of the hippocampus (Riad et al, 2001).
Subsequently, a single dose of the selective serotonin
reuptake inhibitor (SSRI) fluoxetine was shown to
evoke the same response; reductions in raphe 5-HT; o
plasma membrane receptors corresponded to remark-
ably similar and relatively substantial (30%) decrea-
ses in ["*FIMPPF binding, which were suggested to
be mediated by 5-HT elevation afforded by SERT
inhibition (Riad et al, 2004). Autoradiographical data
confirmed that the total number of 5-HT,, receptors
had not changed and combining fluoxetine
with 8-OH-DPAT (8-hydroxy-N,N-dipropyl-2-amino-
tetralin) treatment did not enhance receptor inter-
nalisation, suggesting that a fixed proportion of G
protein-coupled receptors can be internalised, and
that this pool is the same whether mobilised by an
exogenous pharmacological agent or by endogenous
5-HT. A follow-up PET study in cats showed similar
results (Aznavour et al, 2006).

One could reasonably expect to visualise changes
of this magnitude in human PET studies; therefore,
this paradigm was applied to human subjects.
Acute fluoxetine was administered in a randomised,
double-blind paradigm 5 hours before a ["*FIMPPF
PET scan in eight healthy volunteers (Sibon et al,
2008). An average 44% reduction in [**FIMPPF BP
was observed in the raphe with no other significant
changes. Although test-retest variability was rela-
tively high (23% to 36%) and questions remain over
the legitimacy of raphe delineation methods, the
findings are convincing because of the strengths of
the study design, its double-blind, randomised, and
placebo-controlled crossover procedures, as well
as its agreement with the aforementioned animal
studies. No attempts were made to decrease 5-HT
levels, e.g., by tryptophan depletion regimes.

In the only experiment to indicate that PET
imaging might be sensitive to physiologic changes
in 5-HT, a study indicated that sleep could increase
["*FIMPPF BP in narcoleptic patients, relative to
wakefulness (Derry et al, 2006). On the basis of
microdialysis studies showing state-dependent
alterations in 5-HT levels (Portas et al, 1998), it was
hypothesised that sleep could reduce 5-HT levels
and thereby increase ["*FIMPPF BP. Global increases

Dr E Rabiner, personal

Finnema et al (2010)
communication

Talbot et al (2005)
et al (2005)

plasma

tryptophan
190% plasma Praschak-Rieder

1 >70%

Effect on 5-HT Reference
tryptophan

or surrogate

120 and 54% g pall
121 and 46%

midbrain
122 and 47% (Vap)

133 and 52% Octx

BP effect
None
None

Protocol

PET bolus
PET bolus
PET bolus
PET bolus

=8)

14)
=3)
3)

Species (n)
Monkey (n

Human (n
Human (n

Fenfluramine (1 and 5mg/kg i.v., 20 min post)
(+)Fenfluramine (0.8 and 2.5 mg/kg i.v.

infusion, 15 min prior)

Tryptophan depletion
Tryptophan depletion

Challenge

Radioligand
[**C]-DASB
["'C]-AZ10419369
["'C]-P943
(GSK-174722)

["'C]-DASB
subjects of each species used in each experiment are provided and number of scans, where appropriate. All animal experiments were performed under anaesthesia unless otherwise stated. The protocol indicates the

imaging procedure used; ex vivo studies (A; autoradiography, D; regional dissection) and the time of sacrifice (TOS); all used a bolus injection of radiotracer followed by whole brain perfusion under anaesthesia at
by ex vivo radioligand binding. Effect on 5-HT or surrogate column indicates the effect of the challenge on synaptic 5-HT concentrations as measured by in vivo microdialysis in the same brain region, species and

various intervals after injection (TOS; 20 min to 1 h). BP effect represents the approximate effect on BP, total distribution volume (Vt) or equivalent parameter as determined by PET, or specific binding as determined
publication as the stated change in BP. Where microdialysis was not used, alternative surrogate markers of central 5-HT levels are noted.

All data presented are provided in the cited references. Challenge includes drug, dose, route of administration and time administered relative to the initial bolus or bolus-infusion dose of radiotracer. The numbers of

Baboon (n
Abbreviations: Octx, occipital cortex; Fctx, frontal cortex; g pall, globus pallidus; hipp, hippocampus; i.p., intraperitoneal; i.v., intravenous; p-EPA, p-ethynylphenylalanine; p.o., oral; s.c., sub-cutaneous; stri,

striatum; TCP, tranylcypromine; thal, thalamus; TL, tissue level.

Table 2 Continued

Receptor
5-HT,p
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in BP were detected in all ROIs in the ‘sleep’
condition, particularly cortical, with more pro-
nounced changes in good compared with poor
sleepers. However, several experimental problems
and confounding factors overshadow this study,
including the use of a patient group, the necessity
for withdrawal of (possibly confounding) medica-
tion, the possibility of an order effect, and the lack of
specific information relating to how much sleep was
obtained, of what type, and when. Replication and
rectification are required if these results are to be
considered convincing.

Data opposing the hypothesis that [**FIMPPF is
sensitive to alterations in endogenous 5-HT came from
several groups. Fenfluramine and a challenge combin-
ing uptake inhibition with modulation of feedback at
5-HT,: receptors (citalopram plus ketanserin) were
found not to alter ["*FIMPPF BP (Jagoda et al, 2006;
Udo de Haes et al, 2005). Of most significance were
the findings from a fenfluramine challenge study
using monkey PET (Udo de Haes et al, 2006). By
combining microdialysis with ["*F]MPPF PET in a
bolus-infusion protocol, this exemplary study showed
that a substantial dose of intravenous fenfluramine
did not produce significant or consistent effects on
["**)FIMPPF BP in the cortex, hippocampus, or any
other region, despite increasing 5-HT concentrations
by 35-fold in the prefrontal cortex. Two human
studies also showed no change in [**FIMPPF BP in
response to acute tryptophan depletion. In the first
study, scans were compared under tryptophan deple-
tion and infusion conditions in healthy volunteers.
The BP did not change in cortical areas and there was
only a nonsignificant reduction in raphe BP (Udo de
Haes et al, 2002). Unfortunately, this study suffers
from the absence of an ideal control group, but its
findings were supported by those from the other
study in recovered depressed patients on citalopram
(Praschak-Rieder et al, 2004). Depressed patients
exhibit different 5-HT receptor physiology at baseline
compared with normal controls and were believed
likely to display larger-magnitude responses to
changes in 5-HT after depletion, thus more likely to
show a BP response. However, no change in
["*)FIMPPF BP was seen in any ROI, despite an 85%
reduction in plasma tryptophan and 6 out of 8
patients experiencing transient depressive relapse.

Are 5-HT,, Tracers Sensitive to 5-HT
Manipulation?

Several selective antagonist radioligands are avail-
able with which to study the 5-HT,, receptor by
PET and other methods. So far, the nonselective
tracers ['®F]setoperone and [PHINMSP and the selec-
tive tracers ['®Flaltanserin and [*'C]MDL100907
have been tested for their susceptibility to image
endogenous 5-HT.

Using ex vivo dissection in mice, [PHINMSP
was found to be insensitive to 5-HT-releasing agents

Measuring endogenous 5-HT release by emission tomography
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(Rice et al, 2001). Although fenfluramine signi-
ficantly decreased [PH]NMSP binding (>50% in the
cortex), this was believed not to reflect a specific
increase in 5-HT levels owing to the lack of
attenuation by paroxetine and a failed replication
study with p-chloroamphetamine. Similarly, a lack
of [""CIMDL100907 displacement was shown in an
elegant rat PET study after fenfluramine challenge
(Hirani et al, 2003). In vivo activation of 5-HT,,
receptors by 5-HT was confirmed by appropriate
cortical increases in c-fos, arc and 5-HT,, mRNA,
but these were not associated with any change in
["'"CIMDL100907 binding.

In humans, ['®F]setoperone was shown to be
insensitive to 5-HT elevation induced by paroxetine
(Meyer et al, 1999), but contrary to expectations,
tryptophan depletion reduced cortical BP (Yatham
et al, 2001). The lack of a biological model for this
finding renders interpretation difficult.

Three publications have suggested that [*®F]altan-
serin (or its deuterated analogue) is insensitive to
changes in 5-HT. First, an exemplary PET study in
humans administered [*®F]altanserin under a bolus-
infusion protocol with citalopram challenge (Pinborg
et al, 2004). Pindolol was administered 3 days
earlier to prevent 5-HT,, autoinhibition and to
maximise 5-HT elevation. Subjective experience of
hot flushes and increased plasma prolactin levels
confirmed increased 5-HT function, but no changes
in [*®*F]altanserin BP occurred under any challenge
condition. Another study showed that [*®F]altanserin
was not sensitive to changes in 5-HT induced by
ketamine in healthy volunteers (Matusch et al, 2007),
although ketamine is primarily an N-methyl-D-aspar-
tic acid antagonist and D2 agonist with secondary
effects on the 5-HT system (Aghajanian and Marek,
2000). In a bolus-infusion PET study in baboons,
the deuterated analogue of ['®*F]altanserin was
administered with intravenous fenfluramine
challenge (Staley et al, 2001) and again, no change
in [*®F]deuteroaltanserin BP was observed.

In the only study to suggest a possible sensitivity
of [**FJaltanserin, clomipramine challenge was used
in remitted depressed patients in which six subjects
had received previous SSRI medication and five had
not (Larisch et al, 2003). A global analysis showed
cortical decreases in BP, but cerebellar test-retest
variability was large and clomipramine has some
binding affinity for the 5-HT,» and 5-HT,: sites
(Hyttel, 1994), which may explain the reductions in
binding.

Are 5-HT, Tracers Sensitive to 5-HT
Manipulation?

The radioligand [**C]SB207145 is currently the only
well-validated PET tracer for imaging cerebral 5-HT,
receptors in humans (Marner et al, 2009). In a
challenge protocol similar to that described in the
study by Pinborg et al (2004) using pindolol plus

1691

Journal of Cerebral Blood Flow & Metabolism (2010) 30, 1682-1706



Measuring endogenous 5-HT release by emission tomography
LM Paterson et al

1692

citalopram, [*'C]SB207145 BP was not altered in
healthy volunteers (n=6/7), despite increases in
plasma prolactin levels (Marner et al, 2010). As a
power analysis of [''C]SB207145 showed that detec-
tion of a difference of 15% necessitates inclusion of
four or five individuals, examined twice, a decrease
<5% could have been overlooked, but such a small
difference was deemed irrelevant.

Are SERT Tracers, Such as, [''"C]DASB
Sensitive to 5-HT Manipulation?

Among several good PET ligands for imaging SERT
in the human brain, the hitherto most used emerged
from the diarylsulphides, which is a class of SSRI.
['"*"CIDASB is the only one to have been investigated
for its sensitivity to endogenous 5-HT. There are few
pharmacological agents that increase 5-HT levels,
which also lack SERT affinity; hence, the options for
manipulation of 5-HT are somewhat limited. The
studies described below have used three different
techniques to alter synaptic 5-HT: tranylcypromine, a
nonselective monoamine oxidase inhibitor, 5-hydro-
xytryptophan (5-HTP), the precursor to 5-HT, and
tryptophan depletion.

In the only ex vivo study, a dose-dependent
decrease in [""C]DASB binding was detected in rats
in response to tranylcypromine challenge (Lundquist
et al, 2005), in which decreases in uptake were
observed across the brain. This finding was first
replicated in a PET study in cats using a similar
challenge (Ginovart et al, 2003). Cats were scanned
before and after tranylcypromine treatment and a
decrease in ["'C]DASB binding was found in the
midbrain, thalamus, striatum, and cortex. Two
further animal PET studies supported these findings:
a bolus-infusion protocol in rats and a bolus protocol
in monkeys (Lundquist et al, 2007). Tranylcypromine
decreased ["'C]DASB thalamic binding in monkeys
and reduced BP by 40% in the rat thalamus.
Although possible regional cerebral blood flow
(rCBF) changes were detected in monkey experi-
ments, the differential time course suggested that
they were not related to the BP reduction that was
believed to coincide with 5-HT elevation.

In the only study to combine imaging SERT with
microdialysis, global decreases in ["'C][DASB BP were
shown after a 5-HTP challenge in conscious monkeys
(Yamamoto et al, 2007), alongside regional decreases
that correlated with areas of maximal 5-HT elevation
and with regional activity of amino acid decarboxylase
(the 5-HTP to 5-HT converting enzyme).

Another three studies imaged SERT binding after
5-HT depletion. The first study was conducted in
baboons, suggesting that tryptophan depletion could
alter ['*C]DASB BP (Milak et al, 2005). There was no
control group, only a direct comparison with base-
line, but paradoxical decreases in BP of between
27 and 33% were detected in several regions. The
authors posited that the results were in agreement
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with the proposed regulation of SERT trafficking by
5-HT in vivo, suggesting that an extracellular reduc-
tion in 5-HT could promote SERT internalisation,
corresponding to a reduction in cell-surface expres-
sion (Ramamoorthy and Blakely, 1999).

Two further studies were published simulta-
neously (Praschak-Rieder et al, 2005; Talbot et al,
2005). Both were crossover studies in healthy
volunteers showing no significant effect of trypto-
phan depletion on ["'C]DASB BP, despite recording
an 85% reduction in plasma levels of tryptophan
(Talbot et al, 2005).

Summary of Published Findings

Overall, in spite of numerous attempts, a radio-
tracer of equivalent value to the study of 5-HT as
[""Clraclopride has been to dopamine has not yet
been identified.

Only four publications claim to have shown
radiotracer sensitivity to changes in endogenous
5-HT concentrations in human subjects. Two pointed
to the sensitivity of ["*FIMPPF binding to 5-HT,4
receptors (Derry et al, 2006; Sibon et al, 2008); one in
response to fluoxetine, in which changes were
restricted to the raphe, for which difficulties asso-
ciated with visualisation and analytical reproduci-
bility are yet to be resolved (Kalbitzer et al, 2009) and
the other following sleep, in which methodological
issues preclude any definitive conclusions. The
other two studies were also hampered by methodo-
logical problems and/or the lack of a biological
explanation. On the positive side, radiotracers
insensitive to acute fluctuations in 5-HT levels are
advantageous in that they are ideal ligands to
accurately determine regional receptor densities in
which BP values are not associated with confound-
ing effects, such as diurnal 5-HT fluctuations.

Data obtained in rodent and nonhuman primates
were more mixed; the presence or absence of a
response tended to correlate with the magnitude
of change in 5-HT and positive outcomes confirmed
the anticipated increases or decreases in binding,
but effects were not consistent between tracers.
[**FIMPPF, the 5-HT,, antagonist tracer, could
successfully be used in animal paradigms to detect
internalisation of 5-HT,, receptors in the raphe, but
the problems of imaging small nuclei may limit
its utility here. Unfortunately, ["*FIMPPF was not
reliably sensitive to 5-HT in larger brain structures;
the most comprehensive PET study in monkeys
showed no change despite the biggest recorded
5-HT elevation (Udo de Haes et al, 2006). Consistent
reductions in ["'C]DASB BP were observed across
species in response to large-magnitude 5-HT eleva-
tion, but this may be of limited use if such potent
serotonergic challenges obtained in (anaesthetised)
animals cannot be translated safely into humans. The
tested 5-HT,, receptor antagonist tracers do not seem
useful for imaging changes in endogenous 5-HT.



Of the few positive findings in animal studies,
most could sensibly be explained by the simple
competition model, whereby changes in synaptic
5-HT are reflected in its occupation of the target to
produce corresponding changes in BP (Figure 1).
There are some notable exceptions. First, the strong
evidence using immunoelectron microscopy support
the hypothesis that 5-HT,, autoreceptors in the
raphe will undergo rapid agonist-induced internali-
sation, whereas postsynaptic receptors localised in
the hippocampus and cortex do not (Aznavour et al,
2006; Riad et al, 2004). This is further supported by
the differential expression of G proteins (Mannoury
la Cour et al, 2006). Therefore, any reductions in
5-HT,, tracer BP observed in the hippocampal and
cortical regions may be best explained by competi-
tion, whereas changes recorded in the raphe may be
more likely to represent 5-HT-induced internalisa-
tion, although either hypothesis could be applied.
Mixed findings could thus be explained by a
combination of the two mechanisms (e.g. Giovacchi-
ni et al, 2005). Other exceptions are the paradoxical
effects of tryptophan depletion on SERT and 5-HT,A
binding in which the direction of change in BP is
contrary to the competition model (Milak et al, 2005;
Yatham et al, 2001). A lack of replication and a poor
understanding of 5-HT receptor behaviour under
tryptophan depletion conditions in vivo make inter-
pretation difficult.

Discussion Points

Several important questions are raised by these
studies. First, if the observed changes in BP in vivo
are a genuine reflection of altered endogenous 5-HT,
are the findings supported by known 5-HT receptor
pharmacology? Second, what are the reasons for
inconsistency or failure to visualise a change in BP
when 5-HT levels are clearly altered? Do the
predominantly negative findings point to a funda-
mental difference between the serotonergic and
dopaminergic systems? In which case, do we have
sufficient information about the biological under-
pinning of the BP response and of the serotonergic
system to understand how this might be overcome?
Are we simply targeting the wrong receptors or are
our serotonergic challenges insufficient? Alterna-
tively, are we suffering from a lack of consistency,
statistical power, or rigour in experimental design?

5-HT Receptor Characteristics:
A Comparison With Dopamine

Using dopamine as an example, Figure 3 shows how
findings from experimental challenge studies, drug-
receptor theory, and known receptor pharmacology
can be combined to model the interaction between
tracer and endogenous agonist under baseline and
challenge conditions (Laruelle, 2000). The original
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model was updated after a direct comparison
between an agonist and an antagonist PET tracer,
estimating that the proportion of D2 receptors
available to dopamine in vivo was 38%, which fits
with the maximal change in BP response recorded
after a dopamine challenge (Narendran et al, 2004).
Similar definitive studies that would provide com-
parable estimations of in vivo availability of 5-HT are
not yet possible, but in vitro pharmacological data
provide initial clues. Are there differences between
the two receptor systems that might explain the lack
of sensitivity of 5-HT tracers compared with, e.g.,
raclopride?

Factors governing the likelihood of observing a BP
response for any neurotransmitter system primarily
affect the availability of a receptor population to the
radiotracer compared with the neurotransmitter.
In addition to those factors previously identified
from the competition equation, other variables
may include receptor-affinity states, localisation,
regulatory properties, and susceptibility to undergo
internalisation. If one or more of these factors are
particularly unfavourable for any given 5-HT recep-
tor, visualising fluctuations in endogenous 5-HT may
not be possible, regardless of the potency of the
challenge or the quality of the tracer.

Factors Affecting BP Response:
the Competition Model

The competition equation can be used to identify
where the main differences between the two systems
may arise. Under baseline conditions, occupancy
by dopamine of the synaptic D2 receptor has
been estimated to be 10% of the total population
(Abi-Dargham et al, 2000) and in the striatum,
baseline extracellular dopamine concentration is
~50nmol/L (Zetterstrom et al, 1983).

Basal receptor occupancy has not yet been for-
mally established for 5-HT, but can be estimated
(Equation 6). The assumption that extracellular
neurotransmitter concentrations accurately reflect
those of the synapse cannot be relied upon (Endres
et al, 1997), but microdialysis can give an indication
of the concentration available for competition with
the tracer. Microdialysis studies herein estimate the
basal extracellular 5-HT concentration to a range
between 0.04 and 3.9nmol/L (average 0.8 nmol/L).
Our best guess of in vivo affinity of 5-HT can be
extrapolated from the in vitro affinity values (Table 1)
and depends on the functional state of the receptor
(Figure 2). Assuming optimal conditions, i.e., high
basal 5-HT concentration (Fyr=3.9nmol/L; Maeda
et al, 2001), high 5-HT affinity (Kyr=50nmol/L;
Khawaja et al, 1995), and 100% of receptors in Ry,
crude estimations of the expected change in BP can
be made for any given change in 5-HT. By inserting
in Equation 4, it can be seen that a 15-fold increase in
5-HT (from 3.9 to 58.5 nmol/L; AFyr) could produce
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a 50% reduction in BP for 5-HT,  receptors, which is
well within the limit of detection for PET. However,
using the average value of 0.8 nmol/L for basal 5-HT
concentration, this figure decreases to a maximal
20% reduction in BP. In the likely case of a lower
proportion of Ry receptors and a smaller change in
5-HT, the BP ratio rapidly decreases beyond the limit
of detection for any PET system, given individual
test-retest variability. Similar estimations can be
performed for the 5-HT,, and 5-HT, receptors and
SERT with less favourable outcomes owing to the
lower affinity of 5-HT for these targets. According to
the competition equation, 5-HT receptors with the
highest affinity for 5-HT should provide the best
opportunities as targets for new radioligand deve-
lopments. Although the reported K; values are quite
variable, Table 1 identifies the 5-HT, and 5-HT,;
receptors as promising targets.

The competition model assumes that all receptors
are available for binding. They do not necessarily
have to be in the Rycy state, but must be accessible;
one assumes a certain affinity for 5-HT, which is
reduced between Rygy and Riow (Table 1). In vitro
data would suggest that ~20% to 40% of 5-HT,,
receptors (Gozlan et al, 1995; Khawaja et al, 1995;
Nenonene et al, 1994) and 40% to 60% of 5-HT,,
receptors (Branchek et al, 1990; Lopez-Gimenez et al,
2001) are Rycn, compared with 70% estimated for D2
receptors (Figure 3B).

If nonaccessible 5-HT receptor pools are also large,
then in vivo availability of receptors to 5-HT may be
substantially lower than that predicted in vitro.
Nonaccessible pools can arise through intracellular
receptor localisation in which receptors remain
available to the radiotracer but unavailable to 5-HT.
If radiotracer affinity is maintained in the intracel-
lular environment, it will not be subject to competi-
tion with 5-HT here, thus reducing the pool
susceptible to change. This may be an important
factor for 5-HT,, receptors for which a significant
internalised receptor pool exists (80% to 90%;
Cornea-Hebert et al, 2002). It may also be relevant
for ["'CIDASB studies; a proportion of SERT is
associated with the membranes of intracellular
organelles with vesicular structure (Torres et al,
2003). However, if radiotracer affinity is altered
within the intracellular compartments as has been
suggested for D2 receptors (Guo et al, 2010), the
influence on BP may be more or less pronounced.

These estimations were made on the basis of the
competition model fit with the data herein and with
findings from the literature. The fact that the
majority of 5-HT,, studies were negative is consis-
tent with in vitro data, suggesting that only a small
proportion of 5-HT,, receptors is Ry and the
finding that the presence or absence of a BP response
tended to correlate with those experiments obtaining
the highest magnitude of change in 5-HT. Studies
using radiolabelled 5-HT have failed to efficiently
label 5-HT,, receptors because of very low affinity
(Kristiansen et al, 2005; Lopez-Gimenez et al, 2001;
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Sleight et al, 1996), rendering the probability
of imaging a BP response by competition less likely.
In addition, if 80% are intracellular under basal
conditions, even if all of the remaining cell-surface
receptors are Rycn, this leaves only a fraction of the
total available to 5-HT in vivo, consistent with the
lack of effect on BP in challenge experiments.

For a similar reason, the very low affinity of
5-HT for SERT also renders a response less likely.
Consistent with these observations, only a very large-
magnitude 5-HT elevation could be visualised by
["'CIDASB. However, positive results were consis-
tent, suggesting that either the low affinity was
overcome by the size of the change or it could point
to a difference between SERT and G protein-coupled
receptor interaction with 5-HT. It would be prudent
to test the model in human subjects after a 5-HT
elevating challenge to complete the picture.

Factors Affecting BP Response:
the Internalisation Model

We have observed that if the competition model is
entirely responsible for changes in BP, the presence or
absence of a BP response will depend heavily on basal
occupancy and the magnitude of change in extra-
cellular 5-HT. However, if receptor internalisation is
involved, other factors may prove more important. For
example, the susceptibility of the target to transloca-
tion by receptor-trafficking mechanisms may dictate
the size and/or the likelihood of a change, and
therefore will be dependent on the efficacy of 5-HT
for its receptors rather than its affinity.

The fact that 5-HT,, receptors show differential
sensitivity to internalisation depending on regional
expression is now established, but little is known
about the reciprocal trafficking of 5-HT,, receptors
back to the membrane after reinsertion or de novo
synthesis. For example, it is possible that increases
in ["*FIMPPF BP after p-ethynylphenylalanine and
sleep could be attributed to receptor translocation
rather than competition, given the longer time frames
involved in these challenges (Derry et al, 2006;
Zimmer et al, 2003). Changes in SERT could be
explained by receptor-trafficking mechanisms
through reciprocal regulation by endogenous 5-HT
in vivo (Blakely et al, 1998; Ramamoorthy and
Blakely, 1999; Ramamoorthy et al, 1998; Zahniser
and Doolen, 2001). With a time frame of ~30 minutes,
this would be feasible within a 5-hour tryptophan
depletion paradigm but it remains to be seen whether
temporal characteristics of trafficking are consistent
with the observed increases in BP. This is further
complicated by the fact that the competition model
adequately describes reductions in [*'C]DASB BP after
tranylcypromine challenge, which would be contrary
to the direction of SERT translocation. The 5-HT,,
receptors have some complex and unusual regulatory
properties (for review, see Gray and Roth, 2001). Data



published on trafficking of the 5-HT,, receptor are
sparse, but suggest that it may be sensitive to 5-HT
concentration. 5-Hydroxytryptamine can stimulate
receptor internalisation (Bhattacharyya et al, 2002;
Schmid et al, 2008), but mianserin (an antagonist),
dopamine, and certain dopaminergic antagonists can
also reduce 5-HT., density (Bhattacharyya et al, 2006;
Blackshear and Sanders-Bush, 1982; Hensler and
Truett, 1998). In addition, many 5-HT,, ligands
previously assumed to be antagonists are in fact
inverse agonists (Aloyo et al, 2009; Berg et al, 2005).
The significance of these findings is unclear, but may
have implications for interpretation of imaging data if
receptor internalisation or trafficking is involved in
the BP response.

A more comprehensive understanding of the
in vivo regulatory properties of 5-HT receptors and
SERT is required if we are to evaluate the differential
roles had by competition and receptor trafficking in
any change in BP. In the absence of this information,
observations can be validated by other means. For
example, combining microdialysis with dynamic
imaging has several benefits; primarily, it not only
provides an indication of the magnitude of change in
synaptic neurotransmitter concentrations after the
challenge but it also permits temporal correlations
to be drawn between changes in neurotransmitter
and changes in BP. Where dynamic reductions in
BP correlate with temporally related increases in
release, competition can be safely assumed and vice
versa. If not, they may be better correlated with
receptor-trafficking events. This has been shown
within the dopaminergic literature as described
previously (Laruelle, 2000). Unfortunately, although
microdialysis and other measures were used to good
effect in some studies (Table 2), none specifically
reported the temporal relationship between 5-HT
release and changes in BP.

Improving Ligand Characteristics

The properties required for an ideal brain imaging
tracer for use in vivo are many (Pike, 1993), and
successful tracers are usually designed to produce
the best quality images of specific brain proteins
(Elfving et al, 2007). However, to indirectly image the
concentration of an endogenous ligand at the target
receptor, rather than the receptor itself, may require
an entirely different approach to radiotracer design.
The relative merits of radioligands such as raclo-
pride, IBZM, and NPA that render them sensitive to
displacement by endogenous dopamine in which
other D2 ligands are not remains unclear. It does
not seem to involve affinity, pharmacological action
(agonist versus antagonist), or lipophilicity, but may
involve chemical structure (Laruelle, 2000; Ginovart
et al, 2006).

Specific binding of a radiotracer is a function of
its affinity for the site relative to the density (Bupax) of
that binding site. As receptor affinity is a ratio
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between the rate of association (K,,) and the rate of
dissociation (K,g), if Bp.x continues to decrease,
eventually the PET signal will deteriorate because
of slow K, kinetics. It has been suggested that faster
dissociation kinetics might influence sensiti-
vity to endogenous 5-HT (Endres and Carson, 1998;
Laruelle, 2000). No systematic study of whether fast
K. correlates with neurotransmitter ‘displaceability’
has been conducted, and often pharmacokinetic
experiments that would facilitate such a comparison
have not been conducted.

Many published articles discuss the relative merits
of ‘lower-affinity’ ligands for imaging endogenous
neurotransmitter release, citing that they may be
‘more susceptible’ to displacement than higher-
affinity ligands (Endres and Carson, 1998; Seeman
et al, 1989; Skaddan et al, 2002). A similar argument
was made for the development of ‘moderate-affinity’
fluorinated WAY analogues ligands (Jagoda et al,
2006; Zimmer et al, 2002). However, as can be seen
from Equation (4), the probability of a radiotracer
being sensitive to competition relies on target
properties and not on the absolute affinity of the
radioligand. A shortcoming of Equation (4) is that it
builds on equilibrium conditions, which may not be
present in a dynamic PET scan. For a within-scan
challenge (under a bolus-infusion experiment), this
may be of some importance.

Development of Agonist Tracers

Whichever target is visualised and regardless of the
mechanism, the proportion of receptors susceptible
to 5-HT in vivo will virtually always be smaller than
the total number, especially if the tracer is an
antagonist, resulting in a low signal-to-noise ratio
and a small chance of imaging a change in endogen-
ous neurotransmitter. This is particularly likely to be
the case for receptors with low basal 5-HT occupa-
tion, a small proportion of Rycy, or in which a
proportion of receptors somehow are unavailable for
competition under basal conditions.

One could specifically target those receptors in
Rineu by using an agonist tracer rather than an anta-
gonist. Theoretically, agonist tracers should be more
sensitive to extracellular changes in an endogenous
agonist, because they only compete with receptors in
the high-affinity state that are also susceptible to
neurotransmitter binding. This was confirmed for
D2 agonist tracers that indeed had better sensitivity
to endogenous dopamine (Narendran et al, 2004).
In addition, using an agonist tracer to image Rycy
receptors that are coupled to their particular G
protein would provide a better representation of
‘functional’ receptors. This strategy could prove
successful, regardless of whether competition or
internalisation is involved in the BP response.

Development of 5-HT receptor agonist tracers for
this very purpose is already underway. [*'C]CUMI-101
is the first putative agonist radiotracer to be developed
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for the 5-HT,s receptor and has adequate PET
characteristics in both baboons and humans (Kumar
et al, 2008; Milak et al, 2008a, c¢). Indications of its
possible sensitivity to changes in endogenous 5-HT in
baboons were recently presented, reporting significant
reductions in BP after intravenous citalopram (Table
2, Milak et al, 2008b). However, displacement was
also observed in brain areas with low 5HT, 4 receptor
density, i.e., in areas of supposed nonspecific binding
only, which questions whether this is a true 5-HT
displacement.

Another group has developed 5-HT,, agonist
ligand [**F]F15599 (Lemoine et al, 2009). It is yet to
prove its utility as a PET tracer in human subjects but
produces good images in the rat and cat brains, and
reliable in vivo data confirm that it behaves as a full
agonist. The group plans to produce higher-affinity
analogues to achieve higher contrast images. Similar
programmes are ongoing for the development of
agonist tracers for the 5-HT,, receptor, in which a
promising candidate, [*'C]Cimbi-5 has been tested in
the pig brain (Ettrup et al, 2009a b). It remains to be
seen whether these agonist analogues are susceptible
to 5-HT displacement in vivo.

Development of Tracers for Novel
Targets

Tracer development programmes have been ongoing
to produce PET or SPECT tracers for 5-HT,z and
5-HT, receptors (Table 1). Both targets possess
adequate By, in the brain and several in vivo tracers
have emerged.

5-HT,; Tracers

Although the majority of 5-HT,sz ligands share
pharmacology with the 5-HT., receptor, it is now
generally accepted that in the human brain, because
the majority of receptors are 5-HT,z, any overlapping
binding to 5-HT,p is considered negligible. The
5-HT,z receptors may represent a good target for
PET tracer development generally; it displays a high
Bn.x and has been successfully mapped by auto-
radiography in the human brain, providing a com-
parator for binding densities and localisation (Varnas
et al, 2001). The 5-HT,s receptors have a relatively
high affinity for 5-HT (~1nmol/L, Millan et al,
2002), and studies have suggested that up to 50% of
receptors are in the high-affinity state (Granas et al,
2001; Millan et al, 2002) pointing to the potential for
~50% reductions in binding. In addition, studies in
the rat whole brain tissue suggest that it is likely that
the majority of receptors are G protein coupled
because of the similarity between agonist- and
antagonist-labelled receptor densities (Audinot
et al, 1997; Bruinvels et al, 1993; Millan et al, 2002;
Offord et al, 1988). The 5-HT,5 receptors also share
similarities with D2 receptors that might confer

Journal of Cerebral Blood Flow & Metabolism (2010) 30, 1682-1706

sensitivity to the endogenous neurotransmitter; they
are presynaptically located, coupled to inhibitory
G proteins regulating 5-HT and other transmitter
release (Sari, 2004). Importantly, many serotonergic
challenge compounds do not appear to interfere
with 5-HT,z receptors, pharmacologically (NIMH
Psychoactive Drug Screening Programme; Millan
et al, 2001).

Two selective 5-HT,z PET ligands have shown
particular promise in early studies (Table 2).
[''C]AZ10419369 was reported to be a selective
5-HT,z antagonist suitable for PET studies in both
humans and nonhuman primates (Pierson et al,
2008; Varnas et al, 2010). In parallel, [*'C]-P943
(GSK-174722), another 5-HT,z antagonist, was also
shown to be a suitable PET tracer in nonhuman
primates, healthy volunteers, and patients (Gallezot
et al, 2010; Hu et al, 2010; Murrough et al, 2010;
Nabulsi et al, 2010). Subsequently, binding of
['*C]AZ10419369 was shown to be reduced after
intravenous fenfluramine administration in cyno-
molgus monkeys (Finnema et al, 2010), while [*'C]-
P943 binding was reduced after intravenous fenflur-
amine, citalopram, and amphetamine in baboons (Dr
E Rabiner, personal communication), suggesting
sensitivity to increases in endogenous 5-HT (Table
2). More recently, [*"C]AZ10419369 binding was
similarly reduced in a bolus-infusion paradigm
(Sjoerd Finnema, personal communication). The
authors of these studies propose that a competition
between tracer and 5-HT represents the most likely
explanation for reductions in binding, although 5-
HT,z receptors are susceptible to 5-HT-induced
internalisation (Janoshazi et al, 2007). Both tracers
could be susceptible to confounding effects of
anaesthetics, challenge-induced rCBF changes, and/
or pharmacological interaction. In addition, the
possibility of displaceable binding in the cerebellum
needs to be addressed. Further studies are required
to resolve these issues and to determine whether
these tracers are sensitive to 5-HT manipulation in
human subijects.

Other Targets

Some preliminary data suggest that a 5-HT; PET
tracer may be viable; evaluation of [''C]GSK215083
in human subjects suggests specific binding in
the caudate and putamen (Martarello et al, 2008;
Parker et al, 2008), while [*'C]GSK224558 shows
similar characteristics in the porcine brain but
with relatively slow kinetics (Huiban et al, 2006).
No investigations into their susceptibility to 5-HT
displacement have yet been conducted.

Development of tracers for the remaining 5-HT
targets has so far been hampered by low B, in the
brain (5-HT.r, 5-HT,, 5-HT,, 5-HT,5, 5-HT,¢), a lack
of selective ligands (5-HT,p), and/or insufficient
pharmacological or functional data (5-ht,,, 5-hts,,
5-hts,).



It could be argued that targeting only one receptor
is not necessary if the aim is to measure 5-HT
displacement rather than receptor density. Nonse-
lective ligands such as the D2/D3 agonist tracer
[""CI(+)PHNO (Willeit et al, 2008) and M1/M2
muscarinic acetylcholinergic ligand [''C]3-PPB
(Nishiyama et al, 2001; Tsukada et al, 2004) seem
to be able to show dopamine and acetylcholine
release, respectively. Although multisite pharmaco-
logy may increase the chances of released 5-HT
displacing the radiotracer, it may render the task of
identifying a challenge paradigm without introdu-
cing confounding pharmacology very difficult.

Nature of the Serotonergic Challenge

Choosing an appropriate serotonergic challenge that
is properly validated is essential for determining the
susceptibility of a radiotracer to endogenous 5-HT.
The choice is primarily dictated by the radiotracer,
e.g., a reuptake inhibitor cannot be used against a
SERT tracer. Various serotonergic challenge studies
have been undertaken herein. Most are not realistic
for human use. Fenfluramine, despite being an
efficient way to increase 5-HT in animals, cannot
readily be administered to human subjects in high
doses (Connolly et al, 1997), although one study has
now published preliminary findings using an oral
dose to increase brain 5-HT (Hasler et al, 2009). The
SSRIs are a safe option and intravenous preparations
of citalopram can be obtained for use in infusion
paradigms (Marner et al, 2010; Pinborg et al, 2004).
Unfortunately, the well-validated method of acute
tryptophan depletion does not seem to produce
sufficient changes in 5-HT to be visualised by
currently available radiotracers (Table 2). Alternative
options in humans are somewhat limited: 5-HTP and
tryptophan could be used intravenously (Charig et al,
1986; den Boer and Westenberg, 1990) or further
5-HT elevation might be achieved safely by introdu-
cing augmenting agents to SSRIs, such as pindolol
(Pinborg et al, 2004), ketanserin (Cremers et al, 2004;
Udo de Haes et al, 2005), or risperidone (Huang et al,
2006), with antiemetic administration at higher
doses to avoid nausea and caution over possible
drug interactions and serotonin syndrome.

Validation of the Serotonergic
Challenge

Surrogate serotonergic markers and other physio-
logic parameters indicate whether changes in central
5-HT have actually occurred and are a necessary
inclusion to validate findings and to aid in data
interpretation, especially where an understanding of
the basic biological underpinning of the response is
lacking.

Simultaneous microdialysis is the most powerful
tool but if it is not possible or practical, surrogate
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markers of neurotransmitter release, depletion, or
receptor activation can serve to validate or disprove
the model. Few of the studies mentioned in this
review included parallel measures alongside imaging
techniques to measure 5-HT (Table 2). Good exam-
ples include those combining microdialysis and
immunoelectron microscopy to help distinguish
between internalisation and competition mecha-
nisms (Riad et al, 2004), and the demonstration that
regional reductions in ["'C]DASB BP correlated with
regional activity of the 5-HTP-converting enzyme,
local increases in 5-HT production, and the magni-
tude of subsequent 5-HT elevation after 5-HTP
challenge (Yamamoto et al, 2007). Markers such as
immediate early gene expression in rats, or plasma
prolactin, cortisol levels, and the subjective experi-
ence of hot flushes in humans were suggestive of
serotonergic function despite the absence of a BP
response (Hirani et al, 2003; Pinborg et al, 2004).

Experimental Considerations

Study design is of paramount importance when
performing dynamic imaging studies, particularly
when a challenge paradigm is involved. A brief
glance at Table 2 shows a great deal of variance in
species, challenge doses, routes of administration,
dose timing relative to tracer, the interval between
tracer injections, and tissue collection. One could
argue that an ideal tracer would be sensitive enough
to detect change regardless of these variables, but
equivocal findings within the 5-HT literature could
in part be explained by these inconsistencies. The
timing of challenge administration in relation to
radiotracer may be crucial herein; e.g., when timings
of fenfluramine were designed to ensure maximal
concentration of 5-HT at the point of tracer injection,
significant reductions in BP were observed (Hume
et al, 2001; Udo de Haes et al, 2005). Table 3
summarises the main limitations of current approaches
to measuring endogenous neurotransmitters by PET,
including those imposed by experimental design,
pharmacological challenge, and receptor system, along
with potential solutions for addressing these short-
comings. Some are encountered in PET and/or animal
studies generally; therefore, further discussion is
restricted to those most relevant to design or inter-
pretation of human PET challenge studies.

PET Protocol Design

The differences between PET protocols may affect
whether potential changes in BP can be visualised. A
tracer can be delivered either as two bolus injections,
i.e., control and challenge (Logan et al, 1991) or as
a single bolus plus infusion (Endres et al, 1997). In
general, the bolus plus infusion approach has the
advantage that the challenge can be introduced at
equilibrium, its effect on neurotransmitter release is
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Table 3 Limitations of current approaches, consequences, and possible solutions

Limitation Example Consequence Solution?

Experimental design

Lack of consistency  Challenge: timing, species, dose, Lack of replication or validation Develop shared protocols,
route, Tracer: timing relative to  of current findings. Difficulties standardise methodologies
challenge and/or tissue with data interpretation
collection
Lack of statistical Number of subjects is low, Power is insufficient to detect Take steps to minimize test-retest
power test—retest variability is high, a significant change even if a and experimental variability,
and effect size is small change is occurring undertake properly powered
studies, share facilities to increase
throughput
Effect of Certain anaesthetics interfere Possible confound. Complicates Systematic studies required to
anaesthetics with 5-HT system (Mukaida extrapolation to humans and optimise anaesthetic and discount
et al, 2007; Seeman and Kapur, between experimental designs confounds (Elfving et al, 2003)
2003; Tokugawa et al, 2007) and species
Nature of challenge
Multisite The challenge compound or A direct effect on binding rather Measure brain and/or plasma
pharmacology its metabolite has possible than through 5-HT release/ concentration of compounds.
affinity for the target receptor depletion cannot be ruled out Perform relevant displacement
studies
rCBF changes The challenge compound Apparent change in BP after Control for, measure or simulate
induces blood flow changes challenge is actually confounding rCBF changes and peripheral
effect of blood flow clearance
Toxicity in humans  Challenge doses that increase Sufficient 5-HT elevation Probes must become an order of
5-HT in animals may be too unachievable to be measured magnitude more sensitive;
toxic for use in humans with current tracers investigate alternative targets or
agonist tracers
Lack of challenges Many 5-HT releasers unavailable Less scope for the use of New challenges required with fewer
for human use, regulatory optimal challenge safety concerns
constraints

Species differences

In response to tracer Variation in regional brain Changes in BP in response to Translational approach required for
or challenge anatomy, receptor challenge may be present in tracer and challenge validation;
pharmacology, tracer, and one species but not in others; between in vitro and in vivo,
challenge pharmacokinetics, could lead to inappropriate go: preclinical and clinical findings
dose window no-go decisions
Knowledge gaps
Lack of surrogate Current human markers of Alterations in central 5-HT Alternative surrogate measures
markers central 5-HT activity are function after a challenge should be sought and validated
variable and poorly validated cannot be verified
Inappropriate Binding parameters often Temperature, intracellular, Perform binding experiments under
binding parameters  obtained under optimal rather extracellular, and vesicular conditions closely reflecting in vivo
than physiologic binding environment greatly affect binding  environment
conditions with implications for interpreting
BP response
Use of recombinant  Receptor-trafficking Data from cell lines/in vitro models Perform validation studies in native
systems mechanisms, receptor regulation  difficult to reliably extrapolate to tissue or in vivo systems wherever
by 5-HT, tracer affinity, the native brain tissue, or in vivo possible
selectivity, and activity assays situation
Lack of tracer Few tracers tested for affinity Binding at other receptors may Routine screening of compounds
pharmacology against other receptors complicate the interpretation to determine binding profile
of BP signal e.g., Cerep, NIMH
Lack of receptor Few receptors tested for PET distribution and signal Postmortem brain studies required
pharmacology distribution and binding hard to interpret
density in the human brain
Lack of receptor In vivo data relating to receptor- Relative involvement of In vivo models of receptor
physiology trafficking mechanisms or competition and internalisation trafficking required, e.g., Skinbjerg
regulation by 5-HT are sparse mechanisms for change in BP et al, 2010
cannot be assessed
Understanding of BP  Basic biological underpinning Flaws in both competition Combination of above studies to
response of BP response to challenge and internalisation models; dissect differential role had by
is not known inappropriate interpretation competition and internalization
of results

BP, binding potential; PET, positron emission tomography; rCBF, regional cerebral blood flow; 5-HT, 5-hydroxytryptamine.
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determined in a single study, rCBF changes represent
less of a problem, and so does test-retest variability.

Species Differences

Species differences in response to radiotracer and
challenge can occur for many reasons (see Table 3)
and are a problem for translation of all PET data from
animals to humans and vice versa. A good example is
provided by recent evidence that dopamine could
displace up to 80% of the D2 agonist [''C](+)PHNO
binding in the cat brain (Ginovart et al, 2006), which
threatened to undermine the widely reputed theore-
tical ~40% maximal displacement (Narendran et al,
2004). However, subsequent human studies have
shown that this effect may be specific to cats (Willeit
et al, 2008).

Challenge Limitations

The addition of a pharmacological challenge to a PET
protocol introduces many opportunities for variance
and the possibility of confounding effects (Table 3).
Mixed pharmacology of the compound or its meta-
bolites may cause particular problems especially if
high doses are required. For example, the potential
for interaction of clomipramine with 5-HT,, and 5-
HT,. receptors (Hyttel, 1994), norfenfluramine with
5-HT, 4 receptors (Rothman and Baumann, 2002) and
amphetamine, a proposed metabolite of tranylcypro-
mine, with SERT (Sherry et al, 2000; Youdim et al,
1979) could have implications for certain challenges.
The assumption that a direct effect of the releasing
agent on the target receptor is unlikely because of
‘low affinity’ cannot be relied upon, unless the actual
brain concentration of these compounds and their
metabolites is measured. Brain levels could be easily
measured in animals and plasma levels in humans to
aid in the interpretation of results.

Both pharmacological and physiologic challenges
can affect rCBF with implications for tracer BP,
especially where changes are not uniformly distrib-
uted across the brain (Jagoda et al, 2006). The
susceptibility of a tracer to blood flow changes
depends on K, i.e., its ability to cross the blood—
brain barrier. If brain penetration is high, then
changes in CBF will have a greater effect on BP than
for lower brain penetrability. Higher-affinity ligands
are more susceptible, especially where receptor
density is high, allowing brain accumulation in a
nonreversible manner. If no details of rCBF changes
are provided, it is difficult to assess what their effects
might be (Holthoff et al, 1991; Logan et al, 2007).

Statistical Power

The concept of statistical power is often overlooked
in small studies and this increases the risk of both
type I and type II errors (Knudsen, 2009). For an 80%
chance (0.8 power) of detecting a 10% change in BP
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(similar to that observed for ['"'Clraclopride in
response to amphetamine challenge) in which s.d.
is also 10%, a study of paired design requires
inclusion of 10 subjects (Student’s paired t-test,
two-tailed). With the exception of some ex vivo and
p-probe studies, in which smaller variance and larger
responses permit smaller subject numbers, few of
the PET studies cited achieved sufficient statistical
power to reliably detect such a change in BP
assuming these parameters. For ["*FIMPPF, a realistic
variance in BP is ~20% in the human hippocampus
(Praschak-Rieder et al, 2004), requiring n=34 sub-
jects in a paired comparison to detect a 10% change.
Where larger changes in BP are expected, subject
numbers can be reduced accordingly, e.g., n=8
(Sibon et al, 2008). [""CIDASB binding is generally
associated with lower variability, thus with n=14
and a variance of 17% in the human thalamus
(Praschak-Rieder et al, 2005), a study would have
sufficient power to detect a realistic 14% change in
BP, whereas n =8 and a variance of 28% (Talbot et al,
2005) would require a 32% change in BP to reach
significance. Test-retest variability must also be
considered within any power calculation if separate
scans on different days are to be performed.

This has important implications for human data. It
is perhaps not surprising that significant changes
were not reported in response to challenge studies in
which relatively small changes in BP are expected
and test-retest variability is high. Larger numbers
of subjects would be required to detect changes of
this magnitude. Therefore, we must develop better
tracers, improve technology, and investigate novel 5-
HT imaging targets to minimise this problem. We
may also have to accept that larger and unavoidably
more expensive studies are necessary to detect
changes in BP in humans.

Knowledge Gaps

Aside from experimental issues, the imaging com-
munity is suffering from significant gaps in basic
biological understanding of the nature of the BP
response: how it is manifested, how a change should
be interpreted, and what is the functional signifi-
cance. The pharmacological properties of tracers and
the receptor target (such as pharmacokinetics, Buax,
affinity, regulatory mechanisms, localisation) have
important implications for in vivo dynamic imaging.
It is apparent that a fundamental lack of basic
pharmacology, particularly in vivo data, hinders the
interpretation of existing data. Choosing a suitable
target and developing sensitive ligands would be
facilitated if these parameters were well charac-
terised. Existing knowledge gaps are highlighted
in Table 3, alongside other limitations to current
approaches. Particular problems arise from the majo-
rity of binding studies being conducted under
‘optimal’ experimental conditions rather than those
most likely to reflect the in vivo environment of
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different cellular compartments, the use of recombi-
nant systems, and the lack of translation between
in vitro and in vivo models, and between animals and
humans. Often, useful binding parameters are not
available; e.g., few PET tracers are tested against a
battery of potential challenge compounds in the
brain tissue or against other receptors. The absence
of both agonist and antagonist in vivo tracers for most
targets precludes an assessment of receptor avail-
ability to endogenous 5-HT and applicability of the
ternary complex model. In vivo data relating to
receptor-trafficking mechanisms and their regulation
by 5-HT are also sparse; often such experiments are
performed in recombinant systems (Allen et al, 2008;
Janoshazi et al, 2007). Given these gaps in under-
standing, it is essential to perform some basic studies
to address these issues, in vivo wherever possible.
Examples of how such issues might be investigated
have emerged for the study of dopamine interaction
at the D2 receptor (Guo et al, 2010; Quelch et al,
2010; Skinbjerg et al, 2010), raising important
questions for the imaging community.

Can Physiologic Changes in 5-HT Ever
be Visualised by PET?

One of the ultimate aims of this methodology is to
visualise changes in BP in response to physiologic
challenges, so that small changes in neurotransmis-
sion can be measured, reflecting realistic perturba-
tions. Microdialysis studies have shown that in
excess of 15-fold increases in 5-HT are required to
alter BP with currently available tracers. Increases of
this magnitude are probably unachievable in human
subjects. Physiologic changes in 5-HT are likely to be
much smaller; therefore, if we are to visualise them,
it is clear that either the tracers must become an
order of magnitude more sensitive, or we need to
investigate an alternative target, the pharmacology of
which is more favourable to the competition and/or
internalisation model. New data with the 5-HT,g
ligands tend to suggest that smaller increases in 5-HT
might be adequate to visualise significant reductions
in tracer BP in the nonhuman primate brain.
However, it remains to be seen whether these results
can be translated into human subjects using equiva-
lent (or less potent) serotonergic challenges. Simi-
larly, agonist radiotracers seem to provide an
opportunity for further development.

Conclusions and Recommendations

In the past, we have relied heavily on serendipity:
the hope that current radiotracers designed to mea-
sure receptor density would also prove satisfactory
for measuring fluctuations in endogenous 5-HT.
However, this has not proved effective. After a
decade of unsuccessful testing, dedicated ligand
development programmes are required to focus on
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producing ligands sensitive to endogenous neuro-
transmitters. This will have to involve a high level of
translational science within a multidisciplinary setting.
Collaborative efforts such as the METPETS consortium
(Measuring Endogenous Transmitters using PET and
SPECT) hope to facilitate this process.

Good experimental design could go some way in
improving the chances of imaging changes in endo-
genous 5-HT. Development of shared protocols, stan-
dardisation of methodologies, and shared use of
facilities could significantly increase statistical power
and throughput and improve outcome. In particular,
we would recommend that future studies obtain test—
retest data, so that properly powered challenge studies
can be conducted to enable sensible interpretation of
any (in)significant change in BP alongside the level of
within- and between-subject variability. Wherever
possible, future animal imaging studies should be
combined with simultaneous microdialysis, so that
changes in 5-HT can be specifically correlated with
those of BP and in particular to elucidate the temporal
relationship between the two. We may have already
reached the maximum potency of a pharmacological
serotonergic challenge that can be safely used in
humans; the incidence of 5-HT-related side effects
may limit the dose; therefore, smaller changes in 5-HT
can be expected, requiring larger numbers of subjects to
achieve sufficient power to detect a change in BP. The
issue of validation of such challenges in human
subjects remains unresolved; new surrogate markers
of 5-HT are required.

Even if all these experimental improvements are
introduced, only a better understanding of the
pharmacology of the BP response will allow sensible
data interpretation. Significant gaps in our knowl-
edge remain to be addressed. Therefore, measures
outlined above should be pursued in parallel with
basic characterisation of the target, tracer, and
challenge using a multidisciplinary approach. It
may be that we have to revisit our interpretation of
findings from PET studies in light of future advances
in our understanding of BP.

The evidence from the 5-HT literature strongly
suggests that imaging endogenous 5-HT may be more
difficult than dopamine. There may be pharmacolo-
gical reasons why the 5-HT,,, 5-HT,4, and 5-HT,
receptors and SERT are not ideal targets: it seems
likely that basal receptor occupancy is low compared
with dopamine, pointing to the need for good agonist
tracers to reduce the ratio of sites available to 5-HT
relative to the tracer and thus improve signal. Such
tracer development programmes are now underway.
The 5-HT,; receptors may be an alternative target for
PET tracer development. We eagerly anticipate future
publications in the hope that these tracers will pave
the way for a deeper understanding of serotonergic
neurotransmission.

There are many lessons to be learned from the
studies published so far in the 5-HT field and these
can be extended to the study of any receptor system.
It seems certain that optimisation of the target, tracer,



technology, experimental protocols, and challenge
paradigm to answer the specific question of imaging
endogenous neurotransmitters will provide the best
chance for successful imaging in future.
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