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The increased knowledge of molecular changes associated

with different neurological disorders calls for the

development of novel radioligands. Tiagabine (Gabitril)

is an anticonvulsive drug that binds selectively to GABA

transporter-1 and thereby inhibits GABA uptake.

As radioligands for in-vivo imaging of the GABA transporter

are not yet available, we radiolabelled tiagabine and

assessed its efficacy for in-vivo imaging of these

transporters. Tiagabine was first brominated at its vinylic

part, which was then exchanged with 123I. Next,

anaesthetized rats received a bolus injection of

[123I]iodotiagabine in their tail vein, which was immediately

followed by acquisition of planar and high-resolution

micro-single-photon emission computed tomography

(SPECT) images of the total body with special focus on the

brain. Uptake in anatomical regions was assessed by

coregistration of micro-SPECT with micro-CT images.

Tiagabine labelling with 123I resulted in 50% yield and

99.7% radiochemical purity. Within 3 h after injection,

SPECT demonstrated an increased signal-to-background

ratio in the nasal mucosa and/or the Harderian

glands but not in the brain. In addition we observed

an increased signal-to-background ratio in organs

such as the thyroid, heart, liver, kidney and bladder.

More than 99% pure 123I-labelled tiagabine can be

obtained and applied in animal micro-SPECT studies.

However, this new radioligand is not taken up sufficiently

by the brain and therefore cannot be used to successfully

detect cerebral GABA transporters. Nucl Med Commun

34:175–179 �c 2013 Wolters Kluwer Health | Lippincott
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Introduction
Next to the well-established use of radioligands to

localize and quantify dopamine transporters in patients

suffering from Parkinson’s disease [1], tremendous

progress has been made in the development of radio-

ligands for other transporter systems such as serotonin

and noradrenalin. There are, however, no radioligands

available for in-vivo functional imaging of GABA trans-

porters (GATs). Further development of GAT radioligands

is therefore highly desirable. This radioligand would

enable us, at least partly, to unravel the pathophysiolo-

gical mechanism of other neurological diseases. One

specific patient group that might benefit from visualiza-

tion of the GABAergic system comprises patients with

chronic intractable temporal lobe epilepsy. A significant

number of these patients have a mild or severe form of

mesial temporal sclerosis [2,3], which is characterized by

a variable degree of neuronal loss and astrogliosis in the

hippocampus. At a molecular level, several lines of

evidence suggest that these patients have reduced GAT

expression [4–9]. Molecular imaging of neurotransmitter

systems can be of paramount importance in under-

standing the pathophysiology underlying the mesial

temporal sclerosis and in visualizing this pathology in

the initial stage as a possible epileptogenic focus.

Molecular cloning has revealed four distinct isoforms of GAT,

termed GAT-1 to GAT-3 and betaine/GABA transporter

(BGT-1). It is generally believed that GAT-1 is the most

abundant of the four transporters [10]. GAT-1 is primarily

present on presynaptic nerve terminals of GABAergic

neurons and GAT-3 is present on astrocytes. In contrast,

GAT-2 immunoreactivity is found in the leptomeninges and

BGT-1 in renal medullary epithelial cells [11]. By clearing

GABA from the synaptic cleft, GATs play a key role in tuning

the signal-to-noise of the GABAergic inhibitory tone.

Targeting and modulating GATs has therapeutic potential

in many neurological diseases (e.g. epilepsy, neuropathic

pain, stiff person syndrome, painful tonic spasms in multiple

sclerosis) and psychiatric disorders (e.g. schizophrenia,

bipolar disorders, panic disorder) [12–16]. Hence, in-vivo

visualization of GATs is a potential diagnostic tool.

The decision to study tiagabine as a new candidate

radioligand was based on several grounds. First, tiagabine
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(Gabitril) has been used for a few years in patients with

chronic epilepsy. Therefore, with successful labelling and

cerebral visualization, this new radioligand could be easily

administered and used for GAT detection in patients.

Another important reason is that tiagabine is a potent and

selective inhibitor of GAT-1 [17]. Tiagabine is a lipophilic

derivative of nipecotic acid, which has been shown to bind

to GAT-1 in human brain homogenates [18] and passes the

blood–brain barrier in humans [19]. It is believed that, by

this action, GABA uptake into presynaptic neurons is

blocked, permitting the extracellular GABA concentration

to rise, which may consequently lead to a prolonged

inhibitory tone. Previously, tiagabine was successfully

labelled with tritium [18]. However, this b emitter is not

suitable for in-vivo imaging.

Currently, there are no radioligands available for in-vivo

imaging of GATs. The aim of this study was to investigate

the possibility to radiolabel tiagabine and to apply this for

in-vivo imaging of cerebral GATs. Here, we describe the

synthesis of [123I]iodotiagabine and micro-single-photon

emission computed tomography (SPECT) images of this

new radioligand in rats.

Materials and methods
Synthesis of [

123
I]iodotiagabine

In this study, we labelled tiagabine with 123I using

a Cu(I)-assisted nonisotopic halogen exchange method

(Fig. 1) as follows. First, Gabitril tablets were powdered and

dissolved in 250 ml of H2O. This was extracted four times

with 100 ml of dichloromethane. The organic phases were

combined and dried over sodium sulfate. Tiagabine was

obtained by flash column chromatography over silica using

ethylacetate/methanol (1/1, v/v) as eluent. Yield: 700 mg.

1H NMR (200.13 MHz, CDCl3): 1.51–1.85 (m, 4H), 1.93

(s, 3H), 1.98 (s, 3H), 2.30–3.05 (m, 9H), 5.95 (t, J =

7.2 Hz, 1H), 6.71 (d, J = 5.1 Hz, 1H), 6.81 (d, J = 5.1 Hz,

1H), 7.01 (d, J = 5.1 Hz, 1H), 7.18 (d, J = 5.1 Hz, 1H).

Next, 349 mg (1 mmol) of tiagabine was dissolved in 15 ml

of tetrachloromethane and supplemented with 160 mg

(1 mmol) of Br2. This solution was refluxed until

decolourization (about 2.5 h) and washed with a sulfite

solution; the organic layer was dried, concentrated and then

purified by flash chromatography (Lobar system; Lobar

lichroprep RP8; Merck, Amsterdam, the Netherlands), C18

column and acetonitril/H2O 65/35 as eluent). Yield: 300 mg

(70%). 1H NMR (200.13 MHz, CDCl3): 1.50–1.95 (m,

4H), 2.11 (s, 3H), 2.17 (s, 3H), 2.30–2.95 (m, 9H), 6.76

(m, 2H), 7.16 (m, 2H), 10.46 (bs, 1H). Finally, a vial

containing 1.5 mg of bromotiagabine, 5 mg of gentisic acid,

11 mg of citric acid and 0.3 mg of SnSO4 was supplemented

with 25 l of CuSO4 (stock: 3.25 mg CuSO4*5H2O/ml H2O)

and ‘no carrier added’ [123I]radioiodide (800 MBq dissolved

in 0.2 ml 0.005 N NaOH). The closed vial was heated (1 h,

1601C), cooled and supplemented with 0.5 ml of ethanol,

after which the solution was clarified by heating slightly.

This solution was then diluted with 2.5 ml of H2O and

immediately led over a small (1 cm) C8 column. The

column was rinsed twice with 3 ml of H2O and then

mounted on the injector of an HPLC system with a

Kromasil 100 C18 10mmol/l (4.6–250 mm) column (Grace

Alltech, Breda, the Netherlands) (20 cm) with ethanol/

water (35/65 v/v, pH = 4.1; prepared by dissolving 5.7 g of

NaAc*3H2O in 650 ml of H2O, adding 350 ml of ethanol

and acidifying with B19.5 ml of acetic acid) added as an

eluent with a flow of 1 ml/min. Retention time of the

Br-labelled precursor was 52 min and that of the radioactive

fraction was 60–68 min. Radiolabelled tiagabine was

collected, diluted to 10% ethanol and again led over the

small C8 column, followed by a second HPLC purifica-

tion. The radioactive fraction was once again diluted to

10% ethanol and led over a C18 Sep-Pak to trap the

[123I]iodotiagabine. This was then eluted from the Sep-Pak

with 0.25 ml ethanol and formulated by the addition of

2.25 ml of a physiological citrate buffer (pH = 5). The final

solution contained 392 MBq of [123I]iodotiagabine with a

radiochemical purity of 99.7% [specific activity (SA)

>8000 TBq/mmol].

Imaging of [123I]iodotiagabine

The alteration of the native drug warranted evaluation of

its capacity to pass the blood–brain barrier (experiments

carried out with approval of the local animal experiments

committee and in compliance with the national laws

relating to the conduct of animal experimentation).

To visualize the biodistribution, we injected 0.25 ml

(37 MBq; SA > 8000 TBq/mmol) of [123I]iodotiagabine

into the tail vein of a rat anaesthetized with 1.5%

Fig. 1
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Synthetic pathway for [123I]iodotiagabine (3): (i) Br2 in CCl4; (ii) 123I – , in-situ-prepared Cu+ .
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isoflurane and its distribution was monitored for 4 h (each

scan time was for 5 min) using a gamma camera (single-

headed; Siemens Medical Systems Inc., Chicago, Illinios,

USA). In a second rat, we administered the same dose

of [123I]iodotiagabine as in the first rat, together with a

10-fold excess of nonlabelled tiagabine.

Subsequently, we visualized the distribution of this radio-

ligand at 0.45 mm resolution using a dedicated ultra-high-

resolution small-animal single-photon emission computed

tomography machine with integrated CT (U-SPECT-II/

CT; http://www.milabs.com) [20–22]. For this purpose, a male

rat was anaesthetized with 1.5% isoflurane and then

injected with [123I]iodotiagabine (1 ml, 145 MBq; SA >

8000 TBq/mmol) in the tail vein. Next, micro-SPECT

images were acquired at 1, 10, 60, 120, 180 min and 24 h

after injection. The scan time for the total body was 60 min

(Fig. 3a) and that of the focused scan was 100 min (Fig. 3b).

Finally, a micro-CT image of the same animal was

superimposed on the micro-SPECT images to facilitate

the anatomical localization.

Results
Bromination of tiagabine at its vinylic part had a 70%

yield. Radiolabelling by exchanging Br with 123I occurred

in an overall yield of 50%. [123I]Iodotiagabine was 99.7%

pure and the purity was still greater than 98% after 48 h as

determined by HPLC.

To examine whether this new radioligand could be used

for in-vivo visualization of GATs, we needed to establish

whether this ligand could pass the blood–brain barrier.

Most activity was found 1–2 h after injection in the head,

thyroid and liver area, whereas at 4 h after injection there

was hardly any detectable signal left (Fig. 2a). Coadmi-

nistration of nonlabelled tiagabine with [123I]iodotiaga-

bine resulted in a strongly reduced signal in the head,

suggesting that [123I]iodotiagabine had specifically bound

to GATs in the head (Fig. 2b). The next step was to

visualize the possible uptake of this radioligand in the

brain at ultra-high resolution using a small-animal

SPECT-CT. In line with planar gamma camera images,

micro-SPECT showed a maximally intense signal 3 h after

injection in the thyroid, heart, kidney, liver and bladder

areas (Fig. 3a). However, [123I]iodotiagabine did not

accumulate in the brain but was located in the nasal

mucosa and/or in the Harderian glands (Fig. 3b).

Discussion
This paper describes a novel chemical pathway to

synthesize a radioligand for GAT-1. In principle, tiagabine

might be labelled in one of the thiophene moieties.

However, to circumvent Z,E formation we decided to label

the vinylic part (Fig. 1). Radioiodination was performed

using the Cu(I)-mediated nonisotopical exchange reaction

generating Cu(I) in situ with gentisic acid [23]. To our

knowledge, this is the first time that this reaction has been

applied on a vinylic position. The overall radiochemical

yield after a double-preparative HPLC was 50%, with

a radiochemical purity greater than 99%.

To examine whether this new radioligand was suitable for

visualizing brain GATs in vivo, we first acquired gamma

camera images of a rat that was intravenously injected with

radiolabelled tiagabine. These images showed that the

label appeared in the head within minutes and reached

a peak level 1 h after administration (Fig. 2a). In line with

this observation, previous studies have shown that in

humans orally administered tiagabine reaches peak plasma

concentrations within 1–2 h and has a half-life of B7–9 h

[24,25]. When tiagabine is intraperitoneally administered

Fig. 3

Merged micro-single-photon emission computed tomography (SPECT)
and micro-CT images of a whole rat body. (a) Accumulated data of a
1-h scan and of the head; (b) accumulated data of a 100-min scan.
These SPECT images represent the signal acquired 2 h after
intravenous administration of [123I]iodotiagabine (1 ml, 145 MBq;
specific activity > 8000 TBq/mmol).

Fig. 2
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In-vivo gamma camera whole-body images acquired 1 h after injection
of (a) [123I]iodotiagabine (0.25 ml, 37 MBq; specific activity > 8000
TBq/mmol) or (b) [123I]iodotiagabine, together with a 10-fold excess
of nonlabelled tiagabine. Images represent accumulated data of
5 min scans.
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to rats, it can be detected within minutes in both

cerebrospinal fluid and brain extracellular fluid. However,

in these experiments the cerebrospinal fluid/serum tiaga-

bine concentration ratio was B0.01, which is much smaller

than the B0.045 free/total tiagabine concentration in

serum [19].

This suggested that [123I]iodotiagabine had passed the

blood–brain barrier. To increase spatial resolution, a second

imaging study was conducted using U-SPECT-II/CT, which

combines very high (< 0.45 mm) spatial resolution SPECT

images with anatomical CT images. After administration

of [123I]iodotiagabine, the SPECT images showed an in-

creased signal in the nasal mucosa and/or in the Harderian

glands, but not in the brain. Several explanations may

account for this unexpected observation. First, the addition

of iodine into tiagabine may result in altered biophysical

properties of the molecule. As a result, the modified

tiagabine may be taken up less by the brain and/or may

have a decreased affinity for GATs. For example, in a study

by Wang et al. [23] on the production of amyloid-binding

ligands, introduction of an iodine group at the position

ortho to an amino group increased the binding affinity,

whereas the iodination ortho to a hydroxyl group decreased

the binding affinity. In addition, we cannot exclude the fact

that the radioligand was deiodinized shortly after injection.

Although [123I]iodotiagabine was found to be stable in

solution for at least 48 h, in vivo the double bond might be

attacked by nucleophiles (e.g. thiols), followed by [123I]HI

elimination. Yet, an argument against complete deiodiniza-

tion is the fact that we did not see a high signal in the

stomach. It is well known that a high signal in the stomach

shortly after injection of an iodine radioligand reflects the

uptake of free iodine by parietal cells [26]. In contrast, as it

is well known that the thyroid is highly sensitive to free

iodine, we observed an increased thyroid signal, which may

reflect a minimal dissociation of the label from tiagabine.

Finally, the kidney, liver and bladder signals are likely to be

increased because they play a role in metabolizing and

eliminating the drug.

To the best of our knowledge, this is the first study in

which tiagabine was radiolabelled and then evaluated

in vivo for its temporal and spatial whole-body distribu-

tion. Earlier studies used [3H]tiagabine as a GAT-1

marker in postmortem autopsy samples of patients with

major depression and schizophrenia [27–29]. Yet, the

disadvantage of this b-emitter is that it cannot be used as

an in-vivo imaging ligand.

Conclusion
Tiagabine can be successfully labelled with 123I. In this

labelled configuration, tiagabine is not suitable for

visualization of cerebral GATs as demonstrated by

SPECT. Future experiments urge for different labelling

processes for tiagabine – for example, without modifying

its chemical structure (e.g. by 11C labelling).
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