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Thee major side effect of [131l]metaiodobenzyiguanidine ([131I]M(BG) treatment in 

patientss with recurrent neuroblastoma is an isolated thrombocytopenia. MIBG is 

accumulatedd in neuroblastoma cells by the norepinephrine transporter, but in 

plateletss probably via the serotonin transporter. 

Wee have investigated whether pharmacological intervention can selectively block 

platelett [13,I]MIBG uptake to protect the megakaryocytes from MIBG induced 

radiotoxicityy while leaving tumor uptake unaffected. A panel of selective serotonin 

re-uptakee inhibitors (SSRIs) was tested in vitro for their inhibitory potency on the 

uptakee of [125I]MIBG (10~8 M) in isolated human platelets and compared to that in 

culturedd human SK-N-SH neuroblastoma cells. Of the SSRIs tested, citalopram and 

paroxetinee were the most- and fluoxetine and sertraline the least selective. Selectivity 

ratioss for inhibition of MIBG uptake in platelets versus neuroblastoma cells ranged 

fromm 400 to 1400 for the most selective drugs, in contrast to 40 and 91 for the 

leastt selective drugs. This selectivity was confirmed in vivo by treating nude mice 

bearingg s.c. SK-N-SH xenografts with these SSRIs, and their plasma levels greatly 

exceededd those required to fully block platelet MIBG uptake. The tested SSRIs had 

noo effect on tumor associated MIBG levels, in contrast to the reduction of these 

levelss caused by desipramine {20 mg/kg), an inhibitor of norepinephrine transport. 

Conclusion:: [125I]MIBG uptake in platelets can be selectively inhibited by SSRIs without 

affectingg the [125I]MIBG accumulation in the neuroblastoma. The application of 

citalopramm or fluvoxamine during [131I]MIBG therapy seems therefore an attractive 

strategyy to protect megakaryocytes from [131I]MIBG induced radiotoxicity. 
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INTRODUCTION N 

Neuroblastomaa is an extracranial solid tumor derived from the neural crest and in advanced 

stagee one of the most malignant tumors in childhood. Despite the intensive multimodality 

treatmentss with chemotherapeutics and bone marrow rescue, there has been little improvement 

inn the overall survival rate in advanced stages of neuroblastoma [1-4]. Meta-iodobenzylguanidine 

(MIBG)) is a guanethidine derivative with a structure analogous to norepinephrine. MIBG is taken 

upp in neuroblastoma cells via Uptake-1, the (presynaptic) re-uptake system of norepinephrine. 

Whenn radiolabeled with ,23l or 1 3 1 l , MIBG scintigraphy is highly selective for diagnostic imaging 

off pheochromocytoma and neuroblastoma [5-7]. Since 1984, patients with progressive, 

chemotherapy-resistantt neuroblastoma have been treated with high radioactivity doses of 

[131i]MIBGG to achieve palliation [5, 8,9]. [131I]MIBG treatment is given as first treatment modality, 

i.e.. "de novo", before surgery and chemotherapy at the Netherlands Cancer Institute and in the 

Emmaa Children's hospital/ Academical Medical Center [ 10,11 ]. Compared to standard induction 

chemotherapy,, [131I]MIBG treatment is far less toxic. The prevailing toxicity is hematological, 

oftenn with an isolated thrombocytopenia, which is predominantly observed in the heavily 

pretreatedd group, and not in the " de novo group" [12, 10]. Hoefnagel and coworkers [13] 

reportedd that this [131l]MIBG-induced thrombocytopenia did not seem to correlate with the degree 

off MIBG-storing tumor deposits within the bone marrow, nor with the whole body absorbed 

radiationn dose. With regard to this latter the literature is however conflicting. Furthermore therapy 

withh [125I]MIBG also gives rise to thrombocytopenia [14]. 

Wee have previously demonstrated that [131I]M!BG accumulates in human blood platelets 

reachingg serotonin-equivalent amounts. We therefore hypothesize that a direct toxic effect of 

radiolabeledd MIBG concentrated in the progenitors of the platelets, the bone marrow 

megakaryocytes,, is the cause of the treatment induced thrombocytopenia. Platelets are a well 

knownn model to study the uptake of serotonin and it has been shown that they posses the 

serotoninn membrane transporter [14-16]. Using selectivee norepinephrine and serotonin re-uptake 

inhibitorss (SSRIs) and by mutual substrate competition of the uptake of serotonin and MIBG, we 

havee demonstrated that MIBG enters the platelets via the serotonin transporter [17]. Moreover, 

thesee in vitro studies showed that the 5SRI fluvoxamine at pharmacological levels selectively 

reducedd the MIBG uptake in platelets with minimal effects on the MIBG uptake by SK-N-SH 

neuroblastomaa cells. Most of the SSRIs are registrated and widely applied drugs, mostly as 

antidepressivee agents throughout the world. Unlike the tricyclic antidepressants the SSRIs 

preferentiallyy act as inhibitors of serotonin uptake, with little or no effect on the norepinephrine 

uptakeuptake (for reviews see [ 18, 19]). The aim of this study was to investigate whether prevention of 

thee [131I]MIBG accumulation in platelets, and possibly megakaryocytes, is feasible in vivo, without 

reducingg neuroblastoma tumor targeting (i.e. tumor loading). For this we have screened a panel 
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off SSRIs to select the most suitable candidate, with regard to selectivity as well as effectivity 

afterr a single dose for future clinical intervention. 

First,, we have studied the drug selectivity in vitro by comparing the inhibition of MIBG and 

serotoninn uptake in human platelets and human SK-N-SH neuroblastoma cells. These latter cells 

havee been well characterized, containing the human norepinephrine transporter [21, 22], We 

havee tested the SSRIs citalopram, sertraline, paroxetine, fluoxetine and fluvoxamine and compared 

thee inhibitory effects with that of the tricyclic antidepressiva imipramine, desimipramine and 

clomipramine,, which are relatively non-specific for the norepinephrine as well as the serotonin 

uptake.. Here we report that these SSRIs can selectively inhibit the MIBG accumulation in platelets 

butt not in neuroblastoma cells. We next have investigated in vivo the efficacy of the most 

promisingg SSRIs on the accumulation of MIBG in the SK-N-SH neuroblastoma, xenografted in 

nudee mice [22], At pharmacologically active plasma concentrations, demonstrated in a bioassay 

0 ff platelet MIBG uptake, the selected SSRIs showed no effect on the tumor-associated MIBG. 

MATERIA LL AND METHODS 
PlateletPlatelet isolation. Blood was obtained from patients with polycythemia vera or secondary 

polycythemia,, who were being treated as out patients by venasection to lower the red cell mass. 

Informedd consent was obtained. Blood was collected in 500 ml bottles, which contained final 

concentrationss of sodiumcitrate 22.0 g/l, citric acid 7.3 g/l, and glucose 24.5 g/l. Platelet-rich 

plasmaa (PRP) was prepared by centrifuging whole blood in 50 ml polypropylene tubes at 380 g 

forr 15 mm. PRP was collected and the platelet concentration was determined with a Coulter 

Counterr (Hialeah, FL type STKS or T660). No glass equipment was used and all steps were 

performedd at room temperature [ 16]. The various PRP batches were used for uptake and inhibition 

studiess only if the quality was good, i.e. total uptake exceeding 30 % of added serotonin. 

Platelet-poorr plasma was obtained by centrifuging the platelet-rich plasma in 50 ml vials for 1 5 

minn at 4000 g. Additional studies were performed with blood of healthy volunteers to rule out 

anyy possible interference of medication taken by some of the polycythemia patients. 

[[,!5,!5I]MIBGI]MIBG and [3H]serotonin uptake experiments. Uptake studies of [3H]serotonin and 

[125I]MIBGG in platelets were performed as previously described [16]. In brief, the experiments 

weree performed in Eppendorf vials with 0.5 ml PRP containing on average 0.97  0.12 x 108 

plateletss (mean  SD, n= 17) to which 20 (il of radiolabeled serotonin or MIBG was added to a 

finall concentration of 108 M. With each substrate the different inhibitors were separately co-

incubatedd at final concentrations ranging from 10~12 - 10** M. Samples were incubated at 37 C 

withh gentle shaking for 1 5 min (serotonin) or for 4 hr (MIBG), where after the platelets were 

spunn down (16000 g for 1 min). The radioactivity incorporated in the pellet was counted by 
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standardd beta- ([3H]serotonin) or gamma counting ([12BI]MIBG). In parallel with the uptake studies, 

additionall vials were incubated without the radioactive substrate and were afterwards analyzed 

forr platelet numbers to evaluate possible loss of platelets. 

Thee human neuroblastoma cell line SK-N-SH and the rat pheochromocytoma cell line PCI 2 

weree routinely cultured in 6 wells {10 cm2 each) culture plates [20], Two days after plating, 

[125I]MIBGG uptake studies were performed at a cell density of approximately 5 x 104 cells/cm2 

[17].. Experiments were started by replacing the medium with fresh medium containing 108 M 

radiolabeledd MIBG without or with an inhibitor (10'10 - 1CT* M). After 2-hr incubation at 37 C 

thee cells were washed twice with PBS, whereafter the cell-associated radioactivity was extracted 

withh 0.5 N perchloric acid and measured by standard gamma counting. Total uptake was 

calculatedd as % of the added radioactivity, which was normalized to 100% for the untreated 

controlss (substrate only) and uptake in the presence of an inhibitor was expressed relatively to 

thatt of the controls. Routinely, the non-specific uptake was determined by incubating the substrate 

withh excess imipramine. Seen the different protein levels in the assay with platelets and 

neuroblastomaa cells, we used 30 or 4 ^M imipramine, respectively, to compensate for the 

knownn binding to plasma proteins. 

EffectEffect of the uptake inhibitors on the [,25I]MIBG tumor targeting in vivo. Female athymic 

BALB/cc nu/nu mice were bred in the animal facility of the Netherlands Cancer Institute. 

Experimentss were performed in accordance with the national regulations for animal 

experimentationss and protocols were approved by the local animal welfare committee. 

Subcutaneouss neuroblastoma tumors consisted of either first passages of intrasplenic-induced 

SK-N-SHH xenografts [22], or later passages from s.c. propagation of the xenograft. The tumor 

volumee doubling time was on average 5 days. For each of the inhibitors, we assessed the 

tolerancee in 2 to 5 non-tumor bearing nude mice by careful observation for one hour following 

i.p.. injection of the drug. Provided that no acute toxicity was encountered, plasma of these 

animalss was subsequently analyzed in the bioassay described below. The effect of the re-uptake 

inhibitorss on the [125I]MIBG biodistribution was studied in xenografted mice of 10 - 14 weeks 

oldd (group mean body weight 23.0 - 25.0 g) and the average tumor size was to 0.23 g. (range 

0.144 - 0.30 g). Table I provides a list of the most relevant reports, used to select our dosages. 

Thesee varied from 2-50 mg/kg and were applied in 200 \i\ per 20 g to adjust for differences in 

mousee body weights. Mice were first treated i.p. with one of the SSRIs or vehicle for the controls, 

andd received 30 minutes later 4-8 kBq [125I]MIBG{1 \ig MIBG), injected in the tail vein. One hour 

afterr administration of the radiopharmaceutical, the animals were bled from the carotid artery 

underr ether anesthesia, followed by cervical dislocation and dissection. Tumors and tissues of 

interestt were blotted to remove adhering blood, weighed and gamma counted. The [125I]MIBG 

tissuee levels were expressed as % of the injected radioactivity dose per gram. 

BioassayBioassay of plasma S5RI activity. The biological activity of the SSRI in the circulation of the 
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nudee mice was analyzed using a bioassay similar to that described for humans [24, 25] which 

determinedd the inhibitory potency of the murine plasma {containing the inhibitor) on the [ 125I]MIBG 

uptakee in human platelets. One hour after i.p, SSRI injection, mice were sacrificed and the blood 

wass collected and centrifuged to obtain the plasma. For each SSRI dose level, plasma of 2 to 5 

animalss was pooled prior to its analysis in the bioassay. Plasma from 6 or 7 untreated nude mice 

wass mixed to obtain batches of control plasma. Plasmas were stored at -20 C until analysts. In 

thee standard bioassay, we mixed 500 (il human PRP with 100 p.1 murine plasma, consisting of 15 

too 100 u.1 from SSRI-treated mice supplemented with control murine plasma. In this way, we 

analyzedd 6 to 40 fold dilutions of the experimental plasmas, and for the 100 fold dilutions we 

simplyy added 5 u,l of the SSRI-containing murine plasma to the 500 u.1 human PRP. The uptake of 

[12B1]MIBGG or [3H]serotonin by the human platelets was determined as described above with 

adjustmentss made for the 600 u.1 total assay volume. Uptake in the presence of murine plasma 

containingg an inhibitor was expressed relatively to that of the controls containing 100 ml plasma 

fromm untreated mice, set at 100%. 

(Radio)(Radio) chemicals. Imipramine.HCI, desipramine.HCI and clomipramine.HCI were obtained 

fromm Sigma. Fluvoxamine.maleaat was a generous gift from Solvay Duphar, citalopram. 

hydrobromidee from Lundbeck, fluoxetine.hydrochloride and norfluoxetme.hydrochloride from 

Elii Lilly, alaproclate.HCL from Astra Arcus Pharmaceutical, sertraline.hydrochloride from Pfizer, 

paroxetine.hydrochloridee from Smith Kline Beecham and maprotiline.HCI from Ciba-Geigy. MIBG 

wass purchased from Emka Chemie and used to prepare [125I]MIBG (specific activity 250 - 280 

MBq/mmol)) by the Cu+ catalyzed isotopic exchange method [25]. 5-Hydroxy[3H]tryptamine 

creatinine.sulphatee ([3H]serotonin, specific activity 385-814 MBq/mmol) was purchased from 

Amershamm Life Science. 

DataData analysis. Unless stated otherwise, results are expressed as mean + SD (n). Results were 

statisticallyy analyzed using the Student's t test and were considered significant if p < 0.05. 

RESULTS S 
Inn vitro potency and selectivity of serotonin uptake inhibitors 

SSRIss preferentially act as inhibitors of serotonin uptake with hardly any or no effect on the 

norepinephrinee uptake. We tested whether the SSRIs can effectively block the [125I]MIBG uptake 

viaa the serotonin transporter in human platelets. Figure 1 shows the inhibition profiles of a subset 

off SSRIs, using nonsaturating substrate concentrations of serotonin and MIBG. The total uptake 

(%% of added radioactivity) in the controls amounted to 57.5  13.8 % for serotonin (n=5) and 23.6 

++ 3.6 % for MIBG{n=17). The non-spedfic uptake, i.e. in the presence of an excess of imipramine, 

expressedd as % of the controls was 2.6  0.4% for serotonin and 12.3  2.5 % for MIBG. The 
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Citalopram m Fluvoxamine e 

-88 -6 -4 

Logg (inhibitor concentration, M) 

Figuree 1. Inhibition of uptake of [125I]MIBG 
(openn symbols) and [3H]serotonin (closed 
symbols)) in isolated human platelets by 
selectivee serotonin re-uptake inhibitors. 
Uptakee is expressed as percent of control 
withoutt inhibitor. Data represent mean
SD(nn = 4-7). 

inhibitionn curves of the uptake of serotonin and MIBG in platelets appeared very similar for the 

testedd compounds, suggesting that both substrates may share the same transport system, and 

additionall experiments with alaproclate and paroxetine (data not shown) supported these findings. 

Too identify the most selective drug(s), we have compared the effect of the SSRIs on the 

uptakee of MIBG in platelets (presumably via the serotonin transporter) wi th that in SK-N-SH 

neuroblastomaa cells (via the norepinephrine transporter) (Fig. 2). In these experiments, the 

maximumm MIBG uptake in SK-N-SH control cultures was 40.4 + 6.4 % of added substrate (n=8). 

Citalopram m Fluvoxamine e 

y-ioo--
o o 
mm 80-

2 2 
60--

40--

20--
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Paroxet t 

\ \ 

ne e 

1 1 

V V x x 
-<>> v . 

» » 
-100 -8 -6 -4 -10 -8 -6 

Logg (inhibitor concentration, M) 

Figuree 2. Inhibition of uptake of [125I]MIBG by 
selectivee serotonin re-uptake inhibitors. Open 
symbolss represent isolated human platelets and 
closedd symbols cultured SK-N-SH human 
neuroblastomaa cells. Uptake is expressed as 
percentt of control without inhibitor. Data represent 
meann  SD (n = 3). 
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off which 95.4  2.0 % was sensitive to inhibition by imipramine. The tested SSRIs were 40 to 

1000 times more potent in inhibiting the MIBG uptake in platelets than that in the SK-N-SH cells. 

Forr example, citalopram at 107M nearly fully inhibited the uptake of MIBG in platelets with 

negligiblee effect on that in the SK-N-SH neuroblastoma cells (Fig. 2). 

Too compare the effects of the new generation selective drugs with that of the classical tricyclic 

antidepressants,, we included clomipramine, imipramine and desipramine in our analysis (Fig. 3). 

oo ioo 

Clomipramine e Imipramine e Desipramine e 

-77 -6 -5 -4 -10 -9 -8 -7 -6 -5 -4 

Logg (inhibitor concentration, M) 

Figuree 3. Inhibition of uptake of [125I]MIBG in isolated human platelets (open symbols) and in human 
SK-N-SHH cells (closed symbols) by tricyclic antidepressiva. Data are the mean of at least 3 independent 
experiments. . 

Ourr studies confirmed the reported selectivity's of these imipramine analogs [27, 19, 20], i.e. 

clomipraminee was somewhat more selective for the serotonin transporter, desipramine for the 

norepinephrinee transporter whereas imipramine was hardly selective. 

Fromm the linear part of the uptake vs. inhibitor concentration curves (Figs. 1, 2 and 3) we 

havee calculated the IC50 (i.e. the inhibitor concentration that reduces the uptake by 50%) using 

linearr regression analysis. Table II lists the potencies of all SSRIs tested in comparison with the 

classicall tricyclic inhibitors and with maprotiline. The latter is a highly selective norepinephrine 

uptakee inhibitor [19, 27], and was used to validate our assays. In contrast to the selective 

inhibitorss of the serotonin transporter, maprotiline appeared indeed to be at least 250 fold 

moree potent in inhibiting the MIBG uptake in SK-N-SH cells than in platelets. The most potent 

inhibitorr of the [125I]MIBG uptake in platelets was paroxetine with an IC50 of 0.2 nM. Selectivity 

wass expressed as the IC50 ratio of the MIBG uptake in SK-N-SH cells over that in platelets. In our 

seriess citalopram was found to be the most selective inhibitor, being approximately 1500 times 

moree potent in inhibiting the MIBG uptake in platelets than in SK-N-SH neuroblastoma cells. 

Whenn the drugs are metabolised in vivo, the possible active metabolites are important in 

determiningg to the overall effectiveness of the compound. In case of fluoxetine, the plasma 
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levelss of the metabolite norfluoxetine will exceed those of fluoxetine [18]. Moreover, in vitro 

studiess have shown that it is as potent as fluoxetine in inhibiting serotonin uptake with a similar 

degreee of selectivity for serotonin compared to norepinephrine uptake [18, 28]. Our finding of 

thee IC50of norfluoxetine for inhibiting of the MIBG uptake in platelets being even lower than 

thatt of fluoxetine, are in agreement with these reports. Moreover in neuroblastoma cells, 

norfluoxetinee appeared to be less potent in blocking the MIBG uptake and therefore this 

metabolitee was even 3 times more selective than the parent compound fluoxetine in our 

experimentall system. 

Too rule out the possibility of any effect on the function of the platelets from the polycythemia 

patientss due to medication, we have performed inhibition studies using platelets of healthy 

volunteerss (data not shown) and the obtained results were very similar to those presented in 

Tablee II. Platelets and SK-N-5H neuroblastoma cells differ highly in their granular density, i.e. 

withh many or few storage granules, respectively. We have therefore repeated the MIBG inhibition 

studiess with PC12 pheochromocytoma cells [20]. These highly differentiated neuroadrenergic 

cellss are rich in storage granules and do resemble in this respect more the platelets than the SK-

N-SHH cells. The IC50 values were similar to those we found in the assays with the SK-N-SH cells 

(Tablee II), indicating that the inhibitors indeed interfered with the plasma membrane transporter 

andd not with granular uptake. 

Effectt of uptake inhibitors on the [125I]MIBG tumor targeting in vivo. 
Ass a consequence of the different pharmacokinetic properties of the various SSRIs, the in 

vitrovitro most selective drug may not necessarily be the most suitable drug for clinical application in 

childrenn with neuroblastoma. We have therefore studied in vivo whether plasma drug levels, 

thatt prevent platelet MIBG uptake, could be realized without affecting radioiodinated MIBG 

tumorr targeting. The model of SK-N-SH neuroblastoma xenografted mice has been shown to be 

clinicallyy relevant due to its selective MIBG tumor retention and sensitivity to therapeutic [131 l]MIBG 

dosagess [22, 29]. To our knowledge, SSRIs have not previously been applied in athymic nude 

mice.. The here applied drug doses were somewhat higher than those reported in other studies 

ass these usually have dealt with the pharmacological activity at the level of central nervous 

systemm in conventional mice or rats (Table I). The pilot studies performed with each inhibitor 

revealedd that the chosen doses were well tolerated, as no detectable motor or behavioral 

abnormalitiess were induced, thus excluding acute toxicity of the nervous system. 

Too investigate possible adverse effects of the inhibitors on especially the MIBG neuroblastoma 

loading,, we have analyzed the [125I]MIBG biodistribution in tumor-bearing mice undergoing 

SSRII treatment, and the results are shown in Figures 4 and 5 for the tumor and normal tissues, 

respectively.. In these experiments we have chosen a 30 minutes interval between the drug and 

subsequentt [125I]MIBG administration. This was based on our previous observations that the 
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Tablee I. A summary of reuptake inhibitor studies in rodents using behavioral or biochemical analysis 
too determine the effective doses. 

Druga a 

Citalopram m 
(20) ) 

Paroxetine e 

(2) ) 

Sertraline e 
(20) ) 

Fluvoxamine e 
(50) ) 

Desimipramine e 
(20) ) 

Reported d 

species s 

mice e 
mice e 
mice e 
rats s 

mice e 
mice e 
rats s 

mice e 
mice e 
rats s 

mice e 
mice e 
rats s 

mice e 
mice e 
mice e 
rats s 

treatments s 

dosec c 

(mg/kg) ) 

0.9C C 

1.2C C 

24 4 
6C C 

0.2C C 

1-10 0 

1.9C C 

1.5f f 

1.0C C 

2.8C C 

6C;; 35 c 

13c c 

25 5 

>39c c 

20->320c c 

5-36 6 

>30 0 

Typee of assayb Reference 

route e 

i.p.. I 
orall I 
i.v.. II 
orall III 

i.p.. I 
i.pp III 
orall III 

i.pp I 
orall I 
i.pp III 

i.p.. I 
orall I 
i.pp III 

i.p.. I 
orall I 
i.pp IV 
orall III 

[19] ] 
[18] ] 
[39] ] 
[18,40] ] 

[19] ] 
[41] ] 
[40] ] 

[19] ] 
[18] ] 
[42] ] 

[19,43] ] 
[18] ] 
[43] ] 

[19] ] 
[18,43,40] ] 
[44] ] 
[18] ] 

a)) The mg/kg dose applied in this study is given in parenthesis 
b)) Reports deal with different analysis as listed below: 

I.. Potentiation of tryptophan or 5-hydroxytryptophan induced symptoms 
II.. Plasma level was 6 mM, fifteen min after administration, 
III.. Inhibition of 5HT uptake in (fore) brain or hypothalamic synaptosomes (ex vivo) 
IV.. Antagonism of amphetamine-stimulated locomotor activity 

c)) 50 % effective doses 

&& 2 -

If f f f 
p=0.05 5 r r p<0.0001 1 

i i 
Cital . . 
(20) ) 

Fv v 
(50) ) 

Sert t 
(20) ) 

Par r 

(2) ) 

Desi i 
(20) ) 

Figuree 4. Effect of bioamine uptake inhibitors on 
neuroblastomaa xenograft [125I]MIBG levels. Mice 
receivedd the drugs (black bars) or saline for the 
controlss (double hatched bars) 30 minutes before 
tracerr [12SI]MIBG injection. From left to right, 
thee results of citalopram, fluvoxamine, sertraline, 
paroxetinee and desipramine are shown with the 
appliedd dosage in parenthesis below. P-values 
indicatee if the effect of the drug was statistically 
significant.. Mean  SD with 4 mice per group, 
exceptt 8 mice per group for paroxetine. 
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maximumm tumor [125I]MIBG level was reached 1 h after i.v. injection [22] in combination with 

thee findings by others (Table I) that the peak plasma levels of the inhibitors usually occurred 

withinn 1 hour after administration. The [125I]MIBG accumulation in the neuroblastoma xenografts 

(Fig.. 4, Table III) was not significantly affected by the different SSR1 treatments, but was diminished 

byy 60 % in mice pretreated with desipramine. Since desipramine is a fully different type of 

inhibitor,, i.e. selective for the norepinephrine transporter, it was here used as a positive control 

too demonstrate the biological relevance of the neuroblastoma-mouse model. We next performed 

similarr tumor targeting studies using a different neuroadrenergic xenograft, i.e. a pheochromo-

cytomaa induced by direct s.c. injections of PC12 cells. Regarding the PC12 tumor [125I]MIBG 

Tablee II. Inhibition of 0.01 |JM [,25I]MIBG or 0.01 pM [3H]serotonin uptake by bioamine uptake inhibitors 
inn human blood platelets or SK-N-SH neuroblastoma cells in vitro 

Drug g 

Alaproclate e 
Citalopram m 
Fluvoxamine e 
Fluoxetine e 
Norfluoxetine e 
Paroxetine e 
Sertraline e 

Clomipramine e 
Imipramine e 
Desimipramine e 

Maprotiline e 

ICWW (nM) of u ptakee inhibition 

Platelets s 

[3H]Serotonin n 

516 6 
32 2 
30 0 

115 5 
107 7 

0.6 6 
41 1 

18 8 
118 8 
648 8 

n.d. . 

[,25I]MIBG G 

81 1 
8 8 
6 6 

32 2 
24 4 

0.2 2 
36 6 

10 0 
56 6 

738 8 

1000-100000 # 

SK-N-SH H 

[125I]MIBG G 

40400 0 
11630 0 
2430 0 
1270 0 
2760 0 

99 9 
3301 1 

176 6 
98 8 

4 4 

39 9 

Selectivity y 

IC500 ratio of [125I]MIBG 
uptakee SK-N-SH / platelets 

499 9 
1448 8 
380 0 

40 0 
115 5 
406 6 

91 1 

17 7 
2 2 

0.006 6 

0.044 - 0.004 

## highly exceeding 1 pM and presumably even 10 pM. 

levels,, again citalopram and sertraline (only 10 mg/kg tested) had no effect, paroxetine was not 

tested,, and desipramine was most effective resulting in a 10 fold reduction (p< 0.004) (data not 

shown).. Unlike our findings with the neuroblastoma, fluvoxamine markedly reduced the PC12 

tumorr associated radioactivity with 64 % (p<0.002, data not shown). 

Withh regard to the normal tissues (Fig. 5, Table III) it was evident that the SSRI treatments 

hadd no significant effect on the ['25I]MIBG levels in the blood, spleen, adrenals, intestines and 

earss (being mainly skin). Occasionally, the radioactivity levels of the kidneys and brains were 

analyzed,, and these were also not affected by the SSRIs (data not shown). For the liver, results 
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Figuree 5. Effect of uptake inhibitors on the normal 
tissuee distribution of [125I]MIBG in neuroblastoma-
bearingg nude mice. For details, see legend of Fig. 4. 
Dataa represent mean  SD with n = 3-6 for f luvoxamine, 
n== 4 for sertraline, n= 4-7 for desipramine and n= 7-9 
forr citalopram and paroxetine. 

Tablee III. Ratios of tissue [125I]MIBG levels of treated mice over control animals (T/C), 1 h after tracer 

injectionn in nude mice with s.c. neuroblastoma tumors. 

Drug g 

Ci ta lopram m 

Sertral ine e 

Fluvoxamine e 

Paroxet ine e 

Desipramine e 

Dose e 

(mg/kg) ) 

20 0 

20 0 

50 0 

2 2 

20 0 

Blood d 

0.89 9 

1.10 0 

0.93 3 

1.09 9 

1.03 3 

Ear r 

0.97 7 

1.00 0 

0.86 6 

1.19 9 

0.78 8 

Intestine e 

0.82 (e ) ) 

nott done 

1.07 7 

1.07 7 

0.95 5 

Norma a 

Spleen n 

0.88 8 

0.90 0 

0.96 6 

0.86 6 

0.94 4 

Tissuee T/C 

Liverr Lungs 

0.65(c)) 1.23(e) 

1.044 1.22<a) 

0.977 1.17<b> 
!! 17(c) l 1 8 ( a ) 

1.077 0.76(b) 

Heart t 

1.25(a) ) 

1.17<« « 

1.14<a| | 

11 19(b) 

0.63 (d ' ' 

Adrenals s 

1.03 3 

1.02 2 

0.92 2 

0.87 7 

0.75 (a a 

Neuro o 
blastoma a 
T/C C 

1.05 5 

0.84(e) ) 

0.93 3 

1.17 7 

0.43(d) ) 

Seee also Figures 4 and 5 for other details. Statistical significance of the differences between the control 
andd treated groups: a) 0.005 < p <0.03, b) 0.001 < p < 0.05, c) p=0.0004, d) p < 0.0001 and e) p=0.05. 
Eachh group consisted of 3 to 8 animals, f) T/C ratio was 1.1 (p=0.049) with 10 mg sertraline per kg 
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weree more variable. The [125I]MIBG concentration in the livers of mice undergoing fluvoxamine 

orr sertraline treatment was not significantly different from that of the controls. This however 

highlyy contrasted with the effect of the other SSRI treatments, i.e. a 35 % decreased level in 

liverss of mice undergoing citalopram treatment, whereas paroxetine resulted in a 17 % increase. 

Furthermore,, we have observed that the [,25I]MIBG levels of heart and lungs in the SSRI-treated 

micee were consistently higher, i.e. 14 - 25 %, than in control mice. Desipramine significantly 

reducedd the [125I]MIBG load of the heart, lungs and adrenals with 24-37 % (Fig.5, Table III) but 

thiss effect was however less pronounced compared with that of the neuroadrenergic xenografts 

describedd above. These results confirmed the strong inhibition by desipramine of the [125I]MIBG 

uptakee via the norepinephrine transporter in the sympatic nerve ends in the heart, in the medullary 

cellss of the adrenals as well as in neuroadrenergic tumors. 

Dosee escalations with the selected SSRIs in neuroblastoma-bearing mice were abandoned 

becausee the bioassay outlined below demonstrated that the attained plasma levels were highly 

sufficientt in blocking the platelet [125I]MIBG uptake. 

AA bioassay for plasma drug levels. To assess the biological activity in the murine plasma, 

obtainedd 1 h after SSRI treatment, this plasma was added to human platelets to measure the 

inhibitionn of radiolabeled substrate. To evaluate the reliability of this bioassay and to identify the 

properr range of dilutions, we first used the natural substrate serotonin. Compared to pure 

humann preparations, the total uptake of [3H]serotonin was not significantly affected (>96 %) 

evenn if the assay contained 33 % (vol/vol) plasma from untreated control mice. We therefore 

concludedd that the routine use of heparinized syringes during murine blood collection as well as 

mixturess of murine and human plasma did not interfere with our analysis. The results depicted 

inn Figure 6 demonstrate that the SSRI drug levels in the murine circulation highly exceeded those 

requiredd for effective inhibition of platelet [125I]MIBG uptake. 
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fluvoxaminee (50) §j sertraline (20) 

34xx 1OOx 
Dilutionn factor of murine plasma 

Figuree 6. In vitro inhibition of the 
[125I]MIBGG uptake in isolated human 
plateletss by different dilutions of plasma 
obtainedd from SSRI-treated mice. One 
hourr before collecting plasma, mice 
receivedd the reuptake inhibitor at the mg/ 
kgg dose indicated between parenthesis. 
Dataa are from a representative experiment 
performedd in duplicate and were 
confirmedd by at least 2 experiments 
performedd at slightly different conditions. 
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DISCUSSION N 
Thrombocytopeniaa is the predominant side effect encountered in [131I]MIBG treatment of 

neuroblastoma.. Because the thrombocytopenia is characterized by a delayed onset, we assume 

thatt the precursor megakaryocytes in the bone marrow are the primary targets of clinical MIBG 

toxicity.. In a previous study we have demonstrated that MIBG is taken up by human platelets in 

largee and serotonin equivalent amounts, and that MIBG could be considered to be promiscuous 

forr two related but different monoamine transporters, i.e. that of serotonin and norepinephrine 

[17].. This was confirmed by the results of our present study, showing that most SSRIs were at 

leastt equally effective in reducing the platelet uptake of MIBG than that of the natural substrate 

serotonin,, seen the consistently lower ICS0 values. Assuming that the monoamine transporter 

profilee of the platelets is similar to that of their precursors, the megakaryocytes, the application 

off SSRI could be used to circumvent [131I]MIBG induced thrombocytopenia. 

Wee have therefore investigated whether 5SRI can inhibit the accumulation of MIBG in platelets 

withh no effect on that in the neuroblastoma tumor, using in vitro and in vivo tumor models. Our 

findingg that paroxetine is the most potent inhibitor of the serotonin transporter is consistent 

withh other investigations [18, 30]. It should be noted that in the past various techniques and 

modelss have been used to investigate the efficacy of different SSRIs, for instance by determining 

thee IC for uptake of the different monoamines both in vitro and in vivo. Several groups have 

reportedd on in vitro uptake inhibition studies using platelets isolated from man or rat [27, 21 ], or 

ratt brain synaptosomes [18, 19]. Further the affinity of the inhibitor for the transporter has been 

assessedd using radioligand binding assays either in crude preparations [ 19] or in human embryonic 

kidneyy cells, stably transfected with the human serotonin transporter [30]. Comparing our IC50 

valuess of serotonin uptake in platelets with those listed by others, we observed some differences 

whichh can be explained, apart from the above mentioned differences in test system, by variations 

inn experimental conditions such as incubation time, substrate concentrations and protein levels. 

Becausee all SSRIs are highly protein bound, e.g. 50% of citalopram [31 ] and 95% of paroxetine 

[32],, differences in protein levels even within the same assay will result in different free drug 

concentrationss and thus influences the IC50 values. 

Potencyy and selectivity do not coincide as can be seen by comparing for instance paroxetine 

andd citalopram. Using our in vitro test systems the most selective drug was citalopram, because it 

blockedd the MIBG uptake in platelets about 1450 times more effective than the MIBG uptake in 

thee SK-N-SH neuroblastoma cells. This is consistent with previous findings that citalopram is the 

mostt selective SSRIs for serotonin uptake with IC50 norepinephrine uptake/ IC50 serotonin uptake 

ratioss between 1500 - 3400 [30, 33,18, 19]. However, the order of potency reported here i.e. 

paroxetinee > citalopram, fluvoxamine > sertraline > fluoxetine, was highly comparable with that 

foundd by others [19,33] although the potency of sertraline occasionally varied [ 18, 30]. 
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Inn clinical practice the tricyclic antidepressants are being replaced by the SSRIs, not only 

becausee the tricyclic antidepressants are not as effective as the newly developed drugs, but 

mainlymainly due to undesirable side effects caused by the inhibition of re-uptake of the other 

monoaminess {eg. norepinephrine, dopamine) [19, 33]. Fully in agreement with the literature, 

wee found that imipramine was approximately equally potent in inhibiting the serotonin and 

norepinephrinee transporter, whereas clomipramine was somewhat more selective for the serotonin 

transporterr and desipramine was shown to be more selective for the norepinephrine transporter 

[18,, 19,30]. 

Thee most promising SSRIs were further tested in vivo, using athymic nude mice with a human 

neuroblastoma.. The biological relevance of this neuroblastoma-mouse model was demonstrated 

sincee desipramine pretreatment strongly reduced the MIBG accumulation, not only in the tumor 

butt also in the normal target tissues the heart and the adrenals. In contrast with desipramine, 

nonee of the SSRIs significantly affected MIBG accumulation in the tumor. Using the bioassay, 

wee showed that the SSRI drug levels in the blood of treated animals greatly exceeded those 

requiredd to fully block the MIBG uptake in platelets. Regarding the normal tissues, the SSRIs 

showedd no sign of inhibition of the uptake in the sympathetic end organs, but they all showed 

aa slight rise in the [125I]MIBG levels of the heart and lungs. Perhaps indirect effects of the SSRIs 

att the level of CNS might play a role, since serotonin is also as an important neurotransmitter 

involvedd in cardiovascular functions besides its role in the regulation of sympathetic activity [ 18]. 

Desipraminee administration did result in a lower [125I]MIBG level of the lungs although this 

reductionn was less pronounced compared with that in heart and adrenals. This observation 

mightt be explained by inhibition of a desipramine-sensitive transport system located in endothelial 

cellss in the lungs [34, 35]. Finally, the opposite changes induced by citalopram and paroxetine 

onn the [125I]MIBG accumulation in the liver, are not well understood. It is known that of the 

SSRIs,, paroxetine has the strongest inhibitory potency on the detoxifying cytochrome P450 liver 

enzymess [33] which could possibly interfere with MIBG clearance. 

Forr the purpose of our study i.e. blocking platelet [13,I]MIBG uptake after infusion of a 

therapeuticc high radioactivity dose of [131I]MIBG, the SSRI should be effective after a single 

ingestionn but with a discreet period of biological activity. For this we have evaluated which of 

thee SSRIs would be most suitable for future application during MIBG therapy, taking into account 

thee pharmacokinetic behaviour reported by others in combination with our results discussed 

above.. The primary metabolite of citalopram, desmethylcitalopram is less potent than citalopram 

inn inhibiting serotonin uptake in vitro, but desmethylcitalopram is 100 fold more selective in 

inhibitingg the serotonin versus the norepinephrine uptake in vivo [18, 28]. After oral ingestion 

bothh citalopram and fluvoxamine are completely absorbed: maximum plasma drug levels are 

reachedd within several hours, i.e. 3 h for citalopram [31 ], and 2 - 8 hours for fluvoxamine [36], 

withh a plasma half life of 33h and 16 h respectively. Therefore, we consider both citalopram and 
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fluvoxaminee very suitable candidates to protect the blood platelets and precursor megakaryocytes 

fromm storing [131I]MIBG in patients undergoing MIBG therapy. Other candidates were rejected 

forr various reasons. For instance, the elimination of norfluoxetine, the primary and active 

metabolitee of fluoxetine, is very slow (7 -15 days) which makes it not a suitable candidate to be 

furtherr tested in vivo [37]. Sertraline is not very applicable for single dose administration because 

onlyy 44% is absorbed after oral ingestion [38]. Paroxetine is well absorbed after oral administration 

butt undergoes extensive first- pass metabolism [32], reducing its bioavailability to approximately 

50%% [32]. 

Basedd on the finding that citalopram and fluvoxamine can fully and selectively reduce the 

MIBGG uptake in platelets but not in the tumor, together with the above described favourable 

pharmacokineticc properties, we recommend these two compounds for future clinical studies of 

preventionn of MIBG accumulation in platelets, and possibly in the megakaryocytes. 

Inn ongoing studies, the SSRI sensitivity of the MIBG uptake in megakaryocytes will be 

investigatedd using the method of Nicholl et al., [45] to obtain high numbers of human mega-

karyocytess by selective culturing of bone marrow cells. 
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