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II NEUROBLASTOMA 
I.II Introduction 

Neuroblastomaa is one of the more common solid tumors of childhood. In Europe, the incidence 

off neuroblastoma is 9.6 per million children per year (1). It displays a remarkable spectrum of 

clinicall behavior; on the one hand there are the highly malignant, therapy resistant tumors with 

aa very bad prognosis and on the other hand it has the highest rate of spontaneous remission 

describedd for a malignant neoplasm (2). Such spontaneous remissions occur predominantly in 

thee youngest age group and are characterized by disappearance of the tumor and its metastases 

orr by maturation to a fully differentiated cell type (ganglioneuroma) (3). 

1.111 Pathology 
Neuroblastomaa was first described in 1864 by a German pathologist Virchow (4). In 1910 the 

similarityy between neuroblastoma tumors and adrenal medulla cells was described by Wright 

(5).. Neuroblastoma is one of the " small, round, blue cell tumors of childhood". The origin of this 

embryonall tumor is found in the sympathetic nervous system, it is derived from primordial 

neurall crest cells, which ultimately form the sympathetic ganglia, adrenal medulla and other 

sites.. Normally, neuroblasts that form the adrenal medulla, develop into cells that produce and 

storee norepinephrine (chromaffin cells). A neuroblastoma is a highly cellular tumor in which 

rosettess are visible, which contain a tangle of neurofibrillary material (6). Apart from neuroblastoma 

theree are two variants, ganglioneuroblastoma, a mixed tumor, which also contains mature 

ganglionn cells in addition to undifferentiated neuroblastoma cells, and the benign and fully 

differentiatedd ganglioneuroma. It is thought that neuroblastoma develops from immature 

neuroblasts,, ganglioneuroma from more differentiated sympathetic ganglion cells, and 

phaeochromocytomaa from differentiated catecholamines producing chromaffin cells. 

I.illl Biochemistry 
Likee the postganglionic nerves of the sympathetic nervous system and adrenal medullary 

cells,, neuroblastoma cells have the ability to synthesize, store and release catecholamines (i.e. 

epinephrine,, norepinephrine, and dopamine). The primary metabolite of epinephrine and 

norepinephrinee is 4-hydroxy-3-methoxymandelic acid (HMMA), also known as vanillymandelic 

acidd (VMA), and the primary metabolite of dopamine is 2-hydroxy-3-methoxyphenylacetic acid 

(HPMA),, that is also known as homovanillic acid (HVA). These metabolites are elevated in most 

off the patients at diagnosis. Furthermore, the majority of the neuroblastoma tumors contain the 

norepinephrinee transporter (NET). This transport protein is normally expressed in sympathetic 

nervee endings, where it takes up the norepinephrine, after it has been released in the synaptic 

junction.. This transport system is used when neuroblastoma are visualized or treated by radio-
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iodinatedd meta-iodobenzylguanidine (MIBG). This will be further discussed under MIBG treatment 

(sectionn II and IV). 

I.IVV Clinical features 
Mostt patients w i th neuroblastoma present w i th symptoms caused directly by the primary 

tumorr or metastases (table 1). The primary tumor is in  40% situated in the adrenal medulla 

andd in  30 % in the abdominal paraganglia or in the sympathetic nervous side chain. Other 

sitess of the primary tumor are the thoracic sympathetic side chain (+ 15%), the cervical (  8%) 

andd in the pelvic sympathie trunk (  7%). Only about one third of patients have localized disease 

att presentation; two thirds have metastases. The most common metastatic sites in patients 

underr 12 months of age are subcutis, liver and bone marrow. In older patients neuroblastoma 

frequentlyy metastasizes to lymph nodes, bone marrow, orbita, bone and dura. 

Tablee 1 Clinical features of neuroblastoma * 

Primar yy tumo r 

Abdomenn and/ or pelvis 

Paraspinall (local) 

Paraspinall ;Thoracic 

Paraspinal:: Cervical 

Metastase s s 

Bone e 

Orbita a 

Bonee marrow 

Liver r 

Skin n 

Placental l 

Neurologicall effects 

Metabolicc effects 

Clinica ll  featur e 

Discomfort;; fullness; anorexia and vomiting 
Palpablee mass; abdominal pain 
Urinaryy dysfunction; constipation or fecal incontinence 

Backk pain; cord compression; scoliosis; sphincter dysfunction 

Dyspneaa or dysphagia 

Thoracicc inlet obstruction and vena cava superior syndrome 

Horner'ss syndrome, palpable tumor 

Clinica ll  featur e 

Pain;; palpable mass 

Uni-- or bilateral periorbital ecchymosis and proptosis 

Rangingg from asymptomatic to anemia, leukopenia and 
thrombocytopenia. . 

Abdominall distention with or without respiratory problems 
Jaundice e 

Non-tenderr bluish subcutaneous nodules. 

Fetal:Fetal:  anemia, hydramnion or hydrops fetalis, fetal death. 
Maternal:Maternal:  hypertension, palpitations, signs of (pre-) 
eclampsia. . 

Paraplegiaa due to cord compression; ataxia; opsomyoclonus 

Hypertension;; flushing; irritability; sweating; diarrhea 
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I.VV Clinical staging and risk grouping. 
Agee is an important factor for the neuroblastoma patients; children of all stages over the age 

off one year have an inferior prognosis than younger infants. Several staging systems are being 

used,, the oldest is the Evans staging system (8) which still is being used but which is being 

replacedd by the International Neuroblastoma Staging System (INSS) (9). In both systems, the 

stagingg of the neuroblastoma is based on findings by physical examination, nuclear imaging 

(1311 l-MIBG, for the INSS), abdominal ultrasound and bone marrow analysis, but the INSS includes 

surgicall intervention to demonstrate metastases, eg node positivity. The Shimada system is a 

histologicall staging of the neuroblastoma, which includes also the age of the patient, as well as 

thee mitosis-karyorhexis index to include prognostic factors (10). 

Biochemicall markers that correlate with poor outcome are serum ferritin (11), lactic 

dehydrogenasee (12,13), neuron-specific enolase (14) and the pattern of urinary catecholamine 

excretionn (15,16). 

Recentt advances in understanding of the biology and genetics of neuroblastoma has led to 

thee insight that specific genetic changes allow tumors to be classified into subsets with distinct 

clinicall behavior. Tumors with a near-triploid chromosome number have been associated with a 

favorablee outcome, although this appears to be useful primarily for patients less than one year 

off age with advanced stages of disease (17). Amplification of MYCN correlates with advanced 

stagess of disease, rapid tumor progression and poor prognosis (18,19). Gain of chromosome 

17qq appears also to be associated with a more aggressive subset of neuroblastomas, but it is 

foundd in all age and stage groups (20, 21). Gain of 17q is often involved in a novel mechanism 

leadingg to allelic loss of chromosome 1 p (22), and this loss of heterozygosity for chromosome 1 p 

showss again a strong correlation with poor event-free survival of neuroblastoma patients (23). 

Soo to be able to classify the patients in groups that indicate not only the stage, but also the 

prognosiss and therefore the therapy, the Pediatric Oncology Group (POG) and Children's Cancer 

Groupp (CCG), now together the childrens oncology group (COG), have described three groups 

basedd on the INSS stage, patients age, MYCN copy number, DNA index and Shimada histology 

(24)) (table 2). Therapy for neuroblastoma ranges from no therapy at all to the use of a combination 

off extensive surgery, intensive chemotherapy with bone marrow rescue and sometimes 

radiotherapy. . 

I.VII Therapy and prognosis. 
Treatmentt of localized neuroblastoma: the low-risk group (table 2A). This group accounts for 

36%% of all patients with neuroblastoma. Patients of any age should first be treated with surgery 

alone.. Adjuvant chemotherapy after surgery for infants with localized neuroblastoma is not 

justified.. In the event of incomplete resection, it is becoming increasingly controversial (25, 26, 

27)) but can be justified in patients with unfavorable biological features. Radiotherapy may be 
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Tablee 2: Neuroblastoma COG prognostic groups 

Tablee 2A: low-risk group 

INSSS stage Patient age(years) MYCN Status 

11 0-21 
<1 1 

2A/2BB 1-21 
1-21 1 

4SS <1 

MYCNN Status 

Any y 
Any y 
Non-amplified d 
Amplified d 
Non-amplified d 

DNAA Index 

Any y 
Any y 
NA A 
NA A 
Hyperdiploid d 

Shimadaa nisi 

Any y 
Any y 
Any y 
Favorable e 
Favorable e 

Tablee 2B: intermediate-risk group 

INSSS stage Patient age(years) 

33 <1 
1-21 1 

44 <1 
<1 1 

4SS <1 

MYCNN Status 

Non-amplified d 
Non-amplified d 
Non-amplified d 
Non-amplified d 
Non-amplified d 

DNAA Index 

Any y 
NA A 
Any y 
Diploid d 
Hyperdiploid d 

Shimadaa histology 

Any y 
Favorable e 
Any y 
Favorable e 
Unfavorable e 

Tablee 2C: high-risk group 

INSSS stage Patient age(years) 

2A/2B B 

3 3 

4 4 
4S S 

1-21 1 
<1 1 
1-21 1 
1-21 1 
<1 1 
1-21 1 
<1 1 

MYCNN Status 

Amplified d 
Amplified d 
Non-amplified d 
Amplified d 
Amplified d 
Any y 
Amplified d 

DNAA Index 

NA A 
Any y 
NA A 
NA A 
Diploid d 
NA A 
Any y 

Shimadaa histology 

Unfavorable e 
Any y 
Unfavorable e 
Any y 
Any y 
Any y 
Any y 

NA,, not applicable. 
** Deduced from Pearson et Philip (24). 

beneficiall in patients whose tumors show MYCN amplification, or in the event of local relapse 

associatedd with other unfavorable biological features. The long term event free survival for 

patientss < 1 year is > 90%, and for patients > 1 year it is 75 - 90% (27, 28, 29, 30, 31). 

Treatmentt of unresectable neuroblastoma: intermediate-risk group (table 2B). This group 

accountss for 10% of all patients. They have a 74% survival rate when given conventional 

chemotherapyy followed by surgery without radiotherapy (24). 

Treatmentt of the high-risk group (table 2C). These patients are the largest group, comprising 

54%% of all cases, and up to now the long-term survival is maximally 27% despite intensive 

chemotherapy,, surgical resection, and myoablative therapy. 
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Differentt treatment schedules can be used but treatment schedules were usually divided into 

threee phases: induction therapy, surgery and post surgical treatment. The induction therapy can 

comprisee platinum-based therapy, followed by increasing dose-intensive chemotherapy 

combinations,, myoablative therapy and treatment for minimal residual disease with for example 

retinoicc acid. The different treatment schedules were reviewed by Matthay (32), and Hartmann 

andd Berthold (33). In most of the treatment centers in the Netherlands patients with newly 

diagnosedd irresectable neuroblastoma are being treated with [131I]MIBG (see below section 11.11). 

III MIBG 
11.11 a Introduction 

Mefa-lodobenzylguanidinee (MIBG) is a derivative of the neuron blocking agents bretylium 

andd guanethidine with a structure analogy to norepinephrine (34). It contains an iodinated 

benzylringg with a diamine side-chain, which is positively charged at physiological pH (Fig. 1). 

MIBGG Norepinephrine Serotonin 
HH H 

// v V /,NH / _ . H H HO | | 

Wrcvv S>irh ^jrr 
II HO H 

Itt was developed for imaging the adrenal medulla. When radiolabeled with '311 or 1 2 3 l , MIBG can 

bee used to visualize tumors of neuroadrenergic tissues such as neuroblastoma, pheochromo-

cytoma,, paraganglioma, medullary thyroid carcinoma and carcinoids (35,36). MIBG is specifically 

takenn up in neural crest tumors by the norepinephrine transporter (NET), which is the presynaptical 

re-uptakee system of norepinephrine, previously called "uptake-1" (37). Cumulative findings of 

[,31I]MIBGG scintigraphy indicate that 91.5% of neuroblastoma concentrate MIBG (38). Higher 

dosess of [13,I]MIBG with a high specific activity may be used for the treatment of these tumors. 

Inn the Netherlands [131I]MIBG is being used as the first-line treatment for inoperable neuroblastoma, 

beforee surgery or chemotherapy, in order to obtain operability (39, 40). 

II.lbb Biodistribution and pharmacology 
Afterr intravenous administration of radioiodinated MIBG, radioactivity is rapidly distributed 

fromm the vascular compartment (41, 42), followed by a slow redistribution from the peripheral 

compartmentt into the central compartment. Glomerular filtration rate has a major influence on 

MIBGG pharmacokinetics and MIBG is likely to be also excreted by a tubular secretion mechanism 

(43).. During MIBG therapy adequate hydration is therefore propagated. After therapeutic doses 
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plasmaa concentrations of MIBG are < 0.1 mM (42, 44). Two components of MIBG uptake have 

beenn identified: 

11 specific uptake via the NET that is saturable, has a high affinity for MIBG and is sodium-

temperature-- or energy-dependent and 

22 nonspecific uptake that is nonsaturable, has a low affinity for MIBG and is not sodium-, 

temperature-- or energy-dependent (45). 

Inn the neuroblastoma, MIBG is being taken up from the plasma via the NET, and it is subsequently 

storedd in neurosecretory granules (37). Neuroblastoma contains few neurosecretory granules, 

andd the retention of MIBG in neuroblastoma is thus a constant fraction of the loading level, 

beingg a dynamic equilibrium of release and re-uptake (46). The maximal cell loading of MIBG in 

thee neuroblastoma is determined by short incubations at high concentrations, so in clinical 

practice,, short infusions (op to 2 hrs maximum or bolus injections) are propagated. Distribution 

off radioactivity 24 hr after [131I]MIBG or[123l]MlBG administration showed uptake in the salivary 

glands,, spleen, heart and liver and visualization of the urinary bladder. Visualization of the 

salivaryy glands, heart and the spleen was due to extensive sympathetic innervation of these 

organs,, whereas the liver was probably depicted because of its volume, vascularity and extraction 

capacityy (47, 48). Lungs, colon and kidneys were less frequently visualized and thyroid was only 

visualizedd when pre-treatment with non-radioactive iodide, to completely block the thyroid, had 

beenn inadequate or omitted (48). 

II.lcc Pre-dosing w i th unlabeled MIBG. 

Unlabeledd MIBG used as pre-dose, given prior to administration of [131I]MIBG changes the 

biodistributionn and led to highly improved selective tumor targeting up to 70% of the subsequent 

[13,I]MIBGG dose in carcinoid patients (36, 50). As a result the relative uptake of [131I]MIBG is 

increasedd in a number of these patients, initially not qualifying for [131I]MIBG therapy, to levels 

permittingg treatment with the radiopharmaceutical (51, 52). In neuroblastoma patients, and in 

neuroblastomaa xenografted mice this predosing with unlabeled MIBG decreased the uptake of 

[l311 l]MIBG in normal tissues, whereas the tumor uptake was not affected, enhancing the tumor/ 

non-tumorr ratio (dr C. Hoefnagel personal communication, 52, 53). 

II.III Clinical application 
ll.llaa The use of [131I]MIBG. 

Forr therapy MIBG radiolabeled with 131l is used, which decays with a physical half life of 8 

days,, emitting gamma rays (364 keV) and beta particles (250 - 619 KeV). These gamma rays 

escapee the body and can be used for scintigraphic imaging, and the beta particles deposit their 

energyy locally (maximum range 2.4 mm), i.e. as cross fire in the targeted and neighboring cells. 

[131I]M!BGG can be given upfront, as first treatment before chemotherapy. Its cross-fire effect 
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(radiation-inducedd cell damage caused by radionuclides localized in neighboring cells) is the 

reasonn that [131I]MIBG is being used for large and bulky tumors, as first-line treatment before 

chemotherapy.. In the Netherlands the patients receive 2 to 4 cycles [131I]MIBG, after which the 

patientss are being operated in order to remove the primary tumor. This is followed by 

chemotherapy,, ablative chemotherapy and autologus bone marrow infusion. Up to now J. de 

Krakerr reported on the use of [131I]MIBG in 66 patients. Among those, 47 were stage 4, 15 

stagee 3, three stage 2A and four stage 4S patients according to INSS criteria (39, 40). The 

resultss are about the same as with intensive preoperative chemotherapeutic schemes. Long 

lastingg complete responses are still rare after [131I]MIBG treatment (39, 40, 55), however with 

feww side effects (39, 55). The condition of the patients improved dramatically, as is expressed by 

relieff of pain within 24 to 48 hours, and weight gain of 3 - 11 % (39). 

Patientss with a recurrent neuroblastoma after previous treatment with chemotherapy and 

high-dosee chemotherapy followed by stem cell rescue, are being treated with [131I]MIBG. First a 

groupp of 36 patients was treated with [131 l]MIBG, and although there were ultimately no survivors, 

completee remissions were temporarilly obtained and prolongation of life was achieved (56). 

Againn the palliative effect of this treatment was considerable; the major toxicity was 

thrombocytopenia,, especially in the patients that had been pre-treated with platinum (56). In 

orderr to achieve an increase in life expectancy of this group of patients, hyperbaric oxygen treatment 

wass added to this schema (57). Comparing these two groups of patients, with and without oxygen, 

aa 2-year survival rate of 74 versus 45% was attained, but there are long survivors up to 11 years 

thatt received first MIBG (57). In order to increase the effectiveness of the [131I]MIBG / hyperbaric 

oxygenn therapy, a phase II study was started in 1997, in which the patients are given regular doses 

off vitamin C. Vitamin C is a substance known to have antioxidant properties, which protects cells 

againstt oxidative stress. However, under certain conditions vitamin C can also act as a pro-oxidant, 

e.g.. in the presence of Fe++, vitamin C can give rise to the formation of free radicals. Neuroblastoma 

containss high levels of ferritin (which is an iron binding protein), and addition of vitamin C to 

neuroblastomaa cells causes extensive free radical related damage within the cells (58, 59). The 

resultss of the study have to be awaited. 

[1311 l]MIBG has also been used as part of an intensive consolidation approach after conventional 

chemotherapyy (54, 60). This has led to a prolonged disease-free survival, but after 5 years only 

onee patient out of 13 remained alive (60). In a phase I dose escalation study of [131I]MIBG with 

autologouss bone marrow support, Matthay and colleagues reported a response rate of 37%, 

butt with two toxic deaths (54). 

Thee relationship between the presence of the NET and the [13'I]MIBG uptake capacity in the 

neuroblastomaa is being studied in a multicenter european study by Dr R. Mairs (Glasgow university) 

andd colleagues using reversed transcriptase polymerase chain reaction (RT-PCR). We have analyzed 

tumorr samples (one or more per patient)) for the presence of the NET and the vesicular monoamine 
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transporterr 2 (VMAT 2). The latter indicates the presence of storage granules. In our center, 

sampless from 24 patients have been analyzed {see table 3), and it is clear that the presence of 

thee NET strongly correlates with [131I]MIBG uptake in the tumor. None of the patients with a 

negativee MIBG scan showed expression of the NET. One patient with a positive MIBG scan 

showedd no presence of the NET in the tumor sample. If the NET expression had been the golden 

standard,, this patient would not have been treated with MIBG. We therefore advise to rely on a 

diagnosticc [131I]MIBG or [123I]MIBG scan, prior to the planning of [131I]MIBG therapy, and not to 

relyy on the RT-PCR of the NET. 

Tablee 3: Expression of NET and VMAT2 in neuroblastoma tumor biopsies. 

NET/VMAT22 Expression 

++ / + 

++ / -
- // + 
-/--

MIBGG scan 

24 4 
1 1 
0 0 
1 1 

positive e MIBG G scann negative 

0 0 
0 0 
2 2 
0 0 

II.libb The use of [125I]MIBG. 
Thee isotope 125l emits internal conversion and Auger electrons with ultrashort track lengths (< 

0.55 mm). The Auger electrons are extremely radiotoxic, provided that they originate within nm 

distancee of target DNA (61). Based on this concept [125I]MIBG was given to patients in an 

attemptt to destroy micro-metastases, with negligible radiation exposure of non-targeted 

neighboringg cells (62, 63). In the absence of intracellular concentration, the toxicity of [125I]MIBG 

shouldd be relatively low (64). Sisson hypothesized that 4 mCi of [125I]MIBG should cause the 

samee injury as 1 mCiof [13'I]MIBG (64). The results were not encouraging, and the major toxicity 

wass again hematological toxicity, being prevalent thrombocytopenia. Rutgers et al. demonstrated 

thatt [125I]MIBG had no therapeutic advantage over [131I]MIBG, in mice with a microscopic 

neuroblastomaa (61). 

II.Illl The use of non-radiolabeled MIBG. 
AA totally different action mechanism of MIBG is being studied by others (65, 66, 67), The 

mainn conclusions of these investigations are being described below. 

Highh doses of non-radiolabeled MIBG appeared to be effective in palliation of the carcinoid 

syndrome,, demonstrating only mild and transient side effects (65). The mechanism of palliation 

iss unknown, but the replacement of serotonin by unlabeled MIBG in the storage granules in the 

tumorr may reduce the sudden release of large amounts of serotonin and the accompanying 

symptoms.. Up till now doses of 135 mg/m2are given intravenously without many side effects 

(dr.. B. Taal personal communication). In carcinoid patients the side effects were stress-related 
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responsess like changes in blood pressure, dizziness and paleness, which disappeared after stopping 

thee infusion (65). 

Ann in vitro study on the cytotoxicity of unlabeled MIBG revealed that it had anti-proliferative 

effectss against a large number of cell lines of various origins. The anti-proliferative effects of 

MIBGG might result from inhibition of the mitochondrial respiratory chain (66), complex I and III 

(67)) as was described by Cornelissen et al. Because of this inhibition, the succinate driven ATP 

synthesiss was inhibited (67), and MIBG caused oxidative stress and up-regulation of anti-oxidant 

enzymess (68). 

Becausee of the mitochondrial inhibition, the cells are dependent on anaerobic glycolysis for 

theirr ATP production. This results in enhanced glucose consumption, increased lactate production 

andd reduced pH. Various strategies to improve the therapeutic index of anti-cancer drugs are 

basedd on this phenomenon, as several anti-cancer drugs have higher cytotoxicity at an acidic pH 

(69,, 70). 

Il ll  THROMBOCYTOPENIA 
Thee major toxicity of radiolabeled MIBG therapy in patients that have been intensively pre-

treatedd with chemotherapy, with platinum derivates, is hematological, with an often-isolated 

thrombocytopeniaa (54, 62, 71, 72, 73). 

III.II Radiotoxicity of [131I]MIBG therapy 
Afterr treating 90 patients, all pre-treated with platinum containing chemotherapy regimens, 

Lashfordd and colleagues reported that they found that the main toxicity was bone marrow 

suppressionn (73). They describe a significant association between prescribed whole-body-absorbed 

radiationn dose and marrow toxicity, and even in this study, the whole-body-absorbed radiation 

dosee measured during therapy was less than the prescribed whole-body-absorbed dose (73). At 

aa whole-body dose of 1.0 Gy, no major toxicity was observed, at 2.0 Gy 3 1 % of the patients 

developedd grade 3 or 4 thrombocytopenia, and at 2,5 Gy 80% (73). Sisson reported that in case 

off [131 l]MIBG therapy, the cGy dose of whole-body radiation was predictive of thrombocytopenia 

(62).. However for [125I]MIBG treatments, absorbed doses of whole-body radiation had virtually 

noo value in forecasting the changes in circulating platelets, and also blood dosimetry for [125I]MIBG 

hadd little or no correlation (62). The group of Matthay reported on the use of [131l]MIBG in a 

dosee escalation study, defining dose-limiting toxicity without and with autologous bone marrow 

supportt (54). In this study it was shown that the level of toxicity was similar to that reported 

beforee by Lashford (73), and that increased toxicity at higher whole-body irradiation doses was 

seenn with 15 and 18 mCi/kg. 12 mCi/kg was the maximum tolerable dose without bone marrow 
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rescue.. However nine patients, including three at the 12 mCi/kg level, never recovered platelet 

independencee before death, even though four of these received autologous bone marrow 

reinfusionn (54). In contrast Hoefnagel, using a fixed dose of [131I]MIBG, hence varying absorbed 

wholee body dose, described therapy-induced thrombocytopenia in 31 of 53 [131l]MIBG-treated 

patientss (that were atso pretreated with chemotherapy) (71). Isolated thrombocytopenia was 

nott clearly correlated with the degree of MIBG-storing tumor deposits within the bone marrow, 

norr with the whole-body radiation dose (71), although in case of bone marrow invasion a 

correlationn with depression of the whole bone marrow was found (71). 

III.III Other possible causes of thrombocytopenia. 
Soo even though it is known that neutropenia and thrombocytopenia are also common 

complicationss of extended-field radiotherapy and of radiolabeled immunoglobin therapy, the 

questionn still arises if the whole-body-absorbed dose is the main cause of the [131I]MIBG therapy 

associatedd toxicity. 

Tryingg to explain and calculate the riskfor this thrombocytopenia, it appeared that the absorbed 

dosess to the blood were small and much lower than the whole-body dose (74), because the 

[1311 l]MIBG was cleared rapidly from the circulation (45, 75). Sisson further described that marrow 

aspiratess of three patients contained quantities of radioactivity similar to those in the respective 

bloodd specimens obtained at the same time. It was therefore not clear how the bone marrow 

receivedd so much radiation (74). 

Forr some tumors, radiolabeled immunoglobin therapy is a cancer treatment that seems more 

selectivee than its predecessors (76). In a review, Vriesendorp and coworkers described that the 

dose-limitingg side effects of radiolabeled immunoglobin therapy are hematological: 

granulocytopeniaa and thrombocytopenia (76). The isotopes used are lodine-131, lndium-111 

andd Yttrium-90. So of the three bone marrow cell lineages, the thrombocytic lineage is the most 

sensitivee for radionuclide therapy. In contrast to these isotopes, after the use of an lodine-125 

labeledd monoclonal antibody in patients with advanced colon cancer, doses up to 350 mCi/m2 

didd not cause bone marrow toxicity (77). Comparing the use of [125I]MIBG and [131I]MIBG, because 

off the low penetrating capacity of the 125l derived electrons, and the presumed absence of 

intracellularr concentration of [125I]MIBG in the hematopoietic cells, the toxicity of [125I]MIBG 

shouldd be relatively low (64). Theoretically, 4 mCi of [125I]MIBG should cause the same injury as 

11 mCi of f13' l]MIBG (64). In the case of the Iodine-125 labeled monoclonal antibody this hypothesis 

wass correct, but using [125I]MIBG the major and dose limiting toxicity was again thrombocytopenia, 

att much lower mCi doses than was expected (62). 

Thee thrombocytopenia, although never extensively described, can last for weeks to months. 

Matthayy described that nine patients never recovered platelet independence, although four of 

thosee had received autologous bone marrow reinfusion (54). Most of the patients with recurrent 
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neuroblastomaa had previously been treated with platinum derivates. The radioactive MIBG 

reactivatess the platinum derivates in the kidneys, and gives rise to temporarily impaired renal 

function,, and thus the excretion of the MIBG was slower in these patients, than in patients 

treatedd with MIBG upfront. In the patients that received [131I]MIBG without previous 

chemotherapy,, the thrombocytopenia following [131I]MIBG treatment is a lesser problem, but if 

aa patient was treated with ablative chemotherapy followed by autologous bone marrow infusion, 

thee thrombocytopenia can persist for months (personal communication dr. J. de Kraker). 

Thiss all suggests that the thrombocytopenia in addition to whole body exposure can be the 

resultt from specific [1311]MIBG related toxicity to the precursors of the platelets, the megakaryocytes. 

Itt is known that platelets have the capacity to accumulate MIBG (78, 79). So it is possible that 

thee precursor of the platelets, the megakaryocytes, can selectively bind, or accumulate, [131 l]MIBG 

too a level that would cause injury to these cells, but the quantity would not be apparent in an 

assayy of overall bone marrow radiotoxicity. 

Furthermore,, a patient was described, in whom a bone scan was associated with abnormal 

[13,I]MIBGG uptake in the femoral bone marrow. Instead of an initial diagnosis neuroblastoma, a 

megakaryocyticc leukemia was eventually diagnosed (80). 

IVV TRANSPORTERS 
IV.II Introduction 

Thee family of the monoamine transporters is a large family and comprised transporter systems 

suchh as the Norepinephrine transporter (NET), Dopamine transporter (DAT) and Serotonin 

transporterr (SERT) (81). These transporters exhibit the pattern of 12 hydrophobic membrane 

segments,, probably transmembrane domains (80) with a predicted topology suggesting NH2 

andd COOH termini inside the cell and a large glycosylated extracellular loop between 

transmembranee domains 3 and 4 (81). These transporters are ATP, and temperature dependent, 

andd Na+ and Cr coupled (81). In this family the transporters of the NET and SERT are the most 

closelyy related (81). In the next chapter, the most important properties of these proteins and the 

knownn MIBG uptake capacity will be described. 

IV.III Norepinephrine transporter 
Pacholczyckk first cloned this transporter from the human neuroblastoma cell line SK-N-SH 

(82).. The NET was expressed in COS cells and [125I]MIBG was used to demonstrate the uptake 

(82).. MIBG is very efficiently accumulated by this transporter, in vitro the highest uptake levels 

weree achieved by short time incubations at high dose (40). Because of the lack of many storage 

granules,, the level of retained drug is always a constant fraction of the loading level (47), since 

thesee cells retain MIBG by a dynamic equilibrium of release and re-uptake (49). Selective inhibitors 

off the NET are desipramine and cocaine (82, 83). 
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Serotoninn transporter (SERT) Norepinephrine transporter (NET) 

Figuree 2, deduced from Blakely et al (84). Predicted topological structures of plasma membrane 
norepinephrinee transporters (NETs) and serotonine transporters (SERTs). Both carriers are predicted 
too span membrane with 12 transmembrane domains. Both NETs and SERTs bear a large hydrophilic 
loopp between transmembrane domains 3 and 4, within which are located the sites for glycosylation. 
Potentiall sites for protein phosphorylation are also depicted. 

IV.Illl Serotonin 

Thee human SERT appears to derive from a single genomic locus on chromosome 17q 11.2 

(84),, and has been identified in human brain, human platelets, human placenta, human lung 

andd rat adrenal gland (81). We demonstrated the presence in human megakaryocytes cultured 

inin vitro (See chapter V). Since the cloning, this protein has extensively been investigated. The 

SERTT protein is identical in the human brain and platelets (85), but interestingly these SERT 

proteinss are differently glycosylated (81). N glycosylation seems important for the physical 

maturationn and surface targeting of the transporter, sugar addition may increase the probability 

thatt the transport protein is folded properly and /or is protected from degradation. Differences 

inn SERT inhibitor sensitivities between different species have been described, cloned rat and 

humann SERTs exhibit different sensitivities to tricyclic antidepressants, the human SERT was 

foundd to be more sensitive to these compounds (81). The site(s) of species sensitivity for tricyclic 

antidepressantss appear to reside at or near the last transmembrane domain (81). Studies 

concerningg the regulation of the activity of the SERT have shown, that the activity of the SERT is 

probablyy intracellular^ regulated by second messengers, by altering the phosphorylation of the 

SERT.. For example activation of protein kinase C has been implicated in platelet SERT down-

regulation.. Studies by Feldman et al. (78) and Guilloteau et al. (79) showed uptake of MIBG 

(probablyy via the serotonin transporter) in human platelets. In these studies, however, substrate 

concentrationss were not stated or uptake was measured at markedly different substrate 

concentrations.. Glowniak et al. (86) on the other hand reported that expression of the serotonin 
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transportt protein in normally non-MIBG importing cell lines did not lead to import of MIBG in 

thesee cell lines. In this study, no attention was paid to uptake of serotonin in the transformed 

celll lines. The lack of these positive controls makes Glowniaks study difficult to interpret. Selective 

inhibitorss of the serotonin transporter are the newer generation antidepressants, i.e. the selective 

serotoninn re-uptake inhibitors (SSRIs). Examples of these SSRIs comprise the compounds 

fluvoxamine,, citalopram, fluoxetine and paroxetine (see further chapter IV). 

IV.. IV Vesicular monoamine transporters 
Intracellular^^ the MIBG storage occurs in a similar way to catecholamine storage. There are 

twoo known vesicular monoamine transporters, i.e. VMAT1 and VMAT2 (87), which can use 

MIBGG as substrate (own observations; Personal communication dr M. Rutgers). In the 

neuroblastomaa the uptake of MIBG was by VMAT2 (88), which also uses norepinephrine and 

serotoninn as substrates. The granulas, in which MIBG is stored, have a low intracellular pH. This 

loww pH results from the proton pump activity of an ATPase located in the membrane of the 

granule.. Import of MIBG into the granule is the result of the reserpine (RSP) and tetrabenazine 

sensitivee exchange of intra-granular protons with extra-granular MIBG (89). 

IV.VV Retention of MIBG in platelets. 
Thee retention of MIBG in platelets was studied, and compared with the retention of serotonin. 

Wee assumed that after the uptake of MIBG in the human platelet, it would be stored intracellular^ 

inn the storage granules. After incubation of 2 hr for serotonin or 4 hrs for MIBG (bothlO-8 M), 

wee measured retention of the compounds as a function of time. After 150 minutes the retention 

off MIBG was still 63+10 % (n-3) and that of serotonin 90  13 % (n=4) (appendix). The 

sympathomimeticc drug tyramine, in high concentration, effectively displaced stored MIBG, but 

muchh less serotonin. When imipramin (30 uM) was added to 10-4 M tyramine, the level of MIBG 

retentionn was significantly higher, 45  7% (n= 3) than with tyramine alone, being 21  4% 

(n=3).. This effect was not seen when the retention of serotonin was studied. Tetrabenazin and 

reserpinn are inhibitors of the VMAT2 transporter, and co-incubation of the radioactive compound 

withh these inhibitors did significantly reduce the percentage of both retained compound. 

VV THROMBOPOIESIS 
V.II Introduction 

Too be able to investigate thrombocytopenia, one has to know about the origin of thrombocytes. 

Forr a long time it was not known if a specific growth factor for the megakaryocytes, such as 

erythropoietinn for the erythrocytes, did exist. Only after the cloning of thrombopoietin (TPO), 
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alsoo called megakaryocyte derived growth and development factor (MGDF), it became clear 

thatt indeed such a compound existed. TPO binds to its receptor, the c-mpl receptor, that is 

expressedd on the surface of platelets and bone marrow megakaryocytes. 

V.lll Thrombopoietin 
Thee TPO locus is localized on chromosome 3q26-27 (90). Numerous in vitro studies have 

shownn that recombinant forms of TPO not only induce proliferation of progenitor megakaryocytes, 

butt also their maturation (91, 92, 93, 94, 95, 96, 97, 98). Furthermore, there are studies that 

showw that the platelets produced from such cultures are morphologically and functionally indistinct 

fromm plasma-derived platelets (98). 

TPOO is primarily produced in the liver and circulates as a hormone. Serum levels of TPO are 

inverselyy related with the numbers of circulating platelets and of bone marrow megakaryocytes. 

Plateletss bind TPO with high affinity and internalize and degrade TPO (98). In the literature there 

aree also suggestions that binding of TPO to megakaryocytes may also regulate TPO levels (100). 

Twoo forms of human recombinant thrombopoietin are currently in clinical trials: The full 

lengthh molecule (rHuTPO) from Genentech and a truncated form of TPO, called recombinant 

humann megakaryocyte growth and differentiation factor conjugated to polyethylene glycol 

(PEG-rHumGDF)) from AMGEN. Unfortunately, when administered to patients, antibodies against 

PEG-rHumGDFF are being formed (101,102). No such problems have been reported with rHuTPO 

andd development of this preparation still continues. Furthermore there are indications that TPO 

mayy play a role in the biology of myeloproliferative disorders (103). So now different groups are 

tryingg to use TPO to grow megakaryocytic precursors in vitro, to be able to transplant autologous 

megakaryocytes,, and thus reduce the amount of allogenic thrombocytic transfusions (104). 

V.. 111 From megakaryocyte to platelet. 
Thee megakaryocyte is the bone marrow cell that is the precursor of the platelets and is 

uniquee in its large size and ploidy. 

Thee hematopoietic system is composed of heterogeneous populations of cells that have been 

schematicallyy divided into three compartments, i.e., a stem cell, a progenitor cell, and a terminally 

differentiatingg cell compartment. 

Thee megakaryocyte progenitor cells are thought to be a heterogenous population consisting 

off at least three cell types, each marked by varying degrees of proliferation. The earliest detectable 

celll in this lineage, the megakaryocyte high proliferative-potential colony-forming cell (MK-HPP-

CFC),, is followed by the burst-forming unit-megakaryocyte (BFU-Mk), which is more mature but 

itt retains a high proliferative capacity. The most differentiated of the MK progenitor cells is the 

colony-formingg unit CFU-Mk. 

Thee promegakaryoblasts are transitional cells intermediate between the proliferating progenitor 
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cellss and the postmitotic, mature megakaryocytes. These cells can be recognized by the expression 

off megakaryocyte/platelet specific markers such as platelet peroxidase, platelet glycoprotein 

llb/llla,, von Willebrand factor etc (105). These cells are restricted in their proliferative potential, 

beingg the developmental stage at which megakaryocytes cease to proliferate, but rather continue 

too increase DNA content (endomitosis). 

Morphologicallyy three stages of mature megakaryocytes can be recognized. The megakaryo-

blast,, the promegakaryocyte and the granular or platelet shedding megakaryocyte. The 

megakaryoblastt has a high nucleus to cytoplasma ratio and basophilic cytoplasma, reflecting 

thee large amounts of protein synthesis occurring in these cells. The promegakaryocyte shows 

bothh increases in nucleus and cytoplasmatic volume and in the number of platelet specific granules. 

Thee most mature, the granular megakaryocyte has a large and lobulated nucleus and abundant 

andd mature cytoplasm. The endpoint of megakaryocyte development is platelet shedding, the 

releasee of platelets into the blood stream. Unlike other cells, megakaryocytes continue to synthesize 

DNAA during differentiation, and in the process of endomitosis the lack of cell division results in 

polyploidd cells. The majority of DNA synthesis occurs in the promegakaryoblasts. 

Maturee megakaryocytes "go to " the sinusoids of the bone marrow and extend pseudopods 

(pro-platelets)) in these sinusoids. Within these pseudopods the platelets are interspaced by a 

demarcationn membrane system, which presumably directs their final packaging and release into 

thee sinusoidal space. 

Fromm these pseudopods the platelets are "budded off", and eventually the entire cytoplasm 

off the megakaryocyte is broken away. The nucleus undergoes phagocytosis by reticuloendothelial 

cells,, possibly in the lung (106). 

V.IVV Platelets. 
Humann platelets are on average 3.6  0.7 mm in diameter and 0.9  mM in thickness. The 

platelett membrane is approximately 7.5 nm in thickness and has a trilaminar unit structure. 

Overlyingg the membrane is the surface coat (glycocalyx), a fuzzy, irregular layer ranging from 10 

too 50 nm in thickness. This layer is composed of glycoproteins and mucopolysaccharides and 

containss sialic acids (108). 

Thee platelet contains a canalicular system (surface connecting tubular system), which is a 

networkk of vesicles and interconnecting channels that ramify throughout the entire cytoplasm 

andd communicate with the cell surface. That tubular system is found close to storage organelles 

suchh as the dense bodies and granules, and is lined with the same membrane and surface coat 

thatt covers the external surface of the platelet. Substantial evidence exists to support the theory 

thatt substances contained in the platelet organelles are extruded to the exterior trough this 

canalicularr system during the release reaction. The canalicular system also appears to be involved 

inn platelet phagocytosis (106). 
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VII MEGAKARYOBLASTI C LEUKEMIA CELLS 
Beforee the discovery of thrombopoietin, it was difficult to obtain megakaryocytes, in large 

quantitiess needed for uptake studies. To circumvent this methodological problem, continuous 

celll lines originating from leukemic marrow or peripheral blood have been established. A selection 

off these cell lines is: a human erythroleukemia cell line (HEL) (107, 108), and the megakaryoblastic 

celll lines MKPL-1 (106) and CHRF-288-11 (110). These cell lines express a range of megakaryocyte 

phenotypicc properties. In chapter 5 we investigate if these cell lines are a suitable model to 

studyy the uptake of serotonin and MIBG in megakaryocytes. Since no uptake of serotonin in 

thesee cells was found, we conclude that these cell lines are not a representative model (111). 

VIII A I M OF THE STUDY. 
Thee aim of our study was to clarify the mechanism of [131 IJMIBG related thrombocytopenia. 

Wee hypothesized that there was a direct toxic effect of the radiolabeled MIBG on the precursor 

cellss of the thrombocytes, the megakaryocytes. Because it was not possible to obtain large 

amountss of human megakaryocytes to evaluate the effect of MIBG on these cells, we started 

thee investigation with the daughter cells, the thrombocytes. These cells are easily obtained in 

largee amounts. 

Firstt we investigated the possibility that these cells could take up MIBG, and via which 

mechanismm this uptake could precede. Chapter 2 describes that [125I]MIBG was indeed taken up 

byy the thrombocytes and compares the uptake uptake of [125I]MIBG with that of serotonin, the natural 

substratee for the platelets. 

Knowingg that selective serotonin reuptake inhibitors (SSRIs) can interfere with the uptake, 

withh no effect on the norepinephrine uptake, we further investigated the effect of different 

SSRIss on MIBG (and serotonin) accumulation in human platelets in vitro and in neuroblastoma 

inin vivo (chapter 4). In this study, the possibility to selectively inhibit the MIBG accumulation in 

thee human platelets, without reducing the [125I]MIBG tumor loading in vivo is examined. 

Thee hypothesis was that the thrombocytopenia would be the result of a toxic effect of 

radiolabeledd MIBG on the megakaryocytes. Since the culturing of human megakaryocytes in 

vitrovitro was not possible at this time, we sought to find if megakaryocytic cell lines were a suitable 

modell to investigate the uptake and retention of [125I]MIBG and serotonin in megakaryocytes. 

Inn chapter 3 we evaluated the uptake of [125I]MIBG and serotonin in the megakaryocytic cell 

liness HEL, MKPL-1 and CHRF-288-11, and studied if they were representative as a model for 

megakaryocytes. . 

Afterr the cloning of the thrombopoietin gene, it was then possible to culture human 

megakaryocytess from human bone marrow progenitors in vitro in the presence of recombinant 
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thrombopoietin.. So now the accumulation of serotonin and MIBG by the megakaryocytes could 

bee investigated, and the inhibition of this process by the SSRIs. This is described in chapter 5. 

Too understand the results of the uptake studies (chapters 2, 3, 4 and 5) the expression 

profiless of different transporters were studied. In chapter 6 the expression of the cDNA and the 

proteinn of the NET, SERT, DAT, and VMAT, in the megakaryocytes, the platelets and the cell lines 

wi thh the megakaryocyte properties are explored. 

REFERENCES S 
1.. Voute PA, de Kraker J, Hoefnagel CA. Tumours of the sympathetic nervous system: neuroblastoma, 

ganglioneuromaa and phaeochromocytoma. In: Voute PA, Barret A, Lemerle J (eds.). Cancer in 
children:: clinical management, third edition, Springer-Verlag, 1992. 

2.. EversonTCandColeWH. Spontaneous regression of cancer, W.B. Saunders company, Philadelphia, 
1966;; 11-87. 

3.. Voute PA. Neuroblastoma. In: Sutow WW, Fernbach DJ, Vietti TJ (eds.), Clinical pediatric oncology, 
CVV Mosby Co, St Louis, 1984; 559-587. 

4.. Virchow R. Hyperplasie der zirbel und nebenniern, die krankenhaften geschwulste, Vol. 11, August 
Hirschwald,, Berlin, 1865; 149-150. 

5.. Wright JH. Neurocytoma or neuroblastoma, a kind of tumor not generally recognized. J Exp Med 
1910;; 12: 556. 

6.. Simpson JK, Gaze MN. Current management of neuroblastoma. The oncologist 1998; 3: 253-
262. . 

7.. Mugishima H and Sakurai M. Symptoms of neuroblastoma: paraneoplastic syndromes. In: Brodeur 
GM,, Sawada T, Tsuchida Y, Voute PA (eds.), Neuroblastoma, Elsevier Science b.v., 2000; 293-301. 

8.. Evans AE, D'Angio GJ, Randolph J. A proposed staging for children with neuroblastoma. Children's 
cancerr study group. Cancer 1971; 27: 374-378. 

9.. Brodeur GM, Pritchard J, Berthold F, Carlsen NL, Castel V, Castelberry RP, De Bernardi B, Evans 
AE,, Favrot M, Hedborg F, et al.. Revisions of the international criteria for neuroblastoma diagnosis, 
stagingg and response to treatment. J Clin Oncol 1993; 11: 1466-1477. 

10.. Shimada H, Ambros IM, Dehner LP, Hata J, Joshi W , Roald B, Stram DO, Gerbing RB, Lukens JN, 
Matthayy KK, Castleberry RP. The international neuroblastoma pathology classification (Shimada 
system).. Cancer 1999; 86: 364-372. 

11.. Hann HW, Evans AE, Siegel SE, Wong KY, Sather H, Dalton A, Hammond D, Seeger RC. Prognostic 
importancee of serum ferritin in patients with Stages III and IV neuroblastoma: The children's 
Cancerr Study Group experience. Cancer Res 1985; 45: 2843-2848. 



30 0 

12.. Quinn JJ, Altman AJ, Frantz CN. Serum lactic dehydrogenase, an indicator of tumor activity in 
neuroblastoma.. J Pediatr 1980; 97: 89-91. 

13.. Berthold F, Hunneman DH, Harms D, Kaser H, Zieschang J. Serum vanillylmandelic acid/homovanillic 
acidd contributes to prognosis estimation in patients with localised but not with metastatic 
neuroblastoma.. Eur J Cancer 1992; 28A: 1950-1954. 

14.. Zeltzer PM, Marangos PJ, Parma AM, Sather H, Dalton A, Hammond D, Siegel SE, Seeger RC. 
Raisedd neuron-specif ic enolase in serum of children with metastatic neuroblastoma. A report from 
thee Children's Cancer Study Group. Lancet 1983; 2: 361-363. 

15.. Voute PA. Neuroblastoom, ganglioneuroom en pheochromocytoom. A. Oorthoek's uitgevers 
maatschappijj NV, Utrecht, 1968 (thesis). 

16.. Schweisguth O. Excretion of catecholamine metabolites in urine of neuroblastoma patients. J 
Pediatrr Surg 1968; 3:118-120. 

17.. Look AT, Hayes FA, Shuster JJ, Douglass EC, Castleberry RP, Brodeur GM. Clinical relevance of 
tumorr cell ploidy and N-myc gene amplification in childhood neuroblastoma. A Pediatric Oncology 
Groupp Study. J Clin Oncol 1991; 9: 581-591. 

18.. Seeger RC, Brodeur GM, Sather H, Dalton A, Siegel SE, Wong KY, Hammond D. Association of 
multiplee copies of the N-myc oncogene with rapid progression of neuroblastomas. N Eng J Med 
1985;; 313. 1111-1116. 

19.. Ambros PF, Ambros IM, Strehl S, Bauer S, Luegmayr A, Kovar H, Ladenstein R, Fink FM, Horcher 
E,, Printz G. Regression and progression in neuroblastoma. Does genetics predict tumour behaviour? 
Eurr J Cancer 1995; 31 A: 510-515. 

20.. Caron H. Allelic loss of chromosome 1 and additional chromosome 17 material are both unfavorable 
prognosticc markers in neuroblastoma. Med Pediatr Oncol 1995; 24: 215-221. 

21 .. Brown N, Cotterill S, Lastowska M, O'Neill S, Pearson AD, Plantaz D, Meddeb M, Danglot G, 
Brinkschmidtt C, Christiansen H, Laureys G, Speleman F. Gain of chromosome arm 17q and adverse 
outcomee in patients with neuroblastoma. N Engl J Med 1999; 349: 1954-1961. 

22.. Caron HN, van Sluis P, van Roy N, de Kraker J, Speleman F, Voute PA, Westerveld A, Slater R, 
Versteegg R. Recurrent 1; 17 translocations in human neuroblastoma reveal non-homologous mitotic 
recombinationn during the S/G2 phase as a novel mechanism for LOH. Am J Hum Genet 1994; 55: 
341-347. . 

23.. Caron H, van Sluis P, de Kraker J, Bokkerink J, Egeler M, Laureys G, Slater R, Westerveld A, Voute 
PA,, Versteeg R. Allelic loss of chromosome 1p as a predictor of unfavorable outcome in patients 
withh neuroblastoma. N Eng J Med 1996; 334: 225-230. 

24.. Pearson ADJ and Philip T. Prognosis of low-risk and high risk neuroblastoma. In: 
Brodeurr GM, Sawada T, Tsuchida Y and Voute PA (eds.), Neuroblastoma, Elsevier Science b.v., 
2000;; 551-560. 

25.. Kushner BH, Cheung NK, LaQuaglia MP, Ambros PF, Ambros IM, Bonilla MA, Ladanyi M, Gerald 
WL.. International neuroblastoma staging system stage 1 neuroblastoma: a prospective study and 
literaturee review. J Clin Oncol 1996; 14: 373-381. 



Chapterr 1 31 

26.. Cheung NK, Kushner BH, LaQuaglia MP, Kramer K, Ambros P, Ambros I, Ladanyi M, Eddy J, 
Bonillaa MA, Gerald W. Survival from non-stage 4 neuroblastoma without cytotoxic therapy: an 
analysiss of clinical and biological markers. Eur J Cancer 1997; 33: 2117-2120. 

27.. Rubie H, Michon J, Plantaz D, Peyroulet MC, Coze C, Frappaz D, Chastagner P, Baranzelli MC, 
Mechinaudd F, Boutard P, Lutz P, Perel Y, Leverger G, de Lumley L, Millot F, Stephan JL, Margueritte 
G,, Hartmann O. Unresectable localized neuroblastoma; improved survival after primary 
chemotherapyy including carboplatin-etoposide. Br J Cancer 1998; 77: 2310-2317. 

28.. Castleberry RP. Clinical and biologic features in the prognosis and treatment of neuroblastoma. 
Currr Opin Oncol 1992; 4: 116-123. 

29.. Matthay KK, Stram D, Seeger RC, et al. A prospective Children's Cancer Group study of stage II 
neuroblastomaa treated with surgery alone. Proc Am Soc Clin Oncol 1993; 12: 414. 

30.. Koop CE, Kiesewetter WB, Horn RC. Neuroblastoma in childhood: survival after major surgical 
insultt to the tumor. Surgery 1955; 38: 272. 

31.. Castel V, Badal MD, Bezanilla JL, Llombarr A, Ruiz-Jimenez JL, Sanchez de Toledo J, Melero C, 
Mulett J. Treatment of stage III neuroblastoma with emphasis on intensive induction chemotherapy: 
aa report from the Neuroblastoma Group of the Spanish Society of Pediatric Oncology. 
Medd Pediatr Oncol 1995; 24: 29-35. 

32.. Matthay KK, Villablanca JG, Seeger RC, Stram DO, Harris RE, Ramsay NK, Swift P, Shimada H, 
Blackk CT, Brodeur GM, Gerbing RB, Reynolds CP. Treatment of high-risk neuroblastoma with 
intensivee chemotherapy, radiotherapy, autologous bone marrow transplantation, and 13-cis-retinoic 
acid.. N Eng J Med 1999; 341: 1165-1173. 

33.. Hartmann O and Berthold F. Treatment of advanced neuroblastoma: The European experience. In: 
Brodeurr GM, Sawada T, Tsuchida Y and Voute PA (eds.), Neuroblastoma, Elsevier Science b.v. 2000; 
437-452. . 

34.. Wieland DM, Wu J, Brown LE, Manger TE, Swanson DP, Beierswaltes WH. Radiolabelled adrenergic 
neuron-blockingg agents: adrenomedullary imaging with [13ll]iodobenzylguanidine. J Nucl Med 
1980;; 21: 349-353. 

35.. Hoefnagel CA, Voute PA, de Kraker J, Marcuse HR. Radionuclide diagnosis and therapy of neural 
crestt tumors using lodine-131 metaiodobenzylguanidine. J Nucl Med 1987; 28: 308-314. 

36.. Taal BG, Hoefnagel CA, Valdes Olmos RA, Boot H. Combined diagnostic imaging with 1 3 1 l -
Metaiodobenzylguanidinee and niln-Pentetreotide in carcinoid tumours. Eur J Cancer 1996; 32A: 
1924-1932. . 

37.. Smets LA, Janssen M, Rutgers M, Ritzen K, Buitenhuis C. Pharmacokinetics and intracellular 
distributionn of the tumor targeted radiopharmaceutical m-iodobenzylguanidine in SK-N-SH 
neuroblastomaa and PC12 phaeochromocytoma cells. Int J Cancer 1991; 48: 609-615. 

38.. Hoefnagel CA, de Kraker J. Childhood neoplasia. In: Murray IPC and Ell PJ (eds.), Nuclear Medicine 
inn clinical diagnosis and treatment, second edition, Churchill Livingstone, London, 1998; 1001-1014. 



32 2 

39.. de Kraker J, Hoefnagel CA, Caron HN, Valdes Olmos RA, Zsiros J, Hey HA, Voute PA. First line 
targetedd radiotherapy, a new concept in the treatment of advanced stage neuroblastoma. Eur J 
Cancerr 1995; 31A: 600-602. 

40.. de Kraker J, Hoefnagel CA, van Eck-Smit B, Vodte PA. 131-l-MIBGde novo, what have we learned 
soo far? Med Pediatr Oncol 1999; 33: 151. 

4 1 .. Munkner T. l31l-meta-iodobenzylguanidine scintigraphy of neuroblastoma. Semin Nucl Med 1985; 

15:: 154-160. 

42.. Wafelman AR, Hoefnagel CA, Maes RA, Beijnen JH. Radio-iodinated meta-iodobenzylguanidine: a 
revieww of its clinical use, biodistribution and pharmacokinetics, drug interactions, cytotoxicity and 
dosimetry.. Eur J Nucl Med 1994; 21: 545-559. 

43.. Blake GM, Lewington VJ, Zivanovic MA, Ackery DM. Glomerular filtration rate and the kinetics of 
123l-metaiodobenzylguanidine.. Eur J Med 1989; 15: 618-623. 

44.. Smets LA, Loesberg C, Janssen M, Metwally EA, Huiskamp R. Active uptake and extravesicular 
storagee of m-iodobenzylguanidine in human neuroblastoma SK-N-SH cells. Cancer Res 1989; 49: 
2941-2944. . 

45.. Jaques S, Tobes MC, Sisson JC, Baker JA and Wieland D. Comparison of sodium dependency of 
uptakee of meta-iodobenzylguanidine and norepinephrine into cultured bovine adrenomedullary 
cells.. Mol Pharmacol 1984; 26: 539-546. 

46.. Smets LA, Janssen M, Metwally E, Loesberg C. Extra-granular storage of the neuron-blocking 
agentt meta-iodobenzylguanidine (MIBG) in human neuroblastoma cells. Biochem pharmacol 1990; 
39:: 1959-1964. 

47.. Wieland DM, Brown LE, Rogers WL, Worthington KC, Wu J, Clinthorne NH, Otto CA, Swanson 
DP,, Beierwaltes WH. Myocardial imaging with a radioiodinated norepinephrine storage analog. J 
Nucll Med 1981; 22: 22-31. 

48.. Nakajo M, Shapiro B, Copp J, Kalff V, Gross MD, Sisson JC, Beierwaltes WH. The normal and 
abnormall distribution of the adrenomedullary imaging agent m-[l-131]iodobenzylguanidine (1-
1311 MIBG) in man: evaluation by sdntigraphy. J Nucl Med 1983; 24: 672-682. 

49.. Hoefnagel CA and Lewington VJ. MIBG therapy. In: Murray IPC and Ell PJ (eds.), Nuclear Medicine 

inn clinical diagnosis and treatment, second edition, Churchill Livingstone, London, 1998; 1067-

1081. . 

50.. Hoefnagel CA, Taal BG, Sivro F, Boot H, Valdes Olmos RA. Enhancement of ,31I-MIBG uptake in 
carcinoidd tumours by administration of unlabeled MIBG. Nucl Med Comm 2000; 21: 755-761. 

51 .. Zuetenhorst H, Taal BG, Boot H, Valdes Olmos RA, Hoefnagel CA. Longterm palliation in metastatic 
carcinoidd tumours with various applications of Meta-iodobenzylguanidine: pharmacological MIBG, 
131l-labelledd MIBG and the combination. Eur J Gastroenterol Hepatol 1999; 11: 1157-1164. 

52.. Taal BG, Hoefnagel CA, Boot H, Valdes Olmos RA, Rutgers M. Improved effect of 131I-MIBG 
treatmentt by predosing with non-radiolabelled MIBG in carcinoid patients, and studies in 
xenograftedd mice. Ann Oncol 2000; 11: 1437-1443. 



Chapterr 1 33 

53.. Rutgers M, Buitenhuis CK, Hoefnagel CA, Voute PA, Smets LA. Targeting of meta-
iodobenzylguanidinee to SK-N-SH human neuroblastoma xenografts: tissue distribution, metabolism 
andd therapeutic efficacy. Int J Cancer 2000; 87: 412-422. 

54.. Matthay KK, DeSantes K, Hasegawa B, Huberty J, Hattner RS, Ablin A, Reynolds CP, Seeger RC, 
Wienbergg VK, Price D. Phase I dose escalation of [l31l]-metaiodobenzylguanidine with autologous 
bonee marrow support in refractory neuroblastoma. J Clin Oncol 1998; 16: 229-236. 

55.. Treuner J, Klingebiel Th, Bruchelt G, Peine U, Niethammer D. Treatment results of neuroblastoma 
withh metaiodobenzylguanidine: Results and side effects. Med Ped Oncol 1987; 15: 199-202. 

56.. Voute PA, Hoefnagel CA, de Kraker J, Valdes Olmos R, Bakker DJ, van de Kleij AJ. Results of 
treatmentt with [131l]-metaiodobenzylguanidine([l3'l]-MIBG)in patients with neuroblastoma. Future 
prospectss of zetotherapy. Prog Clin Biol Res 1991; 366: 439-445. 

57.. Voute PA, van der Kleij AJ, de Kraker J, Hoefnagel CA, Tiel-van Buul MM, Van Gennip H. Clinical 
experiencee with radiation enhancement by hyperbaric oxygen in children with recurrent neuroblastoma 
stagell V. Eur J Cancer 1995; 31 A: 596-600. 

58.. Baader SL, Bruchelt G, Trautner MC, Boschert H, Niethammer D. Uptake and cytotoxicity of ascorbic 
acidd and dehydroascorbic acid in neuroblastoma (SK-N-SH) and neuroectodermal (SK-N-LO) cells. 
Anticancerr Res 1994; 14: 221-228. 

59.. Lode HN, Bruchelt G, Zinsser D, Baader SL, Rieth AG, Schade UF, Niethammer D. Ascorbic acid 
inducess lipid peroxidation in neuroblastoma SK-N-LO cells with high endogenous ferritin content 
andd loaded with Mab-ferritin immunoconjugate. Anticancer Res 1994; 14:1903-1906. 

60.. Gaze MN, Wheldon TE, O'Donoghue JA, Hilditch TE, McNee SG, Simpson E, Barrett A. Multi-
modalityy megatherapy with [13,l]meta-iodobenzylguanidine, high dose melphalan and total body 
irradiationn with bone marrow rescue: feasibility study of a new strategy for advanced 
neuroblastoma.. Eur J Cancer 1995; 31A: 252-256. 

61.. Rutgers M, Buitenhuis CKM, van der Valk MA, Hoefnagel CA, Voute PA, Smets LA. Therapeutic 
efficacyy of [131l]- and [,25l]meta-iodobenzylguanidine in macroscopic and microscopic SK-N-SH 
neuroblastomaa and PC12 rat pheochromocytoma xenograft models. Int J Cancer (Radiobiol Oncol 
Invest).. In press. 

62.. Sisson JC, Shapiro B, Hutchinson RJ, Carey JE, Zasadny KR, Zempel SA, Normolle DP. Predictors of 
toxicityy in treating patients with neuroblastoma by radiolabeled meta-iodobenzylguanidine. Eur J 
Nudd Med 1994;21:46-52. 

63.. Sisson JC, Shapiro B, Hutchinson RJ, Shulkin BL, Zempel S. Survival of patients with neuroblastoma 
withh 125-1 MIBG. Am J Clin Oncol 1996; 19: 144-148. 

64.. Sisson JC, Hutchinson RJ, Shapiro B, Zasadny KR, Normolle D, Wieland DM, Wahl RL, Singer DA, 
Mallettee SA, Mudgett EE. !odine-125-MIBG to treat neuroblastoma: preliminary report. J Nud 
Medd 1990; 31: 1479-1485. 

65.. Taal BG, Hoefnagel CA, Valdes Olmos RA, Boot H, Beijnen JH. Palliative effect of meta-
iodobenzylguanidinee in metastatic carcinoid tumors. J Clin Oncol 1996; 14: 1829-1838. 



34 4 

66.. Loesberg C, Van Rooij H, Nooijem WJ, Meijer AJ, Smets LA. Impaired mitochondrial respiration 
andd stimulated glycolysis by m-iodobenzylguanidine (MIBG). Int J Cancer 1990; 46: 276-281. 

67.. Cornelissen J, Wanders RJ, Van Gennip AH, Van den Bogert C, Voute PA, Van Kuilenburg AB. 
Meta-iodobenzylguanidinee inhibits complex I and III of the respiratory chain in the human cell line 
Molt-4.. Biochem Pharmacol 1995; 49:471-477. 

68.. Cornelissen J, Van Kuilenburg AB, Elzinga L, Van der Kleij AD, Voute PA, Van Gennip AH. Hyperbaric 
oxygenn enhances the effects of meta-iodobenzylguanidine (MIBG) on energy metabolism and lipid 
peroxidationn in the human neuroblastoma cell line 5K-N-BE(2C). Anticancer Res 1997; 17: 259-264. 

69.. Jahde E, Volk T, Atema A, Smets LA, Glusenkamp KH, Rajewsky MF. pH in human tumor xenografts 
andd transplanted rat tumors: effect of insulin, inorganic phosphate, and miodobenzylguanidine. 
Cancerr Res 1992; 52: 6209-6215. 

70.. Kuin A, Smets L, Volk T, Paans A, Adams G, Atema A, Jahde E, Maas A, Rajewsky MF, Visser G. 
Reductionn of intratumoral pH by the mitochondrial inhibitor m-iodobenzylguanidine and moderate 
hyperglycemia.. Cancer Res 1994; 54: 3785-3792. 

71.. Hoefnagel CA, Voute PA, de Kraker J, Valdes Olmos RA. [,31l]Metaiodobenzylguanidine therapy 
afterr conventional therapy for neuroblastoma. J Nucl Biol Med 1991; 35: 202-206. 

72.. Troncone L, Rufine V, Riccardi R, Lasoretla A, Mastrangelo R. The use of [T31l]metaiodo-
benzylguanidinee in the treatment of neuroblastoma after conventional therapy. J Nucl Biol Med 
1991;; 35: 232-236. 

73.. Lashford LS, Lewis U,Fielding SL, Flower MA, Meller S, Kemshead JT, Ackery D. Phase l/ll study of 
iodinee 131 metaiodobenzylguanidine in chemoresistant neuroblastoma: a United Kingdom 
Children'ss Cancer Study Group investigation. J Clin Oncol 1992; 10:1889-1896. 

74.. Sisson JC, Hutchinson RJ, Carey JE, Shapiro B, Johnson JW, Mallette SA, Wieland DM. Toxicity 
fromm treatment of neuroblastoma with 13M-meta-iodobenzylguanidine. Eur J Nucl Med 1988; 14: 
337-340. . 

75.. Lashford LS, Moyes J, Ott R, Fielding S, Babich J, Meltors S, Gordon I, Evans K, Kemshead JT. The 
biodistributionn and pharmacokinetics of meta-iodobenzylgaunidine in childhood neuroblastoma. 
Eurr J Nucl Med 1988; 13: 547-577. 

76.. Vriesendorp HM, Quadri SM, Anderson BS, Dicke KA. Hematologic side effects of radiolabeled 
immunoglobulinn therapy. Exp Hematol 1996; 24: 1183-1190. 

77.. Welt S, Scott AM, Divgi CR, Kemeny NE, Finn RD, Daghighian F, Germain JS, Richards EC, Larson 
SM,, Old LJ. Phase l/ll study of iodine 125-labeled monoclonal antibody A33 in patients with 
advancedd colon cancer. J Clin Oncol 1996; 14: 1787-1797. 

788 Feldman JM, Frankel N, Coleman RE. Platelet uptake of the pheochromocytoma-scanning agent 
1311-Meta-iodobenzylguanidine.. Metabolism 1984; 33: 397-399. 

79.. Guilloteau D, Chalons S, Baulieu JL, Huquet F, Desplanches G, Chambon C. Comparison of MIBG 
andd monoamines uptake mechanisms: pharmacological animal and blood platelets studies. Eur J 
Nucll Med 1988; 14: 341-344. 



Chapterr 1 35 

80.. Leung A, Shapiro B, Hattner R, Kim E, de Kraker J, Ghazzar N, Hartmann O, Hoefnagel CA, Jamadar 
DA,, Kloos R, Lizotte P, Lumbroso J, Rufini V, Shulkin BL, Sisson JCr Thein A, Troncone L. Specificity of 
radioiodinatedd MIBG for neural crest tumors in childhood. J Nucl Med 1997; 38: 1352-1357. 

81 .. Blakely D, De Felice LJ, Hartzell HC. Molecular physiology of norepinephrine and serotonin 
transporters.. J Exp Biol 1994; 196: 263-281. 

82.. Pacholczyck TD, Blakely RD, Amara SG. Expression cloning of a cocaine and antidepressant-sensitive 
humann noradrenaline transporter. Nature 1991; 350: 350-354. 

83.. Tobes MC, Jaques S, Wieland DM, Sisson JC. Effect of uptake-one inhibitors on the uptake of 
norepinephrinee and metaiodobenzylguanidine. J Nucl Med 1985; 26: 897-907. 

84.. Ramamoorthy S, Bauman AL, Moore KR, Han H, Yang-Feng T, Chang AS, Ganapathy V, Blakely 
RD.. Antidepressant- and cocaine-sensitive human transporter: molecular cloning, expression and 
chromosomall localization. Proc Nat Acad Sci U.S.A. 1993; 90: 2542-2546. 

85.. Lesch KP, Wolozin BL, Murphy DL, Reiderer P. Primary structure of the human platelet serotonin 
uptakee site: identity with the brain serotonin transporter. J Neurochem 1993; 60: 2319-2322. 

86.. Glowniak JV, Kilty JE, Amara SG, Hoffman BJ, Turner FE. Evaluation of metaiodobenzylguanidine 
uptakee by the norepinephrine, dopamine and serotonin transporters. J Nucl Med 1993; 34:1140-
1146. . 

87.. Erikson JD, Schafer MK, Bonner Tl, Eiden LE, Weihe E. Distinct pharmacological properties and 
distributionn in neurons and endocrine cells of two isoforms of the human vesicular monoamine 
transporter.. Proc Natl Acad Sci U.S.A. 1996; 93: 5166-5171. 

88.. Glasnier B, Roisin MP, Scherman D, Coornaert S, Desplanches G, Henry JP. Uptake of meta-
iodobenzylguanidinee by bovine chromaffin granule membranes. Mol Pharmacol 1986; 29: 275-280. 

89.. Njus D, Kelley PM, Harnadeck GJ. The chromaffin vesicle: a model secretory organelle. Physiologist 
1985;; 28, 235-41 

90.. Foster DC, Sprecher CA, Grant FJ, Kramer JM, Kuijper JL. Holly RD, Whitmore TE, Heipel MD, Bell 
LA,, Ching AF. Human thrombopoietin: gene structure, cDNA sequence, expression, and 
chromosomall localization. Proc Natl Acad Sci U.S.A 1994; 91: 13023-13027. 

91 .. Kaushansky K, Lok S, Holly RD, Broudy VC, Lin N, Bailey MC, Forstrom JW, Buddie MM, Oort PJ, 
Hagenn FS. Promotion of megakaryocyte progenitor expansion and differentiation by the c-MpI 
ligandd thrombopoietin. Nature 1994; 369: 568-571. 

92.. Zeigler FC, de Sauvage F, Widmer HR, Keller GA, Donahue C, Schreiber RD, Malloy B, Hass P, 
Eatonn D, Matthews W. In vitro megakaryocytopoietic and thrombopoietic activity of c-mpl ligand 
(TPO)) on purified murine hematopoietic stem cells. Blood 1994; 84: 4045-4052. 

93.. Broudy VC, Kaushansky K. Thrombopoietin (c-mpl ligand) acts synergistically with erythropoietin, 
stemm cell factor, and interleukin-11 to enhance murine megakaryocyte colony growth and increases 
megakaryocytee ploidy in vitro. Blood 1995; 85: 1719-1726. 



36 6 

94.. Nichol JL. Hokom MM, Hornkohl A, Sheridan WP, Ohashi H, Kato T, Li Y-S, Bartley TD, Choi ES, 
Bogenbergerr J, Skrine JD, Knudten A, Chen J, Trail G, Sleeman L, Cole S, Grampp G, Hunt P. 
Megakaryocytee growth and development factor. J Clin Invest 1995; 95: 2973-2978. 

95.. Banu N, Wang JF, Deng B, Groopman JE, Avraham H. Modulation of megakaryocytopoiesis by 
thrombopoietin:: the c-MpI ligand. Blood 1995; 86: 1331-1338. 

96.. Debili N, Wendling F, Karz A, Guichard J, Breton-Gorius J, Hunt P, Vainchenker W. The Mpi-ligand 
orr thrombopoietin or megakaryocyte growth and differentiative factor has both direct proliferative 
andd differentiative activities on human megakaryocyte progenitors. Blood 1995; 86: 2516-2525. 

97.. Angchaisuksiri P, Carlson PL, Dessypris EN. Effects of recombinant human thrombopoietin on 
megakaryocytee colony formation and megakaryocyte ploidy by human CD34+ cells in a serum-
freee system. Br J Haematol 1996; 93: 13-17. 

98.. Choi ES Hokom M, Bartley T, Li YS, Ohashi H, Kato T, Nichol JL, Skrine J, Knudten A, Chen J. 
Recombinantt human megakaryocyte growth and development factor (rHuMGDF), a ligand for c-
Mpl,, produces functional human platelets in vitro. Stem Cells 1995; 13:317-322. 

99.. Fielder PJ, GurneyAl, Stefanich E, Marian M, Moore MW, Carver-Moore K, deSauvageFJ. Regulation 
off thrombopoietin levels by c-mpl-mediated binding to platelets. Blood 1996; 87: 2154-2161. 

100.. Shivdasani RA, Fielder P, Keller GA, Orkin SH, de Sauvage FJ, Regulation of the serum concentration 
off thrombopoietin in thrombocytopenic NF-E2 knockout mice. Blood 1997; 90: 1821-1827. 

101.. Li J, Xia Y, Bertino A, Coburn J, Kuter DJ. Characterization of an anti-thrombopoietin antibody 
thatt developed in a cancer patient following the injection of PEG-rHuMGDF. Blood 1999; 94: 51a. 

102.. Yang C, Xia Y, Li J, Kuter DJ. The appearance of anti-thrombopoietin antibody and circulating 
thromboietin-IgGG complexes in a patient developing thrombocytopenia after the injection of PEG-
rHuMGDF.. Blood 1999; 94: 861 a. 

103.. Kaushansky K. Use of thrombopoietic growth factors in acute leukemia. Leukemia 2000; 14; 505-508. 

104.. van den Oudenrijn S, de Haas M, Calafat J, van der Schoot CE, van dem Borne AE. A combination 
off megakaryocyte growth and development factor and interleukin-1 is sufficient to culture large 
numberss of megakaryocyte progenitors and megakaryocytes for transfusion purposes. Br J 
Haematol.. 1999; 106: 553-563. 

105.. Rabellino EM, Levene RB, Leung LL, Nachman RL. Human megakaryocytes II: Expression of platelet 
proteinss in early marrow megakaryocytes. J. Exp Med 1981; 154: 88-100. 

106.. Bithell TC. Platelets and megakaryocytes. In: Lee GR, Bithell TC, Foerster J, Athens JW, Lukens JN 
(eds.),, Winthrobe's clinical haematology, Vol. 1, ninth edition, Lea and Febiger Philadelphia, U.S.A., 
1993;; 511-539. 

107.. Martin P and Papayannopoulou T. HEL cells: a new human erythroleukemia cell line with 
spontaneouss and induced globin expression. Science 1982; 216:1233-1235. 

108.. Tabilio A, Rosa JP, Testa U, Kieffer N, Nurden AT, Del Canizo MC, Breton-Gorius J. Expression of 
platelett membrane glycoproteins and alpha-granule proteins by a human erythroleukemia cell 
linee (HEL). EMBO J 1984; 3: 453-459. 



Chapterr 1 37 

109.. Takeuchi S, Sugito S, Uemura Y, Miyagi T, Kubonishi I, Taguchi H, Enzan H, Ohtsuki Y, Miyoshi I. 
Acutee megakaryoblastic leukemia: establishment of a new cell line (MKPL-1) in vitro and in vivo. 
Leukemiaa 1992; 6: 588-594. 

110.. Fugman DA, Witte DP, Jones CL Aronow BJ, Lieverman MA. In vitro establishment and 
characterizationn of a human megakaryoblastic cell line. Blood 1990; 75: 1252-1261. 

111.. Tytgat GA, Voute PA, Takeuchi S, Miyoshi I, Rutgers M. Meta-iodobenzylguanidine uptake in 
platelets,, megakaryoblastic leukaemia cell lines MKPL-1 and CHRF-28-11 and erythroleukaemic 
celll line HEL. Eur J Cancer 1995; 31 A: 603-606. 





CC h a p t e 

Uptakee of the neuron-blocking agent meta-
iodobenzylguanidinee and serotonin by human 
plateletss and neuro-adrenergic tumour cells 
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Thee adrenomedulla-imagmg agent meta-iodobenzylguanidine (MIBG) is concentrated 

byy various tumours of neuroectodermal origin. Radio-iodinated [1311 ]MIBG is therefore 

increasinglyy used for diagnosis and therapy of these disorders. To study the cause of 

thrombocytopeniaa associated with [131I]MIBG therapy, we investigated the uptake of 

MIBGG in human platelets in comparison with that of serotonin. Specific imipramine-

sensitivee uptake of [^IjMIBG was much slower than of [3H] serotonin, but after 

prolongedd incubation high and serotonin-equivalent uptake levels were observed. 

Accumulationn of MIBG saturated at 10- to 100-fold higher concentration than 

serotonin,, and the affinity for uptake and intracellular storage in platelets was 

muchh higher for serotonin than for MIBG. Conversely, serotonin was not detectably 

concentratedd by neuro-adrenergic Uptake-1 in SK-N-SH neuroblastoma and PC12 

pheochromocytomaa cells. Fluvoxamine inhibited the uptake of norepinephrine and 

MIBGG in PC12 cells, similarly to that of serotonin in platelets. 

However,, the drug was 100-fold more effective in inhibiting platelet transport of 

MIBGG than of serotonin. The results indicate that MIBG uptake in platelets is not 

mediatedd by a neuro-adrenergic Uptake-I, but probably proceeds via the serotonin 

transportt system. MIBG concentration by platelets was at least as efficient as in 

neuro-adrenergicc tumour cells and has therefore (radio)biological potential for 

injuringg these cells or precursor megakaryocytes. Platelet uptake of MIBG could be 

selectivelyy blocked by fluvoxamine in concentractions which minimally affected its 

accumulationn in neuro-adrenergic cells. 

©79933 Wiley-Liss, Inc 
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INTRODUCTION N 
MIBGG combines structural features of the neuron-blocking agents bretylium and guanethidine 

(Wielandd ef al. 1980). It was originally developed as an adrenomedulla-imaging agent which 

alsoo accumulates in other normal and neoplastic tissues of neuro-adrenergic origin by active 

Uptake-I,, the neuronspecific (re)uptake mechanism of catecholamines (Jaques ef al., 1984; Smets 

eff al., 1991; Lashford et al., 1991). Radioiodinated MIBG is increasingly used in the diagnosis 

andd treatment of tumours of neuro-adrenergic origin, notably pheochromocytoma and 

neuroblastomaa (Sisson and Wieland, 1986; Hoefnagel ef al., 1987;Tronconeef al, 1990) Various 

otherr neuralcrest-derived tumours such as carcinoids and medullary thyroid carcinoma can be also 

portrayedd by [123l]- or [131 l]MIBG scintigraphy, albeit with lower specificity and sensitivity (Hoefnagel 

etet al., 1987). The mechanism of MIBG uptake in these tissues has not yet been well established. 

MIBGG may share with catecholamines the property of being concentrated by a serotonin uptake 

system,, as suggested for the parent drug guanethidine (Bouillin and O'Brien, I969; Sneddon, I973) 

orr utilize catecholamine-specific Uptake-I {Graefe and Bönisch, 1988). 

Concentrationn of MIBG by human platelets albeit at a much slower rate than serotonin, has 

beenn documented {Feldman ef al., 1984; Guilloteau ef al., 1988). Thrombocytes may therefore 

servee as a suitable model system to investigate uptake of the radiopharmaceutical in non-neuro-

adrenergicc tumours which accumulate monoamines. Moreover, thrombocytopenia is often an 

isolatedd and sometimes therapy-limiting toxic side-effect of targeted radiotherapy with [131 l]MIBG 

(Voutee ef al., 1988). Therapy-induced thrombocytopenia occurred in 31 of 53 [,31I]MIBG -treated 

patients,, and is not clearly correlated with the degree of MlBG-storing tumour deposits within 

thee bone marrow, or with the whole-body radiation dose (Hoefnagel ef al., 1992), Direct toxic 

effectss of radiolabelled MIBG, concentrated in thrombocytes or progenitor megakaryocytes, 

havee therefore to be considered. 

Earlierr studies (reviewed by Sneddon, 1973; Stahl and Meltzer, 1978) have established the 

loww affinity and consequent less efficient uptake of various catecholamines in platelets compared 

withh the natural subtrate serotonin. Similar findings with regard to the kinetics of MIBG uptake 

(Feldmann ef al., 1984; Guilloteau ef al., 1988) would exclude the possibility that platelets 

accumulatee MIBG in harmful amounts during clinical application. On the other hand, low substrate 

affinityy might be characteristically associated with increased Vmaxof the serotonin transporter, in 

analogyy with the parallel changes in Km and Vmaxof a variety of substrates of the neuronal 

Uptake-II system (Graefe and Bönisch, I988). Consequently, total net uptake of MIBG in vivo may 

welll be much higher than suggested by kinetic studies in vitro during [,31I]MIBG therapy, where 

plateletss are exposed for prolonged periods at elevated concentrations of the radiopharmaceutical 

(( > 10"7 M, see "Discussion"). We have therefore re-examined MIBG uptake and storage in human 

plateletss in the conditions of exposure time and molar concentrations prevailing during [1311 ]MIBG 
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therapyy of neuroblastoma. In addition, transport of MiBG in platelets was compared with that in 

SK-N-SHH neuroblastoma and PC12 pheochromocytoma cells and the condition of selective inhibition 

off MIBG uptake in platelets by fluvoxamme were explored. 

MATERIA LL AND METHODS 
Platelett isolation 

Bloodd (20 to 30 ml) was drawn from healthy volunteers by venapuncture with minimal stasis 

inn 14% (v/v final) citratephosphate-dextrose anticoagulant (0.3% (w/v) citric acid, 2.63% (w/v) 

sodiumm citrate. 2H20, 0.22% (w/v) sodium biphosphate. H20, 2.5% (w/v) glucose H20. The first 

33 ml of blood were discarded and the whole blood was centnfuged at 380 g for 15 min in 

polypropylenee tubes. The platelet-rich plasma (PRP) was collected, and platelet concentration 

wass determined with a Coulter (Hialeah, FL) Counter (type STKS or T660). No glass equipment 

wass used and all steps were carried out at room temperature. 

Uptakee and storage of [3H] serotonin and [131l] MIBG in platelets. 
Experimentss were started by adding 0.5 ml of PRP to Eppendorf vials (2 ml) containing 20 \i\ of 

radiolabelledd serotin or MIBG to a final concentration of 10"8 M (+ 0.1(iCi/ml), and 20 uJ of 

concentratedd inhibitor or vehicle. Samples were incubated at 37  C with gentle shaking. The 

incubationn periods were 15 mm for [3H]serotonin and 2 hr for [131I]MIBG, unless stated otherwise. 

Alll assays were performed in triplicate. After incubation, platelets were quickly spun down 

(16,0000 g for 1 min.), and the incorporated radioactivity was counted by standard beta-( [3H] 

serotonin)) or gammacounting (['31I]MIBG). Saturation of the uptake and mutual inhibition were 

testedd by co-administration of a 10- to 10,000-fold excess of unlabeled substrate or competitor 

respectively.. For retention studies, an excess of unlabelled MIBG, serotonin or tyramine was added 

afterr pre-loading the platelets with [3H]serotonin (108 M, 15 min) or with [131 l]MIBG (108 M, 3 hr). 

Incubationn was continued for 2 hr. and the extent of depletion of stored label was estimated by 

countingg the residual platelet-associated radioactivity. Because of variation in platelet content of 

individuall PRPs, the results of the set of experiments were expressed in % of untreated controls. 

Incorporationn of secrotonin or MIBG by platelets in whole blood was similarly studied, using 50 uJ 

off subtrate with 50 u.1 imipramine or PBS supplemented with 1.25ml of whole blood. After incubation 

(seee above), PRP was prepared and the platelet-associated radioactivity was determined. The 

radioactivityy in 300 ul aliquots of the loosely packed erythrocyte pellet was also measured. To 

minimizee mechanical damage to the platelets, all experiments were performed without 

intercurrentt washings involving centrifugation and re-suspension. To estimate the residual 

extracellularr label, platelets were either spun down immediately after mixing PRP and tracer in 

thee presence of imipramine, or after short-term incubation on ice. 
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Inn both conditions, less than 2% of the administered radioactivity was associated with the 

platelet.. It is to be noted that the final imipramine concentration in the assays (27 u.M) was >20-

foldd higher than in/n vitro studies using cultured cells (Smetsef a/., 1991) in order to compensate 

forr known inhibitor binding to plasma proteins. 

Uptakee in SK-N-SH and PC12 cells. 
SK-N-SHH neuroblastoma and PC12 pheochromocytoma cells were routinely cultured as described 

(Smetss etal., 1991). Two days after seeding in 6- or 12-well cluster dishes containing 3 or 1.5 ml 

completee medium, the uptake studies were performed at densities of approximately 5 x 104 

cellss /cm2. For this, the medium was replaced by a fresh one containing 10~8 M of radiolabelled 

serotonin,, norepinephrine or MIBG {0.07-0.14 u,Ci/ml), with or without selected inhibitor. After 2-

hrr incubation, the cells were washed 3 times with ice-cold PBS and the cell-associated radioactivity 

wass extracted with 0.5 N perchloric acid and normalized for total cellular protein. 

(Radio)) chemicals 
[1311 l]MIBG at a specific activity of approximately 480 MBq/mmol was purchased from Amersham 

Buchlerr {Braunschweig, Germany). L-[7-3H] norepinephrine (422 MBq/mmol) was obtained from 

NENN DuPontde Nemours ('s-Hertogenbosch, The Netherlands). 5-Hydroxy[G-3H] tryptamine creatine 

sulphatee (f3H]serotonin; 259 and 407 MBq/u.mol) was purchased from Amersham Nederland 

(s'Hertogenbosch,, The Netherlands). Imipramine, tyramine, pyrogallol, pargyline, norepinephrine, 

andd 5-hydroxy-tryptaminee were obtained from Sigma (St.Louis.MO). MIBG was synthesized according 

too Wieland et al. (1980). Fluvoxamine maleate was a generous gift from Solvay Duphar (Weesp, 

Thee Netherlands). All compounds were dissolved in saline or PBS. 

RESULTS S 
Uptakee of serotonin and MIBG 

Platelet-richh serum was incubated for increasing periods with 10"8 M [131]MIBG or [3H]serotonin 

withh or without 27 \iM imipramine, the inhibitor of active transport of biogenic amines. The 

resultss of typical experiments with comparable platelet densities revealed rapid and saturating 

uptakee of serotonin which was inhibited by imipramine (Fig. 1a). Uptake of MIBG was much 

slowerr than serotonin and did not level off for 4 or 5 hr (Fig. 1 fa). Specific, tmipramine-sensitive 

uptakee of both compounds was completely inhibited during incubation at C (not shown). 

Saturationn was not caused by progressive platelet desintegration or loss of uptake functions. 

Thiss was assessed in paralell control incubation, in which the number of intact platelets and the 

capacityy of [3H]serotonin uptake remained unchanged for up to 6 hr. At apparent plateau levels, 

plateletss had concentrated as much as 43% or 60% of total added [131I]MIBG or [3H]serotonin 
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FIGUREE 1- Total (closed symbols) and non-specific (open symbols) uptake of [3H]serotonin (a) and 
[ l31 l]MIBG(/b)inn human platelets, incubated in 10~8 M of radiolabelled compound at a density of 180 
too 195 x 106 cells / 0.5 ml plasma for the times indicated. Uptake is expressed in % of added 
radioactivity.. Data are of 4 independent experiments with overlapping incubation periods. 

respectively.. Addi t ion of fresh label resulted in a new round of saturating uptake, w i th 

correspondingg exhaustion of extracellular label. The contribution of non-specific, i.e., imipramine-

insensitivee transport amounted to about 16% of total uptake at the end of both the serotonin 

andd the MIBG incubation (Fig.1). 

Figuree 2 compares the MIBG uptake in platelet-rich plasma wi th that in whole blood, in order 

too mimic the conditions of in vivo exposure, i.e., during clinical [131I]MIBG therapy. The results, 

calculatedd as pmoles per 108 platelets, demonstrated similar uptake in both conditions. As in the 

inin vivo study of Feldman etal. (1984), we did not observe concentration of MIBG by erythrocytes 

inn this set of experiments. Assuming a median platelet volume of 10"14 L (2 to 5 mm diameter; 

cf.. Junqueira and Carneiro, 1980), the total uptake of = 1 pmol of substrate/108 platelets in 4 

00 1 2 3 4 5 6 
Incubationn time (h) 

FIGUREE 2- Comparison of [131I]MIBG uptake in 
platelet-richh plasma (squares) and in platelets 
inn whole blood (triangles). Closed symbols 
representt total uptake and open symbols the 
non-specif icc uptake in the presence of 
imipramine.. For platelet-rich plasma, the mean 

 S.D. of 3 to 10 assays is given (unless smaller 
thann the symbol). The whole-blood values are 
fromm triplicates of a representative experiment 
att identical substrate condition of 0.8 x 10~8 M. 
Thee same proportional uptake was seen in 2 to 
44 additional experiments with whole blood, 
performedd under slightly different conditions 
(0.33 to 0.6 x 10-8M MIBG). 
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hrr would correspond to a 100-fold concentration of MIBG from the initial extracellular tracer 

concentrationn and to a final ratio of the intracellular/extracellular concentration of nearly 200. 

Too estimate the uptake saturating concentrations of serotonin and MIBG, increasing amounts 

off unlabelled drug were added to a fixed concentration of 10~8 M of radiolabelled serotonin or 

MIBG.. The relative uptake levels are depicted in Figure 3. Specific uptake was no longer 

proportionall with substrate concentration at molar concentrations of >10~7 for serotonin and of 

10-66 to 10-5 M for MIBG, indicating at least a 10-fold difference in the apparent V 

Relativee affinity for uptake and storage 

150 0 FIGUREE 3- Saturation inhibition of the specific 
uptakee of [3H]serotonin (closed bars) or [131I]MIBG 
(openn bars), each by addition of unlabelled 
substratee at the indicated concentrations to a fixed 
concentrationn of 10~8 M of radiolabelled substrate. 
Specificc uptake is expressed in percent of controls 
(noo addition) as mean values  S.D. of 3 to 5 
independentt experiments. 

Substratee concentration (M) 

Too probe the relative affinities of platelet uptake for MIBG and serotonin, mutual inhibition 

wass tested (Fig. 4). The MIBG uptake (at 10"8 M) was not affected by 10~6 M unlabelled serotonin, 

butt reduced by 10~4 M down to the level of non-specific uptake (14%). Conversely, a 10,000-

foldd excess of unlabelled MIBG (10~4 M) failed to inhibit [3H] serotonin uptake. 

AA similar difference was noted with regard to the displacement from intracellular storage 

FIGUREE 4- Mutual inhibition of [3H]serotonin 
uptakee in platelets by unlabelled MIBG at 
indicatedd molar concentration (closed bars) and 
off [131I]MIBG by unlabelled serotonin (open bars). 
Totall uptake is given in percent of controls, 
incubatedd with 10~8M of radiolabelled substrate, 
ass mean values  S.D. of 3 independent 
experiments. . 

Inhibitorr concentration (M) 



46 6 

sites.. Depletion studies, summarized in Table I, revealed that the sympathomimetic drug tyramine 

inn high concentration effectively displaced stored [131I]MIBG but not [3H]serotonin. Unlabeled 

MIBGG at 10"4 M only slightly diminished the amount of platelet-bound [131I]MIBG, but did not 

affectt [3H]serotonin levels. Conversely, an excess of unlabelled serotonin removed over 50% of 

bothh labels from granular stores. 

Experimentss similar to those in Table I were performed with the uptake inhibitor imipramine 

too prevent re-uptake of released label. Chasing of platelets, pre-loaded with [3H]serotonin or 

Tablee I Depletion of platelets from stored [3H]serotonin or [131I]MIBG by an excess of tyramine, 
serotoninn or MIBG 

Chasee conditions Residual platelet-associated radioactivity1 

[131I]MIBGG [3H]serotonin 

Tyramine e 
10"6MM 90 3 88 5 
10-4MM 27 + 15 93  5 

MIBG G 
10bMM 101  6 9 7 + 4 
10-** M 79 2 100  5 

Serotonin n 
10"6MM 98  5 103  9 
10"4MM 37  8 45  13 

11 Platelets were incubated with radiolabelled substrate for 15min ([3H]serotonin) or 3 hr ([131I]MIBG) 
too attain near-plateau levels of uptake and subsequently chased by addition of unlabelled tyramine, 
MIBGG or serotonin to indicate final concentrations. Platelet radioactivity was determined after 2 hr 
off chase and expressed in percent of controls (= 2 hr chase with saline). Values are mean  S.D. of 
33 independent experiments. 

[131I]MIBG,, with 27 (iM imipramine had no effect on pre-existing drug levels. Moreover, these 

remainedd stable for several hours (data not shown), thus indicating that retention of either drug 

wass based mainly on granular sequestration and not on efficient recycling, as described for 

MIBGG in granule-poor SK-N-SH neuroblastoma cells (Smets et al., 1990). 

Serotoninn and Uptake-I 
Too probe the affinity of serotonin for neuro-adrenergic Uptake-I, SK-N-SH neuroblastoma and 

PC122 pheochromocytoma cells were incubated with radiolabelled serotonin, norepinephrine or 

MIGB,, with or without imipramine. In parallel experiments, incubations were performed in the 

presencee of pargyline or pyrogallol to inhibit intracellular degradation by monoamine oxidase 

andd catechol-0-methyl transferase, respectively, as described by Smets era/., (1990, 1991). Figure 

55 shows that in SK-N-SH cells, which contain few storage granules, highest specific uptake was 
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demonstratedd for [13,I]MIBG, whereas significant uptake of NE was observed only during 

concomitantt inhibition of its intracellular degradation by pyrogallol. Specific uptake to serotonin, 

however,, was negligible even in conditions to protect intracellular degradation with pargyline 

orr pyrogallol. Similar observations were made in granule-rich PC12 cells (not shown). Apparently, 

serotoninn is a weak substrate for the "pure" neuro-adrenergic Uptake-I system of SK-N-SH and 

thee combined plasma-membrane and granular transport mechanisms of PC12 cells. 

FIGUREE 5- Specific uptake of [,31I]MIBG, 
[3H]norepinephrinee (NE) and [3H]serotonin in 
SK-N-SHH neuroblastoma cells. Cells were 
incubatedd for 2 hrwith 10~8 M of radiolabelled 
substratee with 16 uM pyrogallol (open bars), 
266 uM pargyline (hatched bars) or without 
(closedd bars) inhibitors. Values are expressed 
ass pmol/mg cellular protein after correction for 
non-specificc uptake. Data are from triplicates 
off a representative experiment, confirmed by 
aa repeat experiment under slightly different 
conditions. . 

Too further discrimate between catecholamine transport in platelets and neuro-adrenergic cells, 

inhibitionn by fluvoxamine, a selective inhibitor of serotonin re-uptake (Claassen etal, 1977), was 

investigated.. The inhibition profile of fluvoxamine was roughly similar for serotonin uptake in 

plateletss and catecholamine transport in PC12 cells (Table II). MIBG uptake in platelets, however, 

wass much more sensitive to the drug than in PC12 cells. Fluvoxamine at 10'5M fully blocked the 

specificc transport of all substrates in both cell systems. Under these conditions, the residual uptake 

(inn % of the untreated controls) was similar to non-specific uptake determined in control incubations 

withh imipramine, being generally higher with MIBG than with the other substrates. 

DISCUSSION N 

Thrombocytopeniaa in the predominant haematological side effect encountered in [131 l]MIBG 

treatmentt of neuroblastoma, sometimes causing unwanted delay between successive therapy 

coursess (Voute et ai, 1988). The present study was initiated to evaluate total platelet uptake, 

underr conditions of exposure time and drug concentration as occurring during [131 l]MIBG therapy, 

ass the possible cause of the selective haematotoxicity. It is well realized that these experiments 

measuredd overall accumulation rather than true initial uptake rates. Moreover, the uptake 

Effectss of fluvoxamine 
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Tablee II Inhibition of the uptake of MIBG, serotonin and norepinephrine (NE) by fluvoxamine in 
plateletss and PC 12 pheochromocytoma cells 

Fluvoxamine e 
10"8M M 
10"7M M 
10"6M M 
10"5M M 

Uptakee of radio!; 

Platelets s 

[3H]serotonin n 

1022  5 
711 1 
144  5 
44  1 

[,31I]MIBG G 

533  5 
222  5 
2 1 + 3 3 
1 9 + 3 3 

ibelledd substrate u 

[3H]NE E 

n.d, , 
844  13 
299  5 
1 9 + 2 2 

PCC 12 Cells 

[131I]MIBG G 

844  4 
922  6 
477 + 8 
133  4 

11 Uptake is expressed as % of vehicle-incubaied controls. Mean values  S.D. (n=3) are given. 
22 Incubation with serotonin was for 15 to 30 min and for 2 hr with MIBG and NE. 

measuredd in intact platelets included efficient intracellular drug binding by granular sequestration, 

beingg clearly different from true kinetic studies with isolated membranes of storage granules. 

Thesee limitations would not, however, compromise the main objectives of the present study. 

Plateletss were able to concentrate large and serotonin-equivalent amounts of administered 

[1311 l]MIBG, but only after prolonged incubation (Fig. 1, 2). This observation is in striking contrast 

withh other studies, suggesting 1 5 to 250-fold more uptake of serotonin than of MIBG (Feldman 

etet ai, I984; Guilloteau et a/., I998). In these studies, however, substrate concentrations were 

nott stated or uptake was measured at markedly different substrate concentrations. On the 

otherr hand, our estimate of 100- to 200-fold concentration of MIBG by platelets over 

extracellularr levels in vitro compares well with the 145-fold concentration in platelets over 

erythrocytess observed in vivo, 24 hr after [13M]MIBG administration (Feldman et al., I984). In 

fact,, platelets appeared equally competent in concentrating MIBG as neuro-adrenergic SK-N-

SHH tumour cells, and are probably superior in long-term retention of the radiopharmaceutical. 

Comparedd with serotonin, the platelet uptake of MIBG was much slower and the affinity for 

uptakee (Fig. 3) and storage (Table I) was significantly lower. Serotonin uptake saturated between 

10-10-77 and 106 M, in agreement with Km values of 0.1-0.5 x 106 M reported for the serotonin 

uptakee in HeLa cells expressing the transfected serotonin transporter of rat brain (Blakely etal., 

1991),, and in nerve tissue or platelets (Sneddon, 1973; Stahl and Meltzer, 1978). It is to be 

notedd that we did not take into account the endogenous serotonin concentration of individual 

plasmaa samples. Correction for this, however, would not have changed the results, since circulating 

serotoninn levels do not normally exceed 6 nM and serotonin uptake was proportional with 

substratee levels up to 10-7 M. On the other hand, MIBG accumulation did not clearly saturate at 

10~55 M, suggesting 10-to 100-fold lower binding avidity than serotonin. In this respect, MIBG 
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closelyy resembled the seemingly unsaturable uptake of the parent drug guanethidine in human 

plateletss (Bouillin and O'Brian, 1969). 

Whetherr catecholamines such as dopamine and NE (and for that matter MIBG) share with 

serotoninn a common uptake carrier in platelets, or utilize a different pathway, analogous to 

Uptake-II of neuro-adrenergic cells, has been the subject of considerable debate {Sneddon, 1973; 

Stahll and Melzer, 1978). Compared with MIBG, serotonin lacked significant affinity for Uptake-I in 

SK-N-SNN and PCI 2 cells, confirming that it is a poor inhibitor of MIBG uptake in these cells 

(Lashfordd ef ai, 1991) and of [3H]norepinephrine uptake by adrenergic nerves {Sneddon, 1973) 

orr HeLa cells, expressing the transfected norepinephrine transporter of human neuroblastoma 

(Pacholczykefa/.,, 1991). 

Conversely,, serotonin effectively competed with MIBG for accumulation in platelets (Table I), 

andd fluvoxamine was about 100-fold more potent in inhibiting MIBG uptake in platelets than in 

PC122 cells (Table II). These differences in substrate specificity, on the one hand and in sensitivity 

too fluvoxamine, on the other, favour the view that MIBG utilizes the serotonin transporter rather 

thann an Uptake-I equivalent system for accumulation in platelets. Definite proof of this conclusion 

awaitss studies on the expression of carrier-specific genes in the various systems and their function 

inn transfected cells (Blakely et a/., 1991; Pacholczyk ef ai, 1991). If the conclusion is confirmed, 

MIBGG can be considered as promiscuous for the 2 related but different monoamine transporters, 

i.e.,i.e., serotonin and norepinephrine. 

Thee reported selectivity of fluvoxamine in inhibiting serotonin (re)uptake relative to 

norepinephrinee in rat brain synaptosomes (Claasen ef el., 1977) was not confirmed in our 

observationn of comparable effects on serotonin uptake in platelets and norepinephrine 

accumulationn in PC12 cells. This discrepancy may be associated with the differences in the test 

systems,, including binding of drug to plasma proteins. Fluvoxamine at 10~5 M, however, 

completelyy inhibited specific uptake of serotonin and MIBG in human platelets, similar to the 

observationss of Guilloteau ef ai (1988). In contrast, fluvoxamine did not inhibit norepinephrine 

uptakee in human platelets (Guilloteau ef ai, I988) or rat brain synaptosomes (Claassen ef a/., 

1997).. The inhibitory effect of (low) concentrations of fluvoxamine on platelet uptake of MIBG, 

therefore,, provides an additional argument that MIBG utilizes predominantly the serotonin 

transporter.. From a practical point of view, it is of interest that pharmacologically relevant levels 

off fluvoxamine (10-7 M) could selectively reduce MIBG uptake in platelets with minimal effects 

onn its uptake in the true target, i.e., neuro-adrenergic cells. Fluvoxamine and related drugs are 

thereforee potential candidates for selective blockage of MiBG uptake in platelets. 

Duringg [131I]MIBG therapy, plasma MIBG levens may vary between 0.03 and 1 (iM for 4-hr 

infusionn conditions or push injections respectively (R.Huiskamp, personal communication; also 

deducedd from Sisson and Wieland, 1986; Lashford ef ai., 1988; Fielding ef a/., 1991) According 

too the present measurements, short-time infusions of 3.7 to 7.4 GBq [13,I]MIBG can result in 
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platelett loading levels of at least 10~5 M, corresponding with a radioactive concentration of 

aboutt 4,4 MBq/ml of packed platelets. Such levels can persist for several hours. Apart from 

clinicall responses, radiotoxic effects of accumulated [135l] - and [125I]MIBG have been recorded 

inn animal tumours (Rutgers et al., 1991) and neuro-adrenergic cell systems (Guerreau et al., 

1990).. Furthermore, the compound MIBG itself is known to cause mitochondrial damage in |iM 

concentrationss and is therefore cytotoxic in various cell systems (Loesberg et al., 1990. It is as 

yett uncertain whether MIBG can exert similar toxic effects in platelets. 

Mostt of the energy of 607 KeV electrons from [131]l-decay will be dissipated outside the small 

volumee of platelets, which in any case lack a radiosensitive nucleus. Moreover, rapid sequestration 

inn storage granules most probably protects against mitochondrial damage by scavenging the 

drug.. In fact, the delayed appearance of thrombocytopenia after [131I]MIBG therapy and its 

progressivee severity in patients previously treated with radio- or chemotherapy, suggests an 

earlierr cause, most likely by damage to the progenitor megakaryocytes. It has been demonstrated 

thatt megakaryocytes are as potent as platelets in concentrating various monoamines (Schick and 

Weinstein,, 1981; Daimon and David, 1986), and contain a radiosensitive nucleus (Tanum, 1984). 

Inn conclusion, although [13,I]MIBG has both radiobiological and pharmacological potential 

forr damaging platelets, the precursor megakaryocytes are more likely to be the targets of clinical 

MIBGG toxicity. Further characterization of MIBG uptake by serotonin transporters in platelet 

precursorss and serotonergic tumours is required for its optimal use as a therapeutic agent and 

forr protection against haematological side effects. 
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ABSTRAC T T 
Thee major toxicity encountered with the [,31l]-Meta-iodobenzylguanidine (MIBG) 

therapyy in neuroblastoma patients is an often isolated trombocytopenia. We believe 

thatt this results from MIBG induced radiotoxicity of the megakaryocytes. Since it is 

difficultt to obtain enough human megakaryocytes for uptake studies, we have 

investigatedd whether the megakaryocyte cell lines MKPL-1, CHRF-288-11 and HEL, 

aree good models to study the serotonin and MIBG accumulation in human 

megakaryocytes. . 

Comparedd with platelets, low levels of specific MIBG accumulation (imipramine 

sensitive)) were shown in all ceil lines, but that of serotonin was negligible in MKPL-1 

andd CHRF-288-11. Furthermore, the proportion of specific uptake of both MIBG and 

serotoninn appeared highest in the Hel cells. Although these cells seem to be good 

candidatess to study the serotonin and MIBG uptake, they are not a good model to 

investigatee the MIBG and serotonin accumulation in human megakaryocytes since 

theyy have no functional storage granules. 
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INTRODUCTION. . 

Despitee short-term improvement in remission rates, the long-term disease-free survival of 

childrenn with advanced neuroblastoma has not substantially improved with multi-agent 

chemotherapy,, surgery and local radiation therapy. Radioiodinated meta-iodobenzylguanidine 

(MIBG)) therapy has been introduced for patients with advanced neuroblastoma after conventional 

therapyy had failed. The major toxicity in this extensively pretreated group is trombocytopenia 

[1].. This often isolated trombocytopenia does not clearly correlate with the degree of MIBG 

storingg tumor deposits within the bone marrow, nor with the calculated whole-body radiation 

dosee although reports in the literature are conflicting [2,3], 

Plateletss are well known for their extensive serotonin accumulating capacity, by active uptake 

andd subsequent granular storage. We have previously demonstrated that isolated human platelets 

cann concentrate MIBG nearly 200-fold over extracellular concentrations, reaching nearly serotonin-

equivalentt levels[4]. From mutual inhibition studies of MIBG and serotonin uptake in platelets as 

welll as in tumor cells expressing the norepinephrine Uptake-1 transporter it was concluded that 

MIBGG utilizes predominantly the serotonin transporter for uptake in platelets [4]. 

Thrombocytopeniaa that occurs after [131I]MIBG treatment is characterized by a delayed 

appearance.. Platelets have a lifespan of about 10 days, and do not posses a radiosensitive 

nucleus.. It is therefore unlikely that the platelets are the primary targets of MIBG therapy related 

(radio)) toxicity, insteadd we believe that the thrombocytopenia is caused by damage to the precursor 

cellss of the platelets, the megakaryocytes. 

Too our knowledge nothing is known about MIBG accumulation in bone marrow, but it was 

shownn that guinea-pig megakaryocytes isolated from bones of accumulate serotonin at least as 

extensivee as platelets in vitro [5]. Based on these data we hypothesize that megakaryocytes can 

accumulatee MIBG. It is difficult to obtain enough human megakaryocytes for quantitative uptake 

studiess since in human bone marrow only 0.5 - 0.05 % of all the nucleated cells are megakaryocytes. 

Too circumvent this methodological problem continuous cell lines, originating from leukemic marrow 

orr peripheral blood and that express a range of megakaryocytic phenotypic properties, have been 

established.. A selection of these cell lines are: a human erythroleukemia cell line (HEL) [6,7] and 

thee human megakaryoblastic cell lines MKPL-1 [8] and CHRF-288-11 [9], We have investigated if 

thesee cell lines can be suitable models to study MIBG accumulation in megakaryocytes. Since 

serotoninn uptake is a marker for mature megakaryocytes we have compared in this paper the 

uptakeuptake of MIBG with that of serotonin. 
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MATERIAL SS AND METHODS 
Cellss and culture methods. 

Thee cell line MKPL-1 was obtained from Dr. I Miyoshi [8], and the CHRF-288-11 was kindly 

donatedd by M Lieberman [9]. All cells were grown at 37 C in a humidified atmosphere with 5% 

COO .HEL and MKPL-1 cells were cultured in RPMI-1640 medium supplemented with 10 % fetal 

calff serum and antibiotics, and CHRF-288-11 cells in Fishers medium supplemented with 20 % 

horsee serum and antibiotics. Passages were performed about every 3 days to keep the cells 

exponentiallyy growing. 

(Radio)chemicals s 
Imipramine,, iproniazide and pargylme were obtained from Sigma (St. Louis, MO). MIBG was 

synthesizedd according to Wieland et al. [10]. 5-Hydroxy[G-3H]tryptamine creatinine sulphate 

(PH]serotonin)) with a specific activity of 26 mCi / mg was purchased from Amersham Nederland 

('ss Hertogenbosch, The Netherlands). 

[125I]MIBGG was prepared by the Cu1 Catalysed isotopic exchange method described by Mertens 

[11]] with a specific activity varying from 19.1 -61.9 mCi/mg . 

[125I]MIBGG and [3H]Serotonin uptake studies 
Uptakee studies were done with about 2x 106 cells in 2 ml fresh, complete culture medium 

usingg 6-wells culture dishes (10 cm2). Experiments were started by adding 80ul of [125I]-MIBG or 
3H-serotonin,, adjusted with cold substrate if necessary, to a final concentration of 10'7 M at a 

radioactivee concentration of 0.05 -1 uCi/ml. After an incubation period of 1 h cells were collected 

byy centrifugation (800 x g for 10 min.) and washed twice with ice-cold phosphate-buffered 

salinee (PBS). The cell-associated radioactivity was measured by gamma ([125I]-MIBG) or beta 

scintillationn counting (3Hserotonin) of the pellet. Parallel incubated controls without radioactivity 

weree used to determine the number of cells in the pellet. 

Inhibitionn of uptake by addition of 30 pM imipramine and by incubation at C were studied 

too analyze the specificity of the uptake process. 

RESULTS S 
Wee have selected three cell lines with megakaryocytic properties to investigate the MIBG (Fig 1) 

andd serotonin (Fig 2) uptake. Since prolonged incubations (>1 h) did not result in a further increase 

inn cellular radioactivity (data not shown), we compared overall accumulations after 1 h exposure of 

thee cells to 107 M of each substrate. Co-incubations with imipramine (an inhibitor of active transport 

off biogenic amines) or on ice were performed to calculate the extent of specific uptake i.e. the 
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II I + Imipramine 

UZAUZA at 0 C 

MKPL-1 1 HELL CHRF-288-11 

FIGUREE 1- [125I]-MIBG accumulatio n in 3 megakaryocyt e cell lines . 
Totall accumulation at 37 C is given as 100% (black bars). Open bars represent uptake in presence 
off 30 uM imipramine, and hatched bars incubations at . 
Totall MIBG accumulation as % of added radioactivity/h/106 cells, amounted to 6.4% 3 (n=7, 
MKPL-1),, 4.1 %  0.8 (n=3, HEL) and 3.2%  0.3 (n=3, CHRF-288-11). At , all cell associated radio-
activitiess were significantly lower than controls p< 0.005. 
Alll data are given as mean  SD. Statistical significant differences versus controls are indicated: *= 
pp O.05 (Mann-Whitney U test). 

totall % uptake minus the imipramine-sensitive fraction representing the % accumulated due to 

passivee diffusion. 

Figuree 1 showss the accumulation of MIBG in the 3 cell lines. The total percentage uptake is 

depictedd as 100%. The highest level of MIBG accumulation was seen in the MKPL-1 cells amounted 

too 6.4% (  1.1) of incubated [,25I]-MIBG which was nearly twice the amount incorporated in the 

CHRF-288-111 cells. Since all incubations were performed at final substrate concentrations of 107 

M,, 1% of added radioactivity corresponds with 1 pmol per 106 cells. 

Withh the inhibitor imipramine, we found a significant reduction in the MIBG uptake of 42% in 

thee CHRF-288-11 cells, 37% in MKPL-1 cells and 51 % in HEL cells. 

Inn general, total cellular radioactivities in cells incubated with serotonin (Fig. 2) were low compared 

too all corresponding MIBG values. The relatively low levels of serotonin appeared not to be due to 

metabolicc degradation by monoamine oxidase or cathechol-O-methyltransferase since addition of 

26pMM pargyline or 0.1 pM iproniazide (inhibitors of these two enzymes) respectively, had no effect 

(dataa not shown). Relative to the MIBG accumulation, HEL cells showed the highest levels of total 

serotoninn uptake. Moreover, the specific uptake of both serotonin and MIBG was the highest in 

thee HEL cells. In most incubations on ice, the incorporation of radioactivity was reduced between 

600 and 80% for both substrates. 
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FIGUREE 2-[3H]-Serotoni n accumulatio n in 3 megakaryocyt e cell lines . 
Totall serotonin accumulation (black bars) in % of added radioactivity/h/106 cells amounted to 2.0% 

 1.0 (n=6, MKPL-1), 1.9% (n=2, HEL) and 0.6%  0.3 (n=3, CHRF-288-11). 
Att , the cell associated radio-activities were significantly lower than control for MKPL-1 p< 0.01, 
forr CHRF-288-11 this was not significant. The HEL data were from only 2 experiments and therefore 
nott suitable for statistical analysis. 

DISCUSSION N 
Bloodd platelets contain two distinct transport systems for serotonin. A Na'- and Cl-coupled 

serotoninn transporter expressed on the plasma membrane and a monoamine transporter present 

inn intracellular, dense (storage)granules, which uses a transmembrane H* gradient [12]. In our 

previouss study we have investigated the uptake of serotonin and MIBG in human platelets. Serotonin n 

accumulationn in the platelets is very efficient, and although the accumulation of MIBG was much 

slower,, serotonin equivalent levels were reached after prolonged (i.e. 4h incubation) [4]. To 

demonstratee that in platelets MIBG is being taken up via the serotonin transporter, we have 

studiedd the inhibition of the MIBG transport with a serotonin re-uptake inhibitor, fluvoxamine. 

Thee uptake of MIBG was nearly fully inhibited by fluvoxamine in concentrations that did not 

affectt the MIBG accumulation by Uptake-1 (the re-uptake mechanism for norepinephrine) in 

neuroblastomaa cells [4]. Another argument to support the idea that MIBG uses the serotonin 

uptakee system, is that serotonin effectively inhibited the uptake of MIBG, so MIBG can be 

consideredd as promiscuous for the 2 related but different monoamine transporters, i.e., that of 

serotoninn and norepinephrine [4], 

Thiss view has been challenged by Glowniak and associates. [13], who demonstrated low 

uptakee of MIBG by cells with active serotonin transport or expressing transfected serotonin 

uptakee transporter genes. This study included short, i.e. 5-10 minutes incubations and this 

measuredd affinity of the uptake system rather than the overall uptake or storage capacity on 

prolongedd incubations. As detailed in a previous study, the uptake of MIBG in platelets is 

characterizedd as a low affinity, high capacity [4], 
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Becausee megakaryocytes accumulate serotonin, we hypothesize that they also accumulate 

MIBGG via the serotonin uptake system. In order to protect the bone marrow stem cells for 

putativee MIBG-induced radiotoxicity, a selective uptake inhibitor such as fluvoxamine is required 

whichh blocks the MIBG accumulation in the platelets and the megakaryocytes but does not 

interferee with the uptake of MIBG by the tumor. 

Inn this study much lower accumulation per cell of both MIBG and serotonin was found in the 

megakaryocyticc cells than in the blood platelets. When considering the actual size of the platelets 

andd the megakaryocytic cells, the difference in intracellular concentration will be even more 

pronounced.. The cell lines represent immature megakaryocytes, with few dense (storage) 

granules,, and it is not even known if these are functional. Because of the assumed paucity of the 

densee (storage) granules the intracellular serotonin or MIBG can diffuse out of the cells, explaining 

thee absence of a dear increasing cell-associated radioactivity with prolonged incubation time. 

Thiss is in clear contrast with the effective storage in granule rich human platelets [4]. 

Whenn comparing the specific, imipramine-sensitive serotonin accumulation of the three cell 

lines,, we found that only the HEL cells showed an significant inhibition (40%) by imipramine, and 

withh little effect in CHRF-288-11 cells and MKPL-1 cells. The results with the HEL cells are in good 

agreementt with the results of Vannuchi and colleaques [14] who demonstrated that HEL cells 

showw appreciable incorporation of serotonin although they did not test for inhibition by imipramine. 

Thee total MIBG accumulation was higher in all cell lines compared with the serotonin 

accumulation.. It is known that MIBG a lipophylic cation, accumulates in metabolically active cells 

byy non-specific uptake. Smets and associates [ 15] showed a 10-15 fold nonspecific concentration 

inn murine leukemic LI 210 cells lacking the specific Uptake-1 transporter of norepinephrine. 

Non-specificc uptake can partly explain the difference between the cells of the accumulation of 

serotoninn and MIBG. 

Whenn comparing the accumulation of the HEL cells for MIBG and serotonin we find about 51 

andd 40 % inhibition by imipramine respectively. Further studies are needed to investigate the 

effectt of specific serotonin re-uptake inhibitors on the MIBG accumulation in HEL cells. Now that 

thee human serotonin transporter is cloned [16] the expression of the transporter in the HEL cells 

needss to be confirmed. Although some of the results are to some extent preliminary, they indicate 

thatt the cell line HEL is a good candidate to study the uptake and inhibition of MIBG and serotonin. 

Itt is not overlooked however, that this model will underestimate the contribution of storage 

granuless to total uptake in mature megakaryocytes. Two separate pilot experiments (data not 

shown)) in which we investigated MIBG and serotonin accumulation in human megakaryocytes, 

aa 10 fold higher serotonin uptake than that of MIBG was found, and inhibition by imipramine 

waswas about 90 and 30%, respectively. This is in plain contrast with the present findings in the HEL 

cells.. As an efficient granular storage compartment appears to be lacking in HEL cells, we conclude 

thatt these cells of limited value to investigate the serotonin and MIBG accumulation in human 
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megakaryocytes.. On the other hand, radiotoxicity by the self-dose from [131I]MIBG will be the 

highestt during active DNA replication associated with endoploidisation (endomitosis) of maturing 

megakaryocytes.. Proliferating HEL cells do represent this aspect and may eventually become a 

suitablee model after controlled maturation-induction wi th recombinant growth factors. 
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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). 
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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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Radioiodinatedd meta-iodobenzylguanidine (MIBG) is used for diagnosis and targeted 

radiotherapyy of neural crest derived tumors. The major side effect of the [1311]MIBG 

treatmentt in patients with recurrent neuroblastoma is an often isolated and persisting 

thrombocytopenia.. Apart f rom its accumulation in neuroblastoma via the 

norepinephrinee transporter, MIBG is also taken up in platelets by the serotonin 

transporter.. Considering the delayed appearance and the long duration of the 

thrombocytopenia,, it seems likely that the precursor megakaryocytes are the primary 

targetss of [131I]MIBG radiotoxicity. 

Wee have investigated whether the megakaryocytes are capable of the uptake of 

MIBG,, similar to platelets. Human megakaryocytes were cultured in vitro and the 

qualityy of our system was verified by testing the uptake of the natural substrate 

serotonin. . 

Culturingg 200,000 CD 34+ cells obtained from bone marrow, grown wi th 

megakaryocytee growth and development factor (MGDF) for 8 to 10 days, resulted 

inn an 2 to 3 fold expansion of total cell number, consisting of average 74% cells of 

megakaryocytee origin. With MIBG, cell associated radioactivity, even after prolonged 

incubationss up to 16 hours, was negligible, and we did not find any significant 

decreasee of accumulation by imipramine, a known monoamine uptake inhibitor. In 

contrastt we found that the megakaryocytes significantly accumulated [3H]serotonin. 

Afterr incubating the megakaryocytes for 4 or 16 h with 10 8 M [3H]serotonin, 6% 

orr 14% of the added substrate had accumulated in the cells. This uptake became 

saturatedd above 10"7 M and was > 90% reduced by coincubation with imipramine. 

Twoo selective serotonin reuptake inhibitors, fluvoxamine (0.3 nM) and citalopram 

(11 nM), effectively reduced the serotonin uptake to 44  3% and to 30  9% of the 

controls.. Megakaryocytes efficiently retain the serotonin in storage granules, as 

wass concluded from the consistent reductive effect of tetrabenazine (an inhibitor 

off a vesicular transporter), on uptake, retention and localization (micro-

autoradtografic)) of serotonin. 

Wee conclude that serotonin, but not MIBG, is taken up by megakaryocytes. 
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INTRODUCTION N 

Despitee short-term improvement in remission rates, the long-term disease free survival of 

childrenn with advanced or recurrent neuroblastoma has not substantially improved with 

multimodalityy therapy (Matthay etal., 1998; Simpson, etal., 1998). Meta-iodobenzylguanidine 

(MIBG)) is a guanidine derivative with a structural analogy to norepinephrine. Neuroblastoma 

cellss take up MIBG via the specific norepinephrine transporter of the sympathie nervous system. 

[131I]MIBGG radiotherapy has been used for patients with advanced neuroblastoma after 

conventionall therapy has failed ( Hoefnagel etal. 1987; Mastrangelo etal., 1998; Voute etal., 

1995)) and more recently for patients with newly diagnosed irresectable neuroblastoma (De 

Krakerr ef a/., 1995). The major toxicity, especially in patients previously pre-treated with cytostatic 

drugs,, is thrombocytopenia. Platelets are well known for their extensive serotonin accumulating 

capacityy by active uptake via a specific plasma membrane transporter and subsequent granular 

storagee (Rudnick et a/., 1992). Not only has the kinetic and pharmacological profile of the 

serotoninn transporter been characterised (Stahl ef a/., 1978) but more recently cDNA of both 

thee human serotonin plasma membrane transporter (Ramamoorthy ef a/., 1993) and the 

monoaminee transporter present on the membrane of the storage granules (Liu ef a/., 1992) 

havee been cloned. We have previously shown that platelets concentrate MIBG equally competent 

ass neuroadrenergic tumor cells, presumably via the serotonin transporter (Rutgers ef a/., 1993; 

Tytgatt unpublished results, submitted). It seems however unlikely that the platelets are the 

primaryy targets of clinical MIBG toxicity despite their extensive [131I]MIBG accumulation. The 

thrombocytopeniaa is characterized by a delayed appearance and can persist for weeks, and 

plateletss have a life span of only 10 days, and do not possess a radiosensitive nucleus. On the 

otherr hand, megakaryocytes are large cells with a polyploid, radiosensitive nucleus and produce 

aboutt 2 x 1011 platelets per day. It has been shown that the megakaryocytes, like their daughter 

cells,, can take up serotonin (Tranzeref al., 1972; Schick ef a/., 1981). We therefore hypothesise 

thatt the megakaryocytes are the primary targets of [13'I]MIBG radiotoxicity, and that they 

accumulatee MIBG presumably via the serotonin transporter, in analogy with their daughter 

platelets.. If our hypothesis is correct, administration of selective serotonin re-uptake inhibitors 

(SSRIs)) during [131 l]M!BG therapy may prevent the treatment-induced thrombocytopenia. We have 

previouslyy shown in vitro that the uptake of MIBG in platelets could be fully blocked with a SSRI, 

forr example f luvoxamine, with hardly any effect on the MIBG uptake in neuroblastoma cells (Rutgers 

eff al., 1993; Tytgat ef al., submitted). To design MIBG treatment protocols aiming at protection of 

thee megakaryocytes, we first have investigated the uptake mechanism of radioiodinated MIBG, to 

analysee whether this pathway is also sensitive to inhibitors of serotonin reuptake. 

Wee have previously reported that the specific uptake of MIBG in three established human cell 

lines,, expressing a range of megakaryocytic properties, was low compared to that in platelets. 

Moreover,, the accumulation of serotonin in these cell lines was negligible (Tytgat et al., 1995). 
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Wee therefore concluded that these megakaryocyte cell lines were not a representative model to 

studyy the MIBG uptake via the serotonin transporter. 

Inn the past quantitative biochemical and pharmacological uptake studies in megakaryocytes 

havee been hampered by their low frequency in the bone marrow. However, since the recent 

purificationn and cloning of the c-mpl ligand (De Sauvage ef at., 1994) or thrombopoietin (Lok et 

al.,al., 1994; Bartley et al., 1994; Sohma ef al., 1994; Kuter et al., 1994) has enabled the in vitro 

culturee of large, and relatively pure megakaryocyte cell preparations. This major breakthrough 

hass been extensively documented (Kaushansky etal., 1994; Wendling etal., 1994; Hunt era/., 

1995;; Choi ef a/., 1995; Nichol ef a/., 1995; Debiliefa/., 1995; Angchaisuksiri etal., 1996). It has 

becomee clear that adding megakaryocyte growth and development factor (MGDF), also called 

thrombopoietin,, to megakaryocytic progenitor cells (i. e. CD 34 positive cells), can stimulate in 

vitrovitro the proliferation, differentiation and maturation of megakaryocytes. 

Wee have applied this in vitro technique to prepare large cultures of megakaryocytes, and in 

thiss paper we report on the uptake and retention of MIBG and serotonin in cultured human 

megakaryocytess in vitro. Our studies could not demonstrate substantial accumulation of MIBG 

inn megakaryocytes whereas the serotonin uptake was comparable to that in platelets. 

MATERIAL SS AND METHODS 
Preparationn of megakaryocyte cultures. 

Afterr informed consent, bone marrow from patients undergoing cardiac surgery was collected 

inn 5 ml RPMI containing 5000 IE heparin per ml. Low-density mononuclear cells were obtained 

fromm the interfase after centrifuging the bone marrow cell suspension over Ficoll-Paque (Pharmacia-

Biotech,, Uppsala, Sweden) for 20 minutes at 400 g, and were washed twice with phosphate 

bufferedd saline (PBS). We then isolated CD 34+ cells from the mononuclear cells by magnetic 

sortingg according to the manufacturer's instructions (Mini Macs magnetic CD 34 isolation kit, 

Miltenyii Biotec, Bergisch Gladbach, Germany). In short, the mononuclear cells were incubated 

withh a monoclonal hapten-conjugated mouse anti- human CD34 IgGI antibody, washed and 

incubatedd with colloidal super-magnetic MACS-microbeads conjugated to an anti-hapten antibody. 

Thee magnetic- labelled cells (CD 34+) were separated from the other cells by passing the cell 

suspensionn over the Mini-Macs separation column (type MS+, Miltenyi Biotec, Bergisch Gladbach, 

Germany)) which had been placed in a magnetic field. After eluting the selected CD 34+ cells, their 

purityy range ranged from 90 - 98% as determined by flow cytometry using the anti- HPCA-2 (anti 

CDD 34) antibody (Beckton Dickinson, San Jose, CA., U.S.A.). From these cells, megakaryocytic 

culturess were established using the method previously described by Nichol and coworkers (Nichol 

eff a/., 1994), with minor modifications. CD 34+ cells were cultured in Iscove's Modified Dulbecco's 

Mediumm (IMDM) supplemented with sodiumpyruvate 1mM, MEM vitamins (1x), non-essential 
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aminoo acids (1x), all from Gibco (Paisly, Scotland), L-asparagine 0.02 mg/ml, penicillin-

streptlomycin-glutaminee (1x), 0.2% (w/v) deionized B. S. A., and 0.01 mM a-thioglycerol, both 

fromm Sigma,(St Louis, Mo., U.S.A). It further contained 10% heparinized human AB plasma from 

aa healthy donor, and 100 ng/ml PEG-rHuMGDF (a generous gift from Amgen, Thousand Oaks, 

Ca.,, U.S.A). This enriched IMDM is further referred to as the culture medium. The initial cell 

densityy was 200,000 cells/ml and cultures were left at 37 C in a humidified atmosphere with 

5%% C02for maximal 10 days, without refreshing the medium. To determine the fraction of 

megakaryocytes,, at the selected time points cytospins were prepared, dehydrated and fixed 

withh sequentially acetone and formaldehyde. Megakaryocytes were stained with CD 61 antibody 

(mouse-anti-humann CD 61) (CLB Amsterdam, The Netherlands) by means of an alkaline 

phosphatasee detection system performed according to the manufacturers instructions (Sigma, 

St.. Louis, Missouri, U.S.A.). The cells were counterstained with haematoxylin and the preparations 

weree examined by light microscopy. To identify positive cells, which had stained red, 100 cells 

weree analysed. 

[[33H]SerotoninH]Serotonin and [,25l] MIBG uptake and retention experiments. All cells of the megakaryocyte 

culturess were collected on day 6, 8, or 10 of culture, and 1 ml aliquots with 105 cells were 

seededd in 1 ml fresh culture medium in 12 wells cell culture clusters, 3.8 cm2/ well (Corning 

Costarr Europe, Badhoevedorp, The Netherlands). 5-Hydroxy[3H]tryptamine creatinine sulphate 

([3H]serotonin;; specific activity: 358-814 MBq/mmol, Amersham Life Science, 's Hertogenbosch, 

Thee Netherlands), or [125I]MIBG (specific activity: 250-280 MBq/mmol), were added to a final 

concentrationn of 10"8M. Radioiodinated MIBG was prepared from MIBG (Emka Chemie, 

Markgröningen,, Germany) by the Cu+ catalyzed isotopic exchange method (Mertens ef a/., 

1986).. Incubations (37 , 5% C02) were performed with or without a specific uptake inhibitor 

forr 4 h or 16 h with [125I]MIBG or [3H]serotonin. Increasing concentrations from 10_1'to 10~5 M 

off the following inhibitors were used: fluvoxamine-maleate (a generous gift from Solvay Duphar, 

Weesp,, The Netherlands), citalopram.HBr (a kind gift from Lundbeck, Copenhagen, Denmark), 

paroxetinee (kindly donated by Smith Kline Beecham, Herfordshire, England), or 30 mM 

imipramine.HCLL (Sigma, St, Louis, Missouri, U.S.A.), or 10 mM tetrabenazine (Fluka chemie AG 

Buchs,, Switserland). Incubations were stopped by transferring the cells in transwells (12 mm 

poree size, (Corning Costar Europe, Badhoevedorp, The Netherlands), washed twice with (PBS). 

Thee cell associated radioactivity was extracted with 0.5 N perchloric acid and determined by 

standardd beta ([3H]serotonin) or gamma counting ([125I]MIBG). Total uptake was calculated as 

percentagee of the added radioactivity per 105 megakaryocytes. Results from cytospin analyses 

describedd above were used to correct for the actual number of megekaryocytes. The uptake of 

thee vehicle-treated controls was set at 100% and uptake in the presence of one the inhibitors 

wass expressed relatively to that of the control. To assess the retention capacity of the 

megakaryocytes,, we incubated [3H]serotonin-loaded cells in drug free standard medium for 3 or 
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233 h. Whether the serotonin retention was sensitive for imipramme or tetrabenazine was analyzed 

byy addition of these drugs during the washout period, starting 1 h after having replaced the 

medium.. The cell-associated radioactivity at the time of additing of inhibitor is referred to as the 

100%% retention level. 

Microautoradiography.Microautoradiography. Cells obtained on day 10 of the culture were used to identify the 

serotonin-storingg cells by microautoradiography. For this, 105 cells in 0.5 ml were brought in 

eachh chamber of a gelatine-coated 8-chamber slides (Nunc, Life Technologies, Breda, The 

Netherlands),, and [3H]serotonin was added at a final concentration of 108 M. Cells were left to 

adheree for approximately 16 hours at 37 , in a humidified atmosphere with 5% CO r After 

removingg the radioactive medium, drying and thorough washings, the slides were dipped in 

nuclearr emulsion (L4, llford Imaging UK Limited, Mobberley, England) and were stored at 4 C 

inn a light-free container. After 4-6 weeks, dependent on the incorporated amount of [3H], the 

slidess were routinely processed with Kodak D-19 developer, fixed in 20% natrium-thiosulphate, 

stainedd with haematoxylin and examined by light microscopy. Extra slides without the radioactive 

substratee were processed in parallel to assess the level of background staining. Furthermore, we 

determinedd the [3H]serotonin uptake capacity of the adherent cells, in parallel with that at 

standardd conditions of cells in suspension, using the same preparation of megakaryocytes. The 

serotoninn uptake was thus not only visualised but also quantified in comparison with that at 

standardd conditions. 

DataData analysis. Unless stated otherwise, data are given as mean  5D. 

RESULTS S 
Too obtain sufficient megakaryocytes for quantitative analysis of MIBG and serotonin uptake, 

wee cultured bone marrow CD34' cells with PEG-rHuMGDF for at least one week. During this 

period,, the total cell number generally expanded 2 to 3 fold reaching cell densities of 4.0 + 1.4 

xx 107ml on day 8 (n=11) or to 4.9 + 3.5 x 10s/ml on day 10 (n=33). The latter populations 

consistedd of approximately 70% megakaryocytes, concluded by the positive staining with CD61. 

Notably,, the proportion of the megakaryocytes assessed on day 8 being 68  9 % (n=10), did 

nott differ significantly from that on day 10 being 75.3  5.7 % (n=33). Largely due to a wide 

varietyy of the mononuclear cell content of the bone marrow samples, the size of the initial CD34+ 

celll cultures, and hence the total megakaryocytic cell yield, varied considerably, i.e. 1.3  0.9 

millionn on day 8 (n=10) and 2.3  1.8 million on day 10 (n=32). For the routine experiments, we 

collectedd the cells after 10 days of culturing because we consistently obtained fewer megakaryocytes 

forr the individually batches on day 8 than on day 10. A representative population of these cells is 

shownn in Figure 1, illustrating many characteristics of differentiating megakaryocytes, such as 

variablee size, nuclear lobulation and proplatelet formation. 
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Figuree 1. A view through the phase contrast microscope: a liquid culture of megakaryocytes 10 days 
afterr seeding showing different stages of maturation (400x). The arrow indicates proplatelets. 
(Referencee bar: 40 microns). 

Initiall uptake studies with megakaryocytes after different periods of culture showed a low 

andd highly variable level of accumulation. To reliably evaluate whether megakaryocytes do take 

upp MIBG, we have verified the quality of our test system using the natural substrate serotonin. 

Ourr results (Fig. 2) show that the total uptake of serotonin clearly increased with time, i.e. from 

6%% to 14% between 4 and 16 h of incubation, respectively. Moreover it was at least 90% 

imipraminee sensitive, indicating active uptake. These findings highly contrasted with the apparent 

lackk of specific uptake of MIBG as is shown in Fig. 2. After incubation with [,25I]MIBG , the cell-

associatedd radioactivity in the megakaryocytic cultures, having good serotonin uptake, remained 

loww i.e. 1.7  0.5% independent of incubation time, and it was not significantly inhibited when 

imipraminee was added. Very similar results were obtained when megakaryocytic cultures were 

testedd after 8 days of culture (data not shown). 

Serotoninn accumulation in the megakaryocytes presumably resembles that in their daughter 

8 8 t t 166 hours 

Figuree 2. Total uptake of [3H] 
serotoninn and [125I]MIBG in mega-
karyocytess (0.01 U.M substrate) after 
100 days of culture. The black bars 
representt the controls and the white 
barss the non-specific uptake in the 
presencee of 30 mM imipramine. Note 
thee different scales of the y-axis. Data 
aree given as mean  SD (n= 6-14). 

serotoninn MIBG 
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Figuree 3. Saturation of serotonin 
uptakee by megakaryocytes. All 
incubationss contained 0.01 uM [3H] 
serotoninn but increasing concen-
trationss of unlabelled substrate. Total 
uptakee of radioactive substrate after 
44 hours is expressed relative to that 
off the unsaturated controls. Data are 
givenn as mean  SD (n= 3). 

10-88 10-7 3x10-7 10-6 3x10-6 10-5 
Serotoninn concentration (M) 

10-4 4 

cellss the platelets, taking into account the different cellular dimensions. To determine the 

saturabilityy of the serotonin uptake, we incubated megakaryocytes with substrate levels increasing 

f romm 0.1 to 100 m M . As illustrated in Figure 3, the serotonin uptake became saturated above 

10 -77 M, thus providing evidence for the presence of a specific serotonin transporter. In line wi th 

previouss findings, up to 10,000 fold excess of non-radiolabeled MIBG failed to reduce the 

[3H]serotoninn (10~8 M) uptake (data not shown). 

Itt has been questioned whether the maturation of megakaryocytes requires the same level of 

MGDFF as the proliferation (Horie ef a/., 1997; Choi ef a/., 1996; De Sauvage er a/., 1996; Kato ef 

a/.,, 1993). We therefore have tested if the withdrawal of MGDF during the final culture period, 

afterr the expansion of the megakaryocyte precursors, had an effect on the uptake of MIBG or 

serotonin.. For this we cultured the cells either wi th or without MGDF from day 5 onwards until 

dayy 10, after which we determined the total amount of megakaryocytes. We analysed the 4 

hourr uptake of [ ,25I]MIBG or [3H]serotonin. Neither total nor specific (i.e. imipramine sensitive) 

uptakee of MIBG was increased which also holds for serotonin, i.e. we obtained results similar to 

thosee shown in figure 2. 

Too further investigate the properties of the monoamine transport systems in megakaryocytes, 

w ee have tested the inhibitory potency of citalopram, a selective serotonin uptake inhibitor 

(Tablee I). A t relatively low levels citalopram reduced the serotonin uptake equally effective as 

imipramine,, indicating specific interaction of the drug wi th the serotonin transporter. We 

thenn tested a concentration range of citalopram and fluvoxamine, another selective serotonin 

reuptakee inhibitor. Concentrations required for half maximum uptake inhibition were below 1 nM, 

demonstratingg that both drugs efficiently reduced the serotonin uptake in the megakaryocytes. 

Thee serotonin uptake (% of control) in the presence of 0.3 nM or 0.1 nM fluvoxamine was reduced 

too 44  3 % or 52  7 %, respectively, and with 1 nM or 0.3 nM citalopram to 30  9 % or 61  25 

%,, respectively (mean + SD; n=5). Apparently, these half maximum inhibitor concentrations were 

considerablyy lower compared to those previously established in platelets, being 30 nM for both 

citalopramm and fluvoxamine (Rutgers ef a/., 1993; Tytgat er al., submitted). This can be partly 

explainedd by the lower protein concentrations in the assays wi th the megakaryocytes compared 
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too that w i th platelet rich plasma, because both the selective inhibitors bind to proteins. 

Followingg uptake in the platelets, serotonin is known to efficiently concentrate in dense 

granuless via the vesicular monoamine transporter (type 2) of which tetrabenazine is a specific 

inhibitorr (Erickson etal., 1995). When we co incubated tetrabenazine with [3H]serotonin in the 

megakaryocytee uptake assay, the total amount of cellular serotonin was significantly reduced by 

8 0 %% (Table I). In addition we assessed using cells preloaded wi th [3H]serotonin, that the 

megakaryocytess efficiently retained the accumulated substrate, because after a 3 h or 23 h 

washoutt period still 68% or 49%, respectively, of the radioactivity remained associated wi th the 

Tablee I. Effect of inhibitors on the accumulation of serotonin or MIBG in human megakaryocytes at 
dayy 10 of culture. 

Inhibitor r 
Cellularr radioactivity 1 

[3H]serotonin22 [125I]MIBG2 

Imipraminee (30 |iM) 
Citalopramm (0.1 \iM) 
Tetrabenazinee (10 |iM) 

9.99 5 (14) 
15.55 + 5.0(7) 
18.33  13.3(5) 

71.44 + 21.7(9) 
90.6++ 15.0(6) 
85.22 + 20.9(4) 

11 The uptake after 4 h incubation is expressed in % of control (mean  SD, n). 210~8M substrate 
concentration. . 

cells,, (Fig. 4). However when tetrabenazine was present during the washout period, corresponding 

retentionn values were decreased to approximately 36 or 7%, respectively. These studies confirmed 

thatt also in megakaryocytes the overall accumulation of serotonin is largely depending on its 

granularr sequestration. Imipramine, which inhibits the reuptake of spontaneously released serotonin, 

hadd no effect on the pre-existing serotonin levels, after 3 hrs it was still 66%. We therefore 

concludee that the serotonin retention in megakaryocytes, which is relatively stable but highly 

sensitivee for tetrabenazine, is mainly due to granular sequestration, resembling that in platelets. 
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Figuree 4. The retention of [3H]serotonin in human 
megakaryocytes.. [3H]serotonin loaded cells were 
keptt in standard medium for one hour, thereafter 
(seee arrow) we added imipramine 30 mM (open 
circle),, tetrabenazine 10 uM (closed triangles) or 
PBSS as control (closed squares). Results of three 
experiments,, in which the different inhibitors 
weree analyzed, were combined. 

timee (hr) 
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Soo far, we have discussed the results obtained with cells that were kept in suspension. In situ 

howeverr the megakaryocytes and precursor cells are adherent to the bone marrow stroma and 

too mimic this condition we have adhered megakaryocytes to gelatine coated slides. The serotonin 

uptakee in these adhered megakaryocytes, measured after 4 and 16 h incubation periods was 

3.44 times higher than in the megakaryocytes in suspension, being on average 93% imipramine 

sensitivee whereas the [125I]MIBG accumulation remained negligible (data not shown). Apart 

fromm the more natural, i.e. flattened cell form, the difference in initial cell density may have 

contributedd to the improved serotonin concentration of the adhered megakaryocytes. 

Too better understand the observed discrepancy of MIBG taken up by platelets but not by 

megakaryocytes,, we have investigated if the accumulative capacity was perhaps limited to a 

smalll subset of the in vitro enriched population. For this we incubated cells with [3H]serotonin, 

followedd by micro-autoradiography. It was evident that serotonin accumulated in nearly all the 

cellss (Fig. 5), so the difference with regard to MIBG uptake in platelets and megakaryocytes 

seemss therefore not likely to be due to heterogenicity within the megakaryocytic population. 

Too control that the uptake properties were representative for the majority of cells in the 

assay,, we incubated cells with [3H]serotonin, followed by micro-autoradiography. It was evident 

thatt serotonin accumulated in nearly all the cells, and that this process was very efficiently 

inhibitedd by imipramine (fig. 5). 

Figuree 5. Micro-autoradiographs of megakaryocytes incubated for 23 hours with 10"8 M [3H]serotonin. 
Sampless were exposed for 4 weeks and stained with hematoxilin-eosin. (a) Localization of 
[3H]serotoninn in megakaryocytes, (b) Effect of imipramine (30 mM) on the megakaryocyte labeling. 

DISCUSSION N 
Inn this paper we report on the uptake and retention of MIBG and serotonin in cultured 

humann megakaryocytes in vitro. Since platelets do take up MIBG almost as good as serotonin 

(Rutgerss ef a/., 1993; Tytgat et ai, submitted) we have used serotonin uptake to validate the 

qualityy of our megakaryocytic cultures. This latter process, although characteristic for platelets, 
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hass not extensively been investigated in megakaryocytes with regard to its capacity, and specificity, 

norr has the sensitivity to known inhibitors been tested. To our knowledge, this is the first report, 

dealingg with the kinetics and pharmacology of the serotonin transporter in cultured human 

megakaryocytes. . 

Wee have previouslyy shown that platelets were able to concentrate MIBG in large and serotonin 

equivalentt amounts by using the serotonin transporter in combination with a transporter on the 

granularr membrane to store intracellular MIBG (Rutgers etai, 1993). In this study however we 

weree unable to demonstrate active uptake of MIBG in megakaryocytes in contrast with significant 

accumulationn of serotonin. 

Sincee we used the uptake of serotonin to validate our test system, we first compared our 

serotoninn uptake data when megakaryocytes or platelets were used. Serotonin uptake in 

megakaryocytess has previously been described, but to our knowledge the absolute level of 

uptakee in relation to administered dose has not been reported (Schick ef a/., 1981; Wojenski ef 

a/.,, 1993; Daimon etai, 1995). Our study confirms that megakaryocytes do accumulate serotonin, 

butt not MIBG, unlike platelets that accumulate both serotonin and MIBG. In the present study 

thee serotonin uptake in megakaryocytes saturated above 0.3 mM, which is roughly similar to 

ourr previous observations in human platelets (Rutgers etai., 1993; Tytgat etai., submitted), and 

thiss is also in agreement with the Km values of 0.1-0.5 mM reported for the serotonin uptake in 

HELAA cells expressing the transfected serotonin transporter of rat brain (Blakely ef a/., 1991). 

Thee significant inhibitory effect of the two selective serotonin uptake inhibitors: citalopram and 

fluvoxamine,, confirmed that the serotonin transporter mediates the serotonin uptake in the 

culturedd megakaryocytes. Megakaryocytes, like platelets, apparently accumulate serotonin in 

thee storage granules, since tetrabenazine effectively decreased the retention of serotonin. Based 

onn total cellular protein, 105 megakaryocytes compares to approximately 108 platelets (Schick et 

al.,al., 1981; Wojenski etai., 1993). We have estimated that the cellularly accumulated serotonin 

afterr 4 hr incubation with 10"8M [3H]serotonin approximated 1.4 pmol / 105 megakaryocytes 

(thisstudy)) and after 1 hr incubation with 108M [3H]serotonin in platelets 3 pmol/ 108 platelets 

(Rutgerss ef al., 1993). Apparently, uptake in megakaryocytes was slower than in platelets, because 

increasingg the incubation time from 4 to 16 hours did only double the amount of serotonin 

activelyy taken up in the megakaryocytes (Rutgers ef al., 1993). Schick and Weinstein (1981) 

studiedd the accumulation of serotonin in guinea pig megakaryocytes and platelets, and also 

observedd that the uptake of serotonin in the megakaryocytes was slower than that in platelets. 

Furthermore,, these investigators demonstrated that, the capacity for serotonin accumulation in 

megakaryocytess is equal or slightly greater than in platelets. 

Howw can we explain the discrepancy of MIBG being taken up by the platelets, but not by the 

parentall megakaryocytes? 

Factorss inherent to the in vitro culture of megakaryocytes, such as the artificial exposure to 
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MGDFF or the absence of stromal adherence, as well the complexity of the membrane structure 

aree likely to ptay a role in functional transport processes and are discussed below. The first 

questionn that rises is whether or not cultured megakaryocytes are functionally the same as those 

inn normal bone marrow in situ. Megakaryocyte growth and development factor (MGDF), also 

calledd thrombopoietin or megapoietin, can generate megakaryocytic progenitors from CD34+ 

cellss in vitro (Lok ef a/., 1994; Kaushansky et a/., 1994; Kato ef a/., 1993; Kuter ef a/., 1994; 

Bartleyy etai, 1994). In the present study we have chosen to grow the CD34+ cells in vitro with 

MGDFF as sole growth factor, without the addition of cytokines, because the number of cells 

expanded,, with very high frequencies of cells being megakaryocytic. Moreover, the maturation 

stagee of these megakaryocytes was higher than that of cells cultured with combinations of 

MGDFF and other growth factors, as is described by other investigators (Hunt ef a/., 1995; Nichol 

etet al., 1995; Gehling ef a/., 1997; Birkman etai., 1997; van den Oudenrijn ef a/., 1999). The 

literaturee is conflicting regarding the levels of MGDF required for maturation of megakaryocytes 

andd the final production of platelets (Horie ef at., 1997; Choi ef a/., 1996; De Sauvage ef al., 

1996;; Kato ef al., 1993). De Sauvage ef al. (1996) has shown in homozygous knockout mice 

thatt MGDF is not critical for the final step of platelet production. Furthermore a study by Kato ef 

al.al. (1993) did show that MGDF primarily stimulated the CFU-MK to increase the number of 

proplatelet-formingg megakaryocytes, but had minimal effects on the proplatelet formation itself. 

Thesee findings were confirmed by Choi ef al. (1996), who even demonstrated that MGDF 

apparentlyy inhibited the process of proplatelet formation in a dose dependent manner, but that 

megakaryocytess grown in vitro in the presence of rHuMGDF are capable of producing proplatelets, 

whichh develop into morphologically and functionally normal platelets (Choi ef al., 1995). However, 

iff the final megakaryocyte maturation process requires lower MGDF levels (De Sauvage ef al., 

1996;; Kato ef al., 1993) than the proliferation of the precursors megakaryocytes, this condition 

iss met within our assay due to consumption of MGDF, which was administered only at the onset 

off the cultures. Notably, we have frequently detected proplatelet formation in our cultures 

indicativee of a normal maturating process. 

Inn the human bone marrow, the megakayocytes are adhered to the stromal matrix until they 

traversee to the venous sinus and extend pseudopods into these sinusoids. The adherence of 

megakaryocytess might induce alterations in parts of the membrane, possibly involved in the 

transportt process. We showed that the uptake of serotonin in megakaryocytes adhered to 

gelatine-coatedd slides nearly tripled, whereas the MIBG uptake remained undetectable, which 

confirmedd the lack of an adequate transport system. The micro autoradiography study further 

showedd that the serotonin uptake capacity was not restricted to only the fully matured 

megakaryocytess with many storage granules, since the silver grains were seen in most of the 

cells.. We therefore conclude that the lack of MIBG uptake in these megakaryocytes could not be 

explainedd by sub-optimal in vitro conditions such as the levels of MGDF or adherence. 
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Althoughh the platelets are derived from the megakaryocytes, differences in membranes of 

thee platelets and the megakaryocytes have been described (Daimon etal., 1995; Zucker-Franklin 

etet al., 1986; Bithell 1993) that might help us to understand the observed difference in uptake 

capacityy of MIBG and serotonin by megakaryocytes and platelets. Mature megakaryocytes posses 

thee demarcation membrane system, a widespread network of membranes in the cytoplasm 

fromm which the platelets are formed {Zucker-Franklin et al., 1994; Rafi et a/., 1997; Behnke et 

al.,al., 1998). In mice, Daimon et al. (1995) have assessed, using radioautographic analysis after 

injectingg mice intraperitoneally with [3H]serotonin, that the uptake of serotonin in megakaryocytes 

wass only 1.3 % of that in circulating platelets. They furthermore showed that fragments of 

megakaryocyticc pseudopodia in the venous sinus did actively take up serotonin unlike the mature 

megakaryocytee without pseudopodia. This led to the hypothesis that, in vivo the capacity to 

accumulatee serotonin would appear to be acquired predominantly after the platelets have been 

releasedd from the megakaryocytes into the peripheral blood vessels (Daimon and David 1983; 

Daimonn et al., 1995). This is consistent with our finding that platelets accumulate serotonin 

moree effectively than the megakaryocytes. Blakely etal., (1994) investigated the difference in N-

glycosilationn of the serotonin transporter, and suggested that glycosilation is important for the 

properr folding of the transport protein. Interestingly, the serotonin transporter of the brain and 

thee platelet are differently glycosilated (Blakely et al., 1994) but nothing is known about the 

megakaryocytee transporter. They furthermore described that the expression of the serotonin 

transporterr might be regulated by receptor activation (Blakely etal., 1994). The megakaryocytes 

thatt we cultured could not have been activated in contrast to the platelets that have been 

circulatingg in the body, and have had the opportunity to take up circulating serotonin, Another 

differencee between the membrane of the megakaryocyte and platelet is the fact that the latter 

containss a high concentration sialic acid resulting in a negatively charged surface. The pKa of 

MIBGG is known to be 13 and that of serotonin 9.8, thus under physiological conditions MIBG is 

moree extensively protonated than serotonin (Wieland etal., 1980; Wafelman etal., 1994). The 

uptakee of MIBG in platelets has been characterized as low affinity, high capacity (Rutgers etal., 

1993),, so binding of the positively charged MIBG to the negatively charged moieties on the 

platelett membrane can perhaps facilitate its uptake via the serotonin transporter. Furthermore, 

megakaryocytess and platelets also differ in the presence of a canalicular system, that is present 

inn the platelets and not in the megakaryocytes. This is a network of vesicles and interconnecting 

channelss that ramifies through the entire cytoplasm and communicates with the cell surface 

(Bithelll 1993). This tubular system is found close to the storage organelles (also called the dense 

bodies)) and is lined with the same membrane that covers the external surface of the platelet. 

Onee can imagine that such an enormous surface extension in the platelets can facilitate the 

uptakee via the serotonin transporter and sequential translocation to the storage granules. 

Alll these differences between the megakaryocyte and platelet might contribute to the fact 
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thatt the platelets do take up MIBG, which was not the case in the megakaryocytes. The uptake 

capacityy of the platelets for serotonin (Rutgers et al., 1993) appeared much larger than that in 

thee megakaryocytes, and perhaps these same factors discussed above play a role. More detailed 

investigationss at the molecular level of the bioamine transporters involved may reveal additional 

differencess which could help to understand why MIBG uptake is differently handled in cultured 

megakaryocytess compared to platelets. 

Bonee marrow toxicity and especially thrombocytopenia is not specific for the [131I]M1BG therapy 

butt is also a common side effect of1311 immunoglobulin therapy. Stem cells are the most radiosensitive 

non-tumorr cells. Other elements of the normal hematopoietic system such as the matrix, the 

stromall cells and the blood-marrow barrier suffer less damage, but chronic exposure might destroy 

thee micoenvronment (Vriesendorp etal., 1996). So far, our investigations indicate that the [B1 l]MIBG 

treatment-relatedd thrombocytopenia is not likely due to critical accumulation of radioactivity within 

thee megakaryocytes. However Leung etal., (1996) described a patient with abnormal [131I]MIBG 

uptakee in the femoral bone marrow, with a megakaryocyte leukemia. So it remains to be established 

whetherr megakaryocytes in the bone marrow in situ really do fail to accumulate MIBG. If so, other 

protectivee interventions than those with SSRI needs to be developed. 
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CC h a p t e 

Megakaryocytess and platelets both express the 
serotoninn transporter (SERT) and the vesicular 
monoaminee transporter 2 (VMAT2), but differ 

highlyy in MIBG accumulating capacities. 

G.A.M.. Tytgat, M Dekker-van den Brug, C. Buitenhuis, L.A. Smets, 
P.A.. Voute, M. Rutgers and G.S. Salomons 
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ABSTRAC T T 
RadioiOdinatedd meta-iodobenzylguanidine (MIBG) is used for diagnosis and targeted 

radiotherapyy of neuroblastoma and the major side effect is an often isolated 

thrombocytopenia.. Apart from its accumulation in neuroblastoma via the 

norepinephrinee transporter (NET), MIBG is also taken up in platelets by the serotonin 

transporterr (SERT). Compared to platelets, the megakaryocytes also accumulate 

serotonin,, but surprisingly not MIBG (Tytgat et al., manuscript in preparation). To 

investigatee this difference in MIBG uptake, we studied the expression profiles of 

bothh the SERT and related membrane transporters (NET and dopamine transporter 

DAT),, and the vesicular monoamine transporter (VMAT 1 &2), present on the storage 

granules.. To our knowledge we are the first to indicate the presence of the cDNA 

andd the protein of the SERT in human megakaryocytes. The SERT and VMAT2 were 

presentt in both the megakaryocytes and the platelets, whereas the NET and DAT 

couldd not be detected. We further investigated the presence of these transporters 

inn cell lines with megakaryocytic properties, the MKPL-1, CHRF-288-11 and the HEL. 

AA previous study had shown that these cells were not a good model to study 

serotoninn and MIBG uptake in human megakaryocytes (Tytgat et al., 1995). In 

thesee cells no outer membrane transporter, but only the vesicular monoamine 

transporterr 2 (VMAT2) could be detected. 

Wee conclude that both the SERT and the VMAT2 are expressed in platelets and 

megakaryocytes,, so the differential MIBG and serotonin uptake could not be 

explainedd by transporter expression profiles. 
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INTRODUCTION N 
Forr several years radiolabeled metaiodobenzytguanidine ([,31I]MIBG) therapy has been used 

ass therapy "for patients with recurrent neuroblastoma (Hoefnagel ef al., 1987; Voute et al., 

1995)) or as first treatment modality before surgery and chemotherapy (Mastrangelo ef al., 

1993;; de Kraker et ai, 1995). Neuroblastoma cells express the NET via which MIBG is concentrated 

intracellular^^ (Pacholzyck ef al., 1991; Mairs ef al., 1994). The major toxicity of [13,I]MIBG 

treatmentt in patients with a recurrent neuroblastoma is haematological, in which isolated 

thrombocytopeniaa prevails, sometimes limiting the therapy (Voute ef al., 1988; Sisson et al., 

1994;; Hoefnagel etal., 1991; Lashford etal., 1992). 

Wee have previously demonstrated that isolated human platelets concentrate radioactive MIBG 

veryy efficiently (Rutgers etal., 1993). Because the [131I]MIBG related thrombocytopenia can persist 

forr weeks to months, we previously hypothesized that not the platelets, but their precursor cells the 

megakaryocytess were the targets for [131 l]MIBG related toxicity (Rutgers et al., 1993). Platelets are 

welll known for their extensive serotonin accumulating capacity, by active uptake via the serotonin 

transporterr (SERT). Subsequently serotonin is stored in granular vesicles by uptake via the vesicular 

monoaminee transporter 2 (VMAT 2) (Stahl and Meltzer, 1978; Rudnick and Humphreys, 1992). it 

hass also been documented that the platelets are able to accumulate norepinephrine (Abrahams 

andd Solomon, 1969; Da Prada and Pletscher, 1969) and dopamine (Sneddon, 1973). 

Usingg selective serotonin re-uptake inhibitors (SSRIs) and mutual inhibition studies we have 

shownn that MIBG utilises the SERT rather than the NET for its accumulation in the platelets 

(Rutgerss etal., 1993; Tytgat etal., submitted). The MIBG uptake in platelets could be selectively 

inhibitedd by these SSRIs without affecting the MIBG accumulation in the neuroblastoma in vivo 

(Tytgatt et al., submitted ). 

Too study serotonin and MIBG uptake in megakaryocytes, we investigated previously whether 

thee established megakaryocyte cell lines CH-RF-288-11, MKPL-1 and the human erythroblastic cell 

linee HEL were a good model for megakaryocytes (Tytgat et al., 1995). However, these cell lines 

showedd low MIBG accumulation and negligible serotonin uptake, due to as yet unknown reasons 

andd were therefore abandoned as a model (Tytgat et al., 1995). 

Whenn thrombopoietin became available, we succeeded to culture megakaryocytes from 

progenitorr cells in vitro. These megakaryocytes, in contrast to their daughter cells the platelets, 

didd not take-up MIBG. Serotonin storage occurred in these cells, though the uptake was slower 

thann in platelets (Tytgat et al., manuscript in preparation). 

Wee sought to study whether the expression patterns of both the membrane and vesicular 

transporterss of the megakaryocytes and platelets could explain the differences in MIBG and 

serotoninn uptake in megakaryocytic cell lines. In order to study the relevance of bioamine 

transporters,, we first focused on the mRNA expression levels of the NET and SERT. Subsequently 

wee have studied the VMATs and the DAT expression profiles. In this way the most relevant 
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transporterss have been covered allowing to evaluate the contribution of granular sequestration 

too total accumulation of serotonin and MIBG. 

MATERIAL SS AND METHODS 

Celll cultures 
Thee megakaryobtastic leukemia cell lines MKPL-1 and CHRF-288-11 and the erythroleukemic 

celll line HEL were cultured as previously described (Tytgat et a/ . ,1995| Megakaryocytes were 

culturedd from bone marrow stem cells isolated from bone marrow aspirates, which was obtained 

f romm patients undergoing cardiac surgery after informed consent (Tytgat ef a/., manuscript in 

preparation).. Platelets were isolated from whole blood which was obtained, after informed consent, 

f romm patients wi th polycythemia vera (Tytgat etal., submitted). SKNSH cells and PC12 cells were 

culturedd according to Smets et al., (1991). 

RNAA isolation, cDNA synthesis and RT-PCR analysis. 
Totall RNA was isolated f rom 1 x 10 6 cells and for the platelets 1 x 10 9 cells, using the RNeasy 

collumnss according to the manufacturer's instructions (Qiagen Ine, Chatsworth, CA, USA). First 

strandd cDNA was synthesized from total RNA using Superscript™ II reverse transcriptase (Gibco 

BRL// Life Technologies), in a 20 ml reaction. The primers used to amplify by RT-PCR the human 

SERTT (Ramamoorhty et al., 1993: Lesch ef al., 1993a; Lesch et al., 1993 b), NET (Pacholzyck et 

al.,al., 1991), DAT (Caron etal., 1993), VMAT1 and VMAT2 (Erickson etal., 1993; Erickson et al., 

1996)) and b-Actm cDNA's are listed in table 1. A typical PCR reaction contained 0.5 ml cDNA in 

aa reaction volume of 25 ml using Taq DNA polymerase (GIBCO) in several buffers: Buffer A (for 

thee SERT, DAT, VMAT1 &2 and b-actin ) containing obtained 10 m M Tris-HCL (ph 8.8), 1.5 mM 

MgCll , 75 m M KCI, Optiprime #6 (Optiprime TM buffers, Strategene,), Buffer B (for the NET) 

Tablee 1 Primers used for RT-PCR 

Sequencee of primer 5' -> 3' Length of PCR product 

SERTT forward 5'- TTTACATGGAGCTCGCACTG 434 
reversee 5'- CAGAGGTCTTGACGCCTTTC 

NETT forward 5'- TCTCCATCCTTGGTTACATGG 240 
reversee 5'- CGGTGTCGCTTCAGGAC 

DATT forward 5'-AGCAAATGCTCCGTGGGAC 421 
reversee 5'- GTGAAGCCCACACCTTTCAG 

VMATT 1 forward 5'- TGCTCCTGGACAACATGCTG 892 
reversee 5'- CATCATCCAGATGGGCAG 

VMATT 2 forward 5'-GCTATTCAGCTCTTTGTGCTCC 416 
reversee 5'- AGGTAGCCCATGATAGGCATC 



Chapterr 6 105 

containedd 10 mM TRIS-HCL (pH 9.2), 3.5 mM MgCI2, 75 mM KCI, Optiprime #12 (Strategene). 

Afterr initial denaturation at 95 C for 5 minutes, samples were subjected to 30 cycles for the 

SERT,, 35 cycles for the NET, the DAT and the VMAT2 and 40 cycles for the VMAT1, and completed 

withh 10 minutes of primer extension at 72 . PCR products were analyzed on a 0.8 % agarose 

gell containing ethidium bromide and were visualized by UV light. 

Westernn blotting 
Pelletedd cells (1 x 106 cells, except 1 x 109 for platelets,) were boiled in Laemmli sample buffer 

(Laemmli,, 1975). The protein lysates were boiled for 5 minutes and separated on a 15% SDS-

PAGEE and transferred to Immobilon PVDF membranes (Millipore, Bedform, MA, USA). The primary 

antibodyy incubation was performed overnight at 4 C at 1: 1000 dilution (hSERT, a CT-2 rabbit 

antii SERT antibody, a kind gift of Dr. R.D. Blakely) and a 1: 500 dilution (hVMATI, hVMAT2, 

rabbitt anti human VMAT1 and 2, Phoenix Pharmaceuticals, Mountain View, CA, USA). The loading 

controll was a mouse monoclonal antibody clone 4 against actin, (Boehringer Mannheim, 

Germany).. The blots were washed three times with Tris-buffered saline (TBS), and incubated 

withh a second antibody (125l sheep anti-whole-mouse Ig or ,25l labeled donkey anti-whole-rabbit 

Ig,, Amersham, Aylesbury, UK) for 2 hours at room temperature. The blots were washed 4 times 

andd dried. All antibody incubations were performed in blocking buffer (0.15% bovine serum 

albumine,, 0.5 mM EDTA, 0.5% vo/vol Tween-20 all from Sigma) in TBS. Protein levels were 

detectedd with a phosphor imager. 

RESULTS S 

Usingg RT-PCR we studied the expression profiles of the NET, SERT, DAT and VMAT 1 and 2 in 

humann platelets and human megakaryocytes. The platelets were isolated from blood and the 

megakaryocytess were cultured from CD34 + stem cells, isolated from human bone marrow. The 

expressionn profiles of these transporters were also investigated in the human cell lines CHRF-288-

11,, MKPL-1 and HEL, cell lines that show megakaryocyte characteristics. Fetal brain was used as a 

positivee control for the expression of the DAT, NET and VMAT2, PC12 pheochromocytoma cell line 

wass used as a positive control for the VMAT1 (Erickson et a/., 1993) and the platelets were used as 

aa control for the expression of the SERT (Ramamoorthy era/., 1993). b-Actin was used as a control 

forr the quality of the cDNA's (Fig. 1). Figure 1 (top) demonstrates the expression of the SERT in 

plateletss and in the megakaryocytes, with undetectable levels in the cell lines MKPL-1, HEL and 

CHRF-288-11.. In figure 1 (middle) it is apparent that not only the platelets and the megakaryocytes, 

butt also the cell lines express the VMAT2. The VMAT1, DAT and NET mRNA could not be detected 

byy PCR in the platelets, the megakaryocytes nor in the cell lines, in contrast to the expression of 

VMAT11 in the PCI 2 cells and of the DAT and NET in fetal brain (data not shown). 
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Figuree 1. Bioamine transporter 
genee expression profiles. 
RT-PCRR analysis of SERT and 
VMAT22 in fetal brain (lane F), 
megakaryocytess (lane Me), 
plateletss (lane P), CHRF288-11 
(lanee C),MKPL-1 (lane M), HEL 
(lanee H) and a negative control 
withoutt cDNA (lane -). The power 
lanee shows the TR-PCR of B-actin 

VMAT2 2 

5000 bp- (3-ACT T 

FF Me PC MH 

Too investigate whether the SERT and VMAT2 proteins were stably expressed in cells containing 

detectablee mRNA levels of these transporters, we performed westernblot analysis. Fig. 2 illustrates 

thee presence of the SERT protein in megakaryocytes and the platelets. SKNSH cells are human 

neuroblastomaa cells and were used as negative controls, since they do not contain the SERT 

(Lodee etal., 1995). The results of assays to prove uptake and retention of MIBG and serotonin 

ass well as the expression data are summarized in table 2. In all the uptake assays total uptake is 

expressedd as % of added radioactivity and retention is expressed as % of total uptake, which 

wass set at 100%. The total uptake of [3H]serotonin (108M ) in platelets was 57.5  13.8% (n= 5) 

withh 90  13% retention after 150 minutes and in megakaryocytes 5.8  1.9 (n=6) with 68% 

retentionn after 3 hr. In the platelets the uptake of [125I]MIBG (10*M) after 2 hr was 23.6  3.6% 

SKNBE E 

Figuree 2. Western blots illustrating the 
expressionn of the SERT in the 
megakaryocytess (Me) and platelets 
(P).. The SKNSH neuroblastoma cells 
aree the negative controls. Actin 
expressionn was used as control (lower 
lane). . 
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Tablee 2. Expression o f d i f ferent b ioamine transporters and transporter proteins, in compar ison w i t h 
uptakee and retent ion o f serotonin and MIBG. 

Celltypee Expression of bioamine transporters 
SERTT VMAT2 DOPA NET 

RNAA Protein RNA Protein RNA RNA 

[12SI]MIBGG loading [3H]serotonin loading 
Uptakee Retention Uptake Retention 

Megakaryocytes s 
platelets s 

CHRF-288-11 1 
HEL L 
MKPL-1 1 
Fetall Brain 

++ + 
++ + 

--
--
--
--

++ + 
++ + 

--
--
--
nd d 

++ + 
++ + 

++ + 
++ + 
++ + 
+ + 

+ + 
+ + 

++ + 
++ + 
++ + 
nd d 

. ( 5 ) ) 

+++ (D 

 - (4) 

 - (4) 

 w 

nd d 
++<2) ) 

nd d 
nd d 
nd d 

++<s> > 
+++ 0.3) 

-W -W 

_W W 

. ( " ) ) 

++(5 5 

++») ) 

nd d 
nd d 
nd d 

(1)) Rutgers et al., 1993.(2) Tytgat, thesis in preparation.(3) Tytgat et al., submitted.(4) Tytgat et al., 1995, 
<5)) Tytgat et al., manuscript in preparation. Uptake of 10-8 M [3H]serotonin and [12SI]MIBG was 
demonstratedd after 4 hr incubation of 108 platelets/ml for MIBG and 15 min for serotonin {1-3), after 4 
hrr incubation of 105 megakaryocytes/ml(5) and 1 hr incubation of 2 x 106 cells/ml for the HEL, MKPL-
11 and CHRF-288-11 cell lines(4), for both the compounds respectively. Specific uptake was demonstrated 
inn the presence of 30 mM imipramine and total uptake of [3H]serotonin and [125I]MIBG was calculated 
ass percentage of added radioactivity per 105 megakaryocytes or 108 platelets o.3,4ands)_ Retention was 
demonstratedd in 10~8 M [3H]serotonin or [125I]MIBG loaded megakaryocytes (after 2 hr loading of 
105cellss /ml), or platelets (after 30 min loading for [3H]serotonin, or 2 hrs with [125I]MIBG, of 108 

cellss /ml), after incubation of the cells in drug free medium for 3 to 23 hrs for the megakaryocytes 
andd for 90 to 150 minutes for the platelets <2'5). Cell associated radioactivity at the t=0 was referred 
too as 100% retention level (2'5). nd is not done. 

withh a retention of 63% after 150 min, and in megakaryocytes the [125I]MIBG accumulation was 

onlyy 1.7%  0.5%, which was not sensitive to any of the known uptake inhibitors. Because of the 

lackk of uptake, retention was not tested. In the megakaryocytic cell lines total [125I]MIBG (10 ~7M) 

accumulationn amounted to 6.4% 3 (n=7, MKPL-1), 4.1  0.8% (n=3 HEL) and 3.2 %

0.3(n=33 CHRF-288-11), with a significant reduction in the MIBG accumulation of 42% in the CHRF-

288-111 cells, 37% in MKPL-1 cells and 51% in the HEL cells. [3H]serotonin uptake was 2.0+ 1.0% 

(n== 6, MKPL-1), 1,9% (n=2, HEL) and 0.6 %  0.3 (n- 3, CHRF-288-11) and no inhibitory effect of 

imipraminee was found (Tytgat et al., 1995). 

DISCUSSION N 
Inn order to investigate whether expression levels of the bioamine transporters could explain 

thee discrepancy in the uptake of MIBG between human platelets and megakaryocytes, we studied 

thee gene expression of the SERT, VMAT 1 &2, NET and DAT by RT-PCR. The serotonin transporter 

iss derived from a large family of Na+/Cr neurotransmitter transporters (Blakely era/., 1994). SERT 

expressionn has been described in human brain, platelets, placenta and lung, and in rat adrenal 
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glandss (Blakely er al., 1994; Hoffman, 1994). The human SERT gene is mapped to 17q11.2 

(Ramamoorthyy ef a/., 1993). The SERT protein consists of 630 amino acids and has 12 

transmembranee domains (Blakely 1991). 

Inn human platelets, the uptake of MIBG was comparable to that of serotonin (Rutgers ef a/., 

1993).. Surprisingly, we observed that megakaryocytes accumulate serotonin, but not MIBG in 

vitrovitro (Tytgat ef al., submitted). We now show for the first time that SERT is expressed in human 

megakaryocytes.. Platelets also express SERT, as was first described by others (Ramamoorthy ef al., 

1993).. Thus the discrepancy in uptake of MIBG between the human platelets and megakaryocytes 

cann not be explained by lack of expression of the SERT in the megakaryocytes. In the megakaryocyte 

celll lines HEL, MKPL-1 and CHRF-288-11 on the other hand, the absence of the SERT expression 

correlatess with the lack of serotonin uptake in these cells. So we can conclude that these cell lines 

aree indeed not valuable as a model to study serotonin uptake in megakaryocytes. 

Itt has been described that platelets also accumulate NE and dopamine, although at high 

substratee concentrations (Sneddon, 1973). In the family of the neurotransmitters transporter, 

thee SERT is most closely related to the norepinephrine transporter NET (48% amino acid identity) 

andd but also with the dopamine transporter (Blakely ef al., 1994). We therefore hypothesized 

thatt selective expression of one of these transporters in platelets and not in megakaryocytes 

mightt account for MIBG accumulation. To this end we have investigated the presence of the DAT 

andd NET in platelets, megakaryocytes and the megakaryocyte cell lines. However, we could not 

findd evidence for the presence of the DAT or NET in any of these cells. 

Afterr the neurotransmitter is taken up into the cell, it is further transported and stored by the 

vesicularr transporter (Stahl and Meltzer 1978; Rudnick and Humphreys 1992). The VMAT1 is 

expressedd in humans in endocrine tissue and the VMAT2 is demonstrated in neuronal tissue 

(Ericksonn ef al., 1996). The uptake and retention of MIBG might be influenced by the expression 

off VMAT 2, since thee VMAT1 was not detected in any of the tested cells. We hypothesized that 

inn the absence of a membrane transport system, the presence of storage granules with an active 

transporterr might contribute to some accumulation of MIBG. However, because VMAT 2 

expressionn was encountered in all the cells tested, a differential expression could not account 

forr the difference in uptake of MIBG between platelets and megakaryocytes. Interesting was 

thee finding that the presence of the VMAT2 in the megakaryocyte cell lines did not allow for a 

substantiall accumulation of MIBG in the absence of a transport system on the outer membrane. 

Thee imipramine effect is probably due to an inhibitory effect on the transporter on the storage 

vesicle.. The complete absence of serotonin accumulation in these cell lines can be explained by 

thee lower cytoplasmatic concentrations than achieved by facilitated diffusion of the organic 

cationn MIBG. 

Thee neuron-blocking agent MIBG is promiscuous for several bioamine transporters, allowing 

itss uptake in NET expressing neuroblastoma and pheochromocytoma (Smets ef al., 1991), in 
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SERTT expressing platelets (Rutgers et at., 1993; Tytgat ef a/., submitted) and in carcinoid tumor 

cellss (Hoefnagel ef a/., 2000), although it is unknown via which transport system the accumulation 

inn carcinoids occur. These observations are in agreement with our results with megakaryocytic 

celll lines, confirming that expression of the SERT seems necessary for uptake of both serotonin 

andd MIBG. Despite expression of SERT and uptake of serotonin, cultured human megakaryocytes 

yett failed to accumulate MIBG. This remarkable discrepancy with platelets could not be attributed 

too absent expression of vesicular transporters in megakaryocytes nor to alternative transport of 

MIBGG by NET or DAT in platelets. Vesicular uptake and retention contributes to superior MIBG 

accumulatingg properties of pheochromocytoma compared with vesicle-poor neuroblastoma (Smets 

etet a/., 1991). The results with the megakaryocytic cell lines clearly indicate, that expression of 

granularr transporters is not sufficient for detectable accumulation of bioamines in the absence of 

activee transport at the plasma membrane. We therefore conclude that SERT expression is a necessary 

butt not a sufficient prerequisite for the uptake of MIBG. So far the conditions that inhibit MIBG 

uptakee in megakaryocytes remain unknown. These may reside in differences of membrane structures 

betweenn megakaryocytes and platelets (Bithell, 1993) and the highly protonated state of MIBG, 

affectingg functional interaction between MIBG and the megakaryocytic SERT. If confirmed for 

nativee megakaryocytes in vivo, it is obvious that the use of serotonin re-uptake inhibitors is no*t a 

feasiblee approach to prevent thrombocytopenia associated with MIBG therapy. 
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GENERALL SUMMARY AND DISCUSSION 

Thee aim of our study was to clarify the mechanism of thrombocytopenia occurring in patients 

withh recurrent neuroblastoma and treated with [131 l]MIBG. The [131 l]MIBG related thrombocytopenia, 

couldd not completely be explained by the delivered total body radiation dose from [131l]. We 

hypothesizedd that there was a direct toxic effect of the radiolabeled MIBG on the precursor cells of 

thee thrombocytes, the megakaryocytes, because of the long duration of this thrombocytopenia 

lastingg weeks, up to months.We therefore investigated if MIBG is accumulated in thrombocytes 

andd megakaryocytes and if so, via which transport system. In addition, we studied if and how this 

uptakeuptake can selectively be inhibited by pharmacological interventions. 

Firstt we focussed on the question, do platelets accumulate MIBG? In Chapter 2 the uptake of 

MIBGG in platelets was investigated and compared with that of serotonin. The MIBG uptake in 

plateletss was further compared to that in SK-N-SH neuroblastoma and PC-12 pheochromocytoma 

cells.. The results of this study indicate that MIBG uptake in platelets is not mediated by a neuro-

adrenergicc uptake system (NET), but probably proceeds via the serotonin transport system. 

[131I]MIBGG concentration by platelets was at least as efficient as in neuro-adrenergic tumour cells 

andd has therefore radiobiological potential for injuring these cells or possibly the precursor 

megakaryocytes. . 

Inn chapter 4 the uptake of MIBG and serotonin in human platelets was further characterized 

usingg selective serotonin reuptake inhibitors (SSRIs). From this study it was concluded that MIBG 

iss promiscuous and is transported via the SERT in the platelets, and via the NET in the 

neuroblastomaa cells. This was confirmed in chapter 6, showing the expression of the SERT as 

thee sole outer membrane transporter present in platelets and the NET in the neuroblastoma cells 

SK-N-SH.. Because MIBG is transported via two different transport systems, selective inhibition of 

MIBGG uptake via these transporters was further studied in chapter 4. After a single dose all of 

thee SSRIs were in a bioassay very potent in blocking the MIBG uptake in the platelets, but had 

noo effect on the MIBG tumor loading in vivo. This finding showed promise for the prevention of 

thee MIBG related thrombocytopenia. 

Beforee the clinical application of these SSRI intervention could be investigated, the accumulation 

off MIBG in the megakaryocytes still had to be demonstrated. Since culturing of megakaryocytes 

waswas not possible at that time, in chapter 3 the possibility to find a model, to study serotonin and 

MIBGG uptake in megakaryocytes, was investigated. For this purpose three cell lines with 

megakaryocyticc properties, the MKPL-1, CHF-288-11 and the HEL cell lines, were selected. The 

uptakee of serotonin and MIBG was investigated in vitro and because no uptake of serotonin 

waswas found in vitro, we concluded that they were not a good model. This line of investigation 
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wass therefore not continued. The finding that none of these cell lines contained the SERT, nor 

anyy of the other outer membrane transporters (chapter 6), corresponds with the lack of serotonin 

uptakee in these cells. It was initially surprising that the VMAT2 was present, because we had 

previouslyy concluded (chapter 3) that these cell lines were not likely to have functional storage 

granules.. This might however explain the finding that the total MIBG accumulation was higher 

inn all cell lines compared with serotonin accumulation. MIBG is a lipophilic cation, and accumulates 

inn metabolically active cells by non-specific uptake, after which it can be stored in the storage 

granules.. These results also clearly indicate that in the absence of active transport at the plasma 

membrane,, the expression of vesicular transporters is not sufficient for detectable accumulation 

byy granular transporters. 

Afterr it was finally possible to grow megakaryocytes in vitro we cultured megakaryocytes 

fromm CD 34 * stem cells, isolated from bone marrow from volunteers undergoing cardiac surgery. 

Usingg these cultures of megakaryocyte cells in different stages of development, we studied the 

MIBGG and serotonin accumulation, which is described in chapter 5. The serotonin uptake in the 

megakaryocytes,, although slower than that in the platelets, was comparable for the final levels 

needed.. Remarkably, no uptake of MIBG in megakaryocytes could be found, and high doses 

MIBG,, up to 10-4 M, did not inhibit the serotonin uptake. 

Inn Chapter 6 we sought to understand this difference in MIBG uptake between the platelets 

andd their mother cells the megakaryocytes. We hypothesized that the serotonin transporter 

mightt not be expressed in the megakaryocytes, or that there might be a difference in the 

vesicularr transporter. So the expression profiles of the SERT and VMAT, were investigated and 

thesee transporters were both expressed in the platelets and megakaryocytes. The possibility that 

anotherr member of the transporter family might be present on the platelets and not on the 

megakaryocytes,, was also investigated. But both DAT and NET were not expressed in platelets 

andd megakaryocytes. So the difference in MIBG uptake capacity between the megakaryocytes 

andd thrombocytes can not be explained by transporter expression profiles. Possibly, factors 

inherentt to the in vitro culture of megakaryocytes, such as artificial exposure to thrombopoietin 

orr the absence of stromal adherence, as well the complexity of the membrane structure and the 

glycosylationn of the serotonin transporter might play a role (chapter 5). 

Sincee there was no MIBG uptake in the megakaryocytes, there was no effect of the SSRIs. So 

despitee the promising results of the study of the SSRIs in chapter 4, no clinical study was designed to 

evaluatee the effect of the SSRIs on MIBG uptake in tumor vs. platelets and megakaryocytes. 

Furtherr studies have to be undertaken to evaluate if megakaryocytes in vitro in the bone 

marroww indeed do not accumulate MIBG. 
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RECOMMENDATIONS S 
Thee thrombocytopenia occurring after [131l] or [125I]MIBG therapy is still not explained. The 

megakaryocytess we used to study the MIBG and serotonin uptake were functional, and seemed 

too mature and to develop into platelets (Chapter 4). We still do not know if they represent in all 

aspectss the megakaryocytes that grow and multiply in the bone marrow. Little is also known 

aboutt the uptake capacity and vulnerability of the progenitor cells of the megakaryocytic lineage. 

Wee do know that the homing and seeding of the stem cells in patients that have been treated 

withh [ 131I]MIBG is delayed (de Kraker personal comment). This can be the result of the irradiation 

off the microenvironment in the bone-marrow, resulting in permanent damage of the matrix and 

thee supporting cells that produce cytokines, needed by the stem cells to grow and multiply. 

Too try to diminish this complication, the effect of radical scavengers might be explored in 

thesee patients, so that the bone marrow reinfusion might be more effective, and the aplasia 

periodd will be shorter. Vitamin C has on the one hand radical scavenging properties and on the 

otherr hand it induces free oxygen radicals in ferritin rich neuroblastoma. The administration of 

vitaminn C to patients with recurrent neuroblastoma is now under investigation in combination 

withh radioiodinated MIBG and hyperbaric oxygen treatment. The possible protective effect of 

thiss combination treatment on the thrombocytopenia is being evaluated. 

Bonee marrow of patients with a neuroblastoma should be examined before and after [131 l]MIBG 

therapy,, to evaluate the number of megakaryocytic precursors in addition of the number of CD 

344 + cells. It is not known if there is a correlation between the number of CD 34 + cells that are 

megakaryocyticc of origin, and the thrombocytopenia after MIBG therapy. Possibly, we will be 

ablee to predict which patient has low numbers of megakaryocytic progenitor cells and will be at 

riskk of developing thrombocytopenia or related problems after bone marrow reinfusion. 

Furthermoree the ability of these megakaryocytic precursor cells to expand in vitro (and thus in 

vivo)vivo) after radioiodinated MIBG therapy, should be investigated. 

Thee effect of predosing with non-radiolabeled MIBG on [13nl]MIBG tumor targeting has been 

demonstratedd in patients with metastatic carcinoid, resulting in increased tumor/non tumor 

ratios.. These patients received non-radiolabeled MIBG prior to therapeutic [131I]MIBG infusion. 

Thiss effect is the result of blocking of non-specific binding sites by excess non-radiolabeled 

MIBG,, resulting in reduced levels in normal tissues. Predosing with non-radiolabeled MIBG should 

bee studied in neuroblastoma with two objectives. First, predosing in patients with a neuroblastoma 

thatt shows good MIBG accumulation might be used to lower the therapeutic dose of [131 l]MIBG, 

resultingg in a lower total body exposure and possibly less thrombocytopenia, with the same 

radiationn dose to the tumor. Second, in patients with faint tumor imaging on a diagnostic 

[131I]MIBGG scan, predosing might result in improved tumor tagetting, and thus allow these 

patientss to be treated with [131I]MIBG. 
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SAMENVATTINGG VOOR DE LEEK 
Hett neuroblastoom is een tumor uitgaande van het zenuwstelsel die meestal alleen op de 

kinderr leeftijd voorkomt. Deze tumor komt met name in de buik en borst holte voor. Als de 

tumorr eenmaal uitgezaaid is, is het heel moeilijk om deze patientjes te genezen. Deze patientjes 

krijgenn vaak zware chemotherapie, eventueel een of meerdere operaties, en soms een beenmerg 

transplantatie.. Als de ziekte dan weer terug komt worden in Nederland deze kinderen meestal 

behandeldd met meta-iodobenzylguanidine (MIBG). Dit is een stof die radioactief gelabeld is 

([131I]MIBGG ), en de tumor neemt dit bijna altijd op. Op deze manier wordt de tumor, nadat het 

[1311 IjMIBG opgeslagen is, van binnen uit bestraald. Deze therapie maakt de kinderen niet ziek, in 

tegenstellingg tot chemotherapie waar de kinderen vaak zeer ziek van zijn. De [131 IjMIBG therapie 

geeftt zeer snel verlichting bij veel van de klachten zoals pijn etc. De belangrijkste bijwerking van 

dee [131 IjMIBG therapie is een trombopenie, dit is een tekort aan bloedplaatjes in het bloed. In 

hett bloed heb je drie soorten cellen: de witte bloed cellen, deze zorgen voor de afweer; de rode 

bloedcellen,, deze zorgen voor het zuurstof transport; de bloedplaatjes, deze zorgen voor de 

bloedd stolling, als er een wondje is dan gaan de bloedplaatjes een "korstje" vormen zodat de 

wondd snel geneest. Na de [131 IjMIBG therapie daalt het aantal bloedplaatjes in het bloed vaak 

snel,, en het kan bij deze patiënten weken duren voordat er weer voldoende zijn. Het kan dus 

ookk weken duren voordatje een patiënt weer kunt behandelen. Omdat bloedplaatjes maar 10 

dagenn leven, denken wij dat het tekort aan deze cellen niet komt doordat de [131 IjMIBG therapie 

dezee bloedplaatjes kapot maakt, maar wij denken dat de [131I]MIBG therapie schade aan de 

moederr cellen, de zogenaamde megakaryocyten, veroorzaakt. 

Alss MIBG schade aan deze cellen veroorzaakt moet het dicht in de buurt van deze cellen 

komen,, of zelfs in de cellen opgenomen worden. Megakaryocyten groeien in het beenmerg, in 

eenn deel van onze botten. In ons lichaam zijn slechts 0.5 -0.05% van alle beenmerg cellen 

megakaryocyten.. Het is dus heel moeilijk om aan voldoende van deze cellen te komen om 

proevenn hiermee te doen. In het bloed van gezonde vrijwilligers zitten heel veel bloedplaatjes, 

dee zogenaamde dochter cellen. Deze cellen hebben we in eerste instantie gebruikt om opname 

studiess mee te doen. 

Wee weten dat bij de therapie het MIBG in de tumor opgenomen wordt via een transport 

systeemm dat normaal in het lichaam voor noradrenaline gemaakt is. Dit transport systeem heet 

dee norepinephrine transporter (NET). We weten ook dat bloedplaatjes een transport systeem 

hebbenn dat hier op lijkt, de serotonine transporter (SERT). Onze eerste hypothese was dat het 

MIBGG zowel via de NET in de tumor opgenomen wordt en dat MIBG ook via de SERT in de 

bloedplaatjess kan opgenomen worden. In hoofdstuk 2 hebben wij onderzocht en aangetoond 

datt de bloedplaatjes inderdaad het MIBG kunnen opnemen, en dat dit waarschijnlijk via de SERT 

verloopt. . 
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Inn hoofdstuk 4 hebben we deze opname verder bekeken. Er zijn medicijnen (antidepressiva, 

ookk wel SSRIs genoemd) die de opname van stofjes via de SERT remmen zonder dat deze 

medicijnenn een invloed hebben op de opname van stofjes via de NET. In het geval van de MIBG 

therapiee zou dit kunnen betekenen dat de MIBG opname via de NET in de tumor niet gehinderd 

magg worden terwijl de MIBG opname in de bloedplaatjes, via de SERT geremd moet zijn. We 

hebbenn in dit zelfde hoofdstuk een aantal van deze SSRIs bestudeerd. Eerst hebben we in een 

reageerbuiss aangetoond dat de MIBG opname in de bloedplaatjes inderdaad door deze stofjes 

wordtt geremd, zonder dat deze SSRIs effect hebben op de opname van MIBG in de tumor 

cellen.. Vervolgens hebben we in een proefdier model nog eens bevestigd dat deze SSRIs inderdaad 

geenn effect hebben op de MIBG opname in de tumor. 

Wee wilden de opname en remming van de opname van MIBG in de moeder cellen, de 

megakaryocyten,, onderzoeken. Het was echter een probleem om aan voldoende van deze 

cellenn te komen. Een alternatief was om cellijnen met megakaryocytaire eigenschappen te 

gebruiken,, Dit zijn cellen die in een reageerbuis groeien, die uit deze moeder cellen stammen 

maarr niet volledig zijn uitgerijpt, maar die wel een aantal eigenschappen van de megakaryocyten 

bevatten.. In hoofdstuk 3 hebben we beoordeeld of drie van deze cellijnen een goed model 

warenn om de opname van serotonine en MIBG in te bestuderen. We konden in deze cellen 

geenn opname van serotonine aantonen. We hebben dus ook moeten concluderen dat deze 

cellijnenn geen goed model waren. 

Inmiddelss was het mogelijk geworden om uit onrijpe beenmerg cellen, zelf in een reageerbuis 

megakaryocytenn te laten groeien. In hoofdstuk 4 beschrijven we hoe we uit beenmerg van 

vrijwilligerss die aan hun hart geopereerd werden, de megakaryocyten laten groeien, zodat we 

nuu wel genoeg cellen hadden. In deze megakaryocyten hebben we vervolgens de zelfde proeven 

gedaann als met de bloedplaatjes (hoofdstuk 2 en 4). We hebben onderzocht of deze cellen 

serotoninee en MIBG opnamen, en of dit proces met de SSRIs te remmen was. De megakaryocyten 

blekenn wel serotonine op te nemen, maar geen MIBG. Omdat er geen MIBG opname aangetoond 

konn worden, konden we ook niet het effect van de SSRIs onderzoeken. 

Wee hadden een verschil tussen de moeder cellen, de megakaryocyten, en de dochter cellen, 

dee bloedplaatjes, gevonden. De bloedplaatjes nemen zowel serotonine als MIBG op terwijl de 

moederr cellen, de megakaryocyten alleen maar sertononine en geen MIBG opnemen. We hebben 

inn hoofdstuk 6 onderzocht of dat dit verschil te verklaren was in een mogelijk verschil in 

"rijpheid"vann deze cellen. De SERT, het transport systeem, zou in de bloedplaatjes wel aangelegd 

kunnenn zijn, terwijl het in de moeder cellen nog niet geheel aangelegd zou kunnen zijn. We 

hebbenn in dit hoofdstuk een aantal van deze transport systemen onderzocht, we hebben zowel 

opp DNA niveau (genetische materiaal) als op eiwit niveau gekeken. We hebben geen verschil 

gevondenn tussen de moeder en dochtercellen. Beide cel typen hebben de SERT, en ze hebben 

geenn van beide nog een ander transport systeem. Nadat stoffen zijn opgenomen in cellen, 



Samenvattingg voor de leek 123 

kunnenn deze worden opgeslagen in kleine orgaantjes in de cel. Op het oppervlak van deze 

orgaantjess bevinden zich weer andere transport systemen, de vesiculaire transporter (VMAT 1 

off VMAT2). We hebben gevonden dat zowel de moeder als de dochter cellen de VMAT2 bezitten. 

Tott slot hebben we nog gekeken naar de cellijnen met megakaryocytaire eigenschappen, die 

wee in hoofdstuk 3 als onderzocht hadden. Deze cellen hebben geen transport systeem op hun 

oppervlakk (dus geen SERT), maar wel de VMAT 2. Dit verklaart waarom we geen serotonine 

opnamee in deze cellen vonden. 

Geconcludeerdd kan worden dat we geen MIBG opname in de megakaryocyten aangetoond 

hebben.. Hierdoor kunnen we, ondanks de mooie resultaten van de selectieve remming door de 

SSRIs,, deze stoffen nog niet in de kliniek kunnen onderzoeken. Eerst zullen we moeten laten 

zienn dat de megakaryocyten in het lichaam wel degelijk MIBG opnemen en dat deze opname 

inderdaadd geremd kan worden door de SSRIs. 
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APPENDIX X 

Tablee I: retention of MIBG in platelets. 

MIBGG retention 90 min MIBG retention 120 min MIBG retention 150 min 

Noo inhibitor 

10uMTBZ Z 

10-66 MTyramine 

10~55 M Tyramine 

10 "" M Tyramine 

10 "" M Tyramine 
++ imipramine 

5 4 + 1 3 % % 

833 % 

n.d. . 

n.d. . 

n.d. . 

n.d. . 

522 % 63 % 

733  6% 62  6% 

n.d.. 91 % 

n.d.. 60% 

n.d.. 21 % 

n.d.. 45  7% 

Thee retention of 10-8 M [12SI]MIBG in platelets was measured. 2 hr after loading the total uptake 
wass 12  2.5 % (n=7) of total added radioactivity. This uptake was set at 100%. Retention was 
calculatedd as % of this 100%, (n= 3-6) 

Tablee II: retention of [3H]serotonin in platelets. 

[3H]serotoninn retention [3H]serotonin retention [3H]serotonin retention 

900 min 120 min 150 min 

900  13% 

733 + 6% 62  6% 

n.d.. 101113% 

n.d.. 102% 

n.d.. 74  9% 

n.d.. 70  17% 

n.d.. 45 % 

Thee retention of 10~8 M [3H]serotonin in platelets was measured. 30 min after loading the total 
uptakee was 48  10 %( n= 4) of total added radioactivity. This uptake was set at 100%. Retention 
wass calculated as % of this 100%, (n= 3-4). 

Noo inhibitor 

10uMTBZ Z 

100 6 M Tyramine 

10~55 M Tyramine 

10"" MTyramine 

1 0 "" M Tyramine 
++ imipramine 
reserpin n 

89 9 

83 3 

 16 .% 

 10% 

n.d. . 

n.d. . 

n.d. . 

n.d. . 

n.d. . 
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DANKWOORD D 
Eindelijkk is het moment daar, dat ik aan dit dankwoord mag en kan beginnen. 

Allereerstt wil ik graag de vrijwilligers bedanken wiens bloed, beenmerg etc. ik heb mogen 

gebruikenn voor mijn onderzoek. Vaak waren het patiënten die zelf een zware hart operatie 

ondergingen,, en die het toch goed vonden dat we wat beenmerg afnamen. De thorax chirurgen 

diee deze handelingen verrichtten, de anesthesisten, het OK personeel die dit mogelijk maakten, 

spuitjes,, beenmerg naalden etc aangaven. De hematologen, en met name dr. Van Oers die ons 

inn het begin geholpen heeft met het vinden van de juiste weg om beenmergte krijgen. 

Ditt onderzoek is in het AMC verricht, op achtereen volgens verschillende werkvloeren, het 

laboratoriumm voor radiobiologie, later samen gegaan met het lab voor experimentele 

radiotherapie,, het centrum voor microscopisch onderzoek, het CMO, en in samenwerking met 

hett AVL, het CLB en andere laboratoria in het AMC. 

Proff Voute, Tom, zonder jou was dit onderzoek er nooit geweest, en daar ben ik je dankbaar 

voor!! Het zal jou deugd doen, vlak voor je emeritaat nog een aantal promovendi (3, ? 4) af te 

leveren,, een kroon op je werk! 

Dee eerste thuisbasis, het lab voor radiobiologie, daar hebben heel wat avondjes gehad: 

Avondjess "poolen"; kerstdiner; paasontbijt; joggen rond het AMC etc. Altijd even gezellig, Chris, 

Esther,, Jan, Carel, Ron, Erik, Astrid, Liana, Klaas en alle andere die ik nu vergeet, bedankt! 

Onzee (marieke en mijn) andere vaste thuis basis was het AVL, met Marja Rutgers, mijn co-

promotor,, en Lou Smets, mijn tweede promotor. Ik heb heel veel van Marja geleerd, mijn eerste 

gecorrigeerdee manuscript heb ik bewaard, denkend dat dit bijzonder was, maar de volgende 

correctiess zagen er nog vaak het zelfde uit. Ik moest oppassen dat ik niet lui werd, want Marja 

zettee altijd de puntjes op de ï , al voordat ik daar aan toegekomen was. Ik denk dat we al 

discussierendd soms wel wat geluidsoverlast hebben veroorzaakt, maar ik heb genoten van de 

telefoonn gesprekken die gecombineerd met tochtjes naar Breukelen steeds vaker voorkwamen! 

Professorr Smets, Lou, je kon (en kunt) me vaak zo goed met beide benen op de grond zetten 

doorr te vragen: " Ja, nou en??". Onmogelijke zinnen liepen opeens vanzelf als jouw pen was 

langss gekomen, en jouw bijdrage aan discussies was altijd een nuttige en leerzame. Verder 

warenn we op H6 van het NKI altijd welkom als we hulp nodig hadden bij Manon, Corrine, Gajja, 

Theaa en de rest. Ook hebben we regelmatig MIBG werkgroep bespreking op het AVL bijgewoond, 

alwaarr we onze bevindingen konden delen, en op de hoogte van de ontwikkelingen in de 

kliniekk bleven. Deze besprekingen heb ik altijd als zeer waardevol ervaren en ik hoop in de 

toekomstt weer bij deze besprekingen aanwezig te kunnen zijn. 

Omdatt ons wetenschappelijk onderzoek niet een 'standaard' onderzoek was, hebben we 

expertisee en gezocht bij verschillende groepen wetenschappers in het land en op diverse terreinen 

mett hen samengewerkt. In Utrecht op het lab van dr. JJ. Sixma en dr. J.W.N, van den Akker 

hebbenn we de eerste stappen voor het kweken van megakaryocyten leren zetten, onder leiding 
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vann Hans van der Vuurst. Vervolgens hebben we samen met Sonja van den Oudenrijn dit kweek-

process goed in de vingers gekregen en hebben we haar weer kunnen helpen met de meer 

praktischee kant van het verkrijgen van beenmerg. De firma Amgen was zo vriendelijk om aan 

onss Tpo ter beschikking te stellen zodat we hiermee konden kweken. Anneloor van het lab van 

Frankk Baas, heeft ons enorm geholpen met het maken van de primers die van belang waren om 

dee transporters te detecteren. We hebben in de loop van de tijd ook diverse malen op 

werkbesprekingenn van anderen een praatje mogen houden, om zo feedback te krijgen van 

anderee groepen wetenschappers.. We hebben veel geleerd van de besprekingen met Jan C, (Lab 

voorr Procreatie, inmiddels GMZ lab), Albert van Gennip, Ron Wanders, als hij er was en André 

vann Kuilenburg, van de research bespreking van de volwassen hematologen en van Masja de 

Haass en Ellen van der Schoot van het CLB. 

Toenn ik startte met het onderzoek hebben we ook de "JOKO's" (de jonge kmderoncologische 

onderzoekers)) opgericht: We hielden een keer per kwartaal praatjes voor elkaar, aten daarna 

watt samen en dronken een glas. Ik denk dat ik een van de laatste van deze club ben die 

promoveert! ! 

Mijnn klinische periode heeft natuurlijk vele contacten en veel plezier opgeleverd, maar ik ben 

ookk weer blij dat er aan de opleiding een einde komt. Lissette en Valerie, zet hem op! Ik hoop 

datt ze op de kinderoncologie blij zullen zijn met mijn komst per 1 mei, want ik zie er wel naar 

uit.. Marjan, er komt een vrouw! Huib, bij dit boekje ben je niet direkt betrokken geweest, maar 

ikk hoop dat er ook straks momenten zullen blijven om samen te brainstormen. 

Chriss Bor, bedankt voor je hulp en geduld in de laatste fase van het voltooien van dit proefschrift. 

Jee kunt heel goed lay-outen. 

Jann C. Ik denk dat we bijna tegenpolen waren, maar juist daarom was de samenwerking 

waarschijnlijkk des te beter, en er zijn een aantal leuke verhalen uit voort gekomen. Helaas kan jij 

niett aan mijn zijde staan tijdens mijn promotie omdat jij je dan in hogere sferen bevindt. 

Loes,, gelukkig wil jij mijn paranimph zijn, en ben jij er wel! Ik denk dat ik niet hoef uit te 

leggenn waarom ik jou gevraagd heb... 

Marieke,, wat moet ik nu over jou schrijven... Op het lab deden ze vaak of wij één waren. Als 

ikk weer eens langs kwam werden er altijd grappen gemaakt. Ik denk dat ik niet overdrijf als ik 

zegg dat ik, zonder jou, hier niet had gestaan. Het hele onderzoek heeft op jou gedraaid. Bij de 

sollicitatiee was het al duidelijk dat er wat mij betreft één kandidaat was, omdat het meteen al zo 

klikte.. Jij hebt veel meer gedaan dan alleen maar proeven, en bent veel meer geweest dan een 

researchh laborante, je bent secretaresse, research coördinator, SOS-er, postbode, etc. Daarmee 

benn je vaak de spil geweest waar mijn promotie op draaide. Je doet gewoon alles, altijd met 

e v e nn Veel plezier en een goed humeur, en bent absoluut niet snel uit het veld te slaan door 

tegenslagen.. Marieke dank je wel ! 

Dann heb je altijd het thuis front, onze ouders, kortom de familie, die mag ik niet vergeten. 
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Omdatt Marc en ik ons bordje meestal heel vol scheppen, loopt het ook wel eens over, of dreigt 

hett over te lopen. De familie, een aantal mensen in het bijzonder, hebben altijd dag en nacht 

klaarr gestaan om ons te helpen het schip drijvende te houden, of om het gestrande schip weer 

vlott te trekken, en dat vind ik we! heel bijzonder. Nogmaals Trudy, nu met naam, dank ik je voor 

hett type werk waarbij je me geholpen hebt. Ook een woord van dank aan onze beste vrienden 

// familie, die voor ons belangrijk zijn omdat we nog steeds genoeg aanleiding vinden om samen 

tee genieten van het leven... 

Dee mensen die voor onze kindjes zorgen (inclusief neefjes en nichtjes), Bea en Conchita en 

terr nagedachtenis aan Thea, want als het thuis niet loopt dan loopt het nergens... 

Tott slot, Mare en de kindjes: "What can I say?". Want als het er op aankomt telt er maar een 

dingg echt in het leven.... 

Godelievee Andrea Maria Tytgat 

Diemen,, 5 maart 2001 





133 3 

CURRICULUMM VITAE 
Lievee Tytgat werd op 25 januari 1967 in Leuven (België) geboren. Zij ging naar het Vossius 

gymnasiumm te Amsterdam en deed in 1985 eindexamen gymnasium P in 8 vakken. Hierna 

behaaldee ze in 1986 haar propedeuse geneeskunde aan de Universiteit van Amsterdam, en in 

19891989 haar doctoraal geneeskunde. Aansluitend heeft zij in 1990 een pilot-studie verricht naar 

trombocytopeniee bij [131l]MIBG-therapie op het NKI. Tijdens haar co-schappen was zij als student 

assistentt verbonden aan de vakgroep Anatomie/Embryologie aan de Universiteit van Amsterdam. 

Inn januari 1993 werd zij basis- arts (cum Laude). Tijdens het laatste deel van haar co-schappen 

heeftt zij een tijdje onderzoek gedaan naar de mogelijkee oorzaak van de trombopenie, veroorzaakt 

doorr [131 IjMIBG therapie. In februari 1993 is zij begonnen met de zogenaamde AGIKO opleiding, 

dee opleiding tot onderzoeker en kinderarts. Zij heeft in de periode van 1993 tot heden onderzoek 

gedaann naar de oorzaak van de [131 IjMIBG gerelateerde trombocytopenie. Dit onderzoek vond 

inn eerste instantie plaats op het laboratorium radiobiologie, later radiotherapie. Het werkterrein 

iss vervolgens verlegd naar het Centrum voor Microscopisch onderzoek (CMO). Het onderzoek 

werdd begeleid door dr. M. Rutgers vanuit het NKI, onder supervisie van professor Voute, afdeling 

kinderoncologiee van het Emmakinderziekenhuis/ kinder AMC en professor Smets ook vanuit het 

NKI.. In 1998 is haar tijdens het congres "Advances of Neuroblastoma Research"in Bath 

(Engeland)dee Young Investigator Award toegekend voor het wetenschappelijke onderzoek op 

hett terrein van selectieve remming van MIBG opname in trombocyten. In 1998 heeft zij samen 

mett dr H. Caron een klinische studie opgezet, die nog steeds loopt. De studie heeft als doel de 

effectenn van vitamine C in combinatie met hyperbare zuurstof en [131 IjMIBG bij patiënten met 

eenn recidief van een neuroblastoom in kaart te brengen. Van 1995 tot april 2001 is zij opgeleid 

tott kinderarts in het Emmakinderziekenhuis/ kinder AMC. In de periode 1996 - 1999 is zij lid 

geweestt van het hoofdbestuur van de junior afdeling van de Nederlandse Vereniging voor 

Kindergeneeskunde.. Voorts is zij als rooster maker actief geweest op de afdeling kinder-

geneeskunde.lnn 1998 is zij moeder van Thomas, en in 2000 van Laise geworden. In mei 2001 

zall zij starten met de vervolg opleiding tot kinderoncoloog als KWF fellow. 
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Stellingenn bij het proefschrift van G.A.M. Tytgat 

Dee geneeskunde heeft zo een enorme ontwikkeling doorgemaakt dat er nagenoeg geen gezond 

menss meer is. (Aldous Huxley) 

MIBGG opname in trombocyten wordt zeer effectief geremd door SSRIs, in concentraties waarin 

dee MIBG opname in het neuroblastoom niet wordt beïnvloed. (Dit proefschrift) 

Rationelee geneeskunde en betaling per verrichting gaan niet samen. 

Maximalee MIBG accumulatie door het neuroblastoom wordt verkregen door korte incubaties met 

hogee concentraties. In de praktijk door korte infusieduur (bolus injectie, tot een 2 hrs infuus). 

(Smetss et al., 1991, inleiding dit proefschrift). 

Uitstijgenn boven de nivellering van kennis, van sociale bewogenheid, van medische menslievendheid 

iss een belangrijk levensmotto, (vrij naar Prof G.N.J. Tytgat) 

Alss meer promovendi, internationale concerns, etc, gerecycled papier zouden gebruiken, heb ik 

dee illusie dat de natuur hier wel bij zou varen. 

Alss niemand een mening heeft is het eenvoudig om eensgezind te blijven. 

Zeerr regelmatig moet er tijd zijn voor een goed glas champagne om het leven te vieren, ook 

zonderr aanleiding is er altijd voldoende aanleiding. 

Kinderenn mogen zich achter ons verschuilen, maar wij nooit achter de kinderen. 

Bijj patiënten met een matige [131IJMIBG opname in het neuroblastoom, zou het effect van 

predosingg met niet radioactief gelabeld MIBG voor de therapeutische injectie, geëvalueerd moeten 

worden.. Dit proefschrift, summary and conclusions). 
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