
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

[131 I]Meta-iodobenzylguanidine ([131 I] MIBG) related thrombocytopenia

Tytgat, G.A.M.

Publication date
2001

Link to publication

Citation for published version (APA):
Tytgat, G. A. M. (2001). [131 I]Meta-iodobenzylguanidine ([131 I] MIBG) related
thrombocytopenia. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/131-imetaiodobenzylguanidine-131-i-mibg-related-thrombocytopenia(81daeb6e-db4f-48f9-a3f5-c952cf5e2f70).html


C h a p t e rr 5 

Humann megakaryocytes cultured in vitro 
accumulatee serotonin but not meta-

iodobenzylguanidinee (MIBG) whereas 
plateletss concentrate both. 
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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. 

MATERIALSS 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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