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ABSTRACT 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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MATERIALSS 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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FIGUREE 1- [125I]-MIBG accumulation in 3 megakaryocyte 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]-Serotonin accumulation in 3 megakaryocyte 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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