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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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ABSTRACT 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. 

MATERIALSS 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 
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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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4355 bp- SERT T 

4166 bp-

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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