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Abstract 

The histamine H 1 receptor mediated increase in cytoplasmic Ca 2+ ([Ca2+]i) was measured in the presence of the known 
phospholipase C (PLC) inhibitor, neomycin. Neomycin (1 mM) inhibited the histamine (100 /xM) induced rise in [Ca2+] i to the same 
extent as observed after blocking Ca 2+ entry with LaC13. Likewise, the increase in [Ca2+]i after re-addition of CaCI 2 (2 mM) to 
extracellular Ca 2+ deprived and histamine pretreated cells was strongly reduced by neomycin. However, neomycin did not inhibit the 
histamine induced formation of inositol 1,4,5-trisphosphate (Ins(1,4,5)P 3) or the release of Ca 2÷ from internal stores. These results show 
that neomycin blocks histamine induced Ca 2+ entry independent of phospholipase C activation. Inhibition of intracellular store 
Ca2+-ATPase by thapsigargin (1 p~M), elicited an increase in [Ca2+] i due to a leakage from the stores, subsequently followed by 
store-dependent Ca 2+ entry. Thapsigargin induced Ca 2+ entry was also completely blocked by neomycin. These results indicate that 
neomycin inhibits histamine and thapsigargin induced Ca 2+ entry. This inhibition is most likely exerted at the level of plasma membrane 
Ca 2+ channels. 
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I.  Introduct ion 

Stimulation of  plasma membrane receptors is often 
associated with an increase in the intracellular Ca 2+ con- 
centration ([Ca 2+ ]i), caused by the release of Ca 2÷ from 
internal stores and the entry of  Ca 2+ across the plasma 
membrane. It has been firmly established that agonist 
induced Ca 2÷ release is mediated by inositol 1,4,5-tris- 
phosphate (Ins(1,4,5)P 3) (Streb et al., 1983; Berridge, 
1993). Several mechanisms have been proposed to explain 
receptor mediated Ca 2+ entry, including: opening of a 
ligand-gated Ca 2+ channel (Benham and Tsien, 1987); 
activation of  a Ca 2+ channel by a GTP binding het- 
erotrimeric protein (Matthews et al., 1989) and activation 
by a second messenger, such as Ins(1,4,5)P 3 (Kuno and 
Gardner, 1987; Restrepo et al., 1990; Mozhayeva et al., 
1991), inositol 1,3,4,5-tetrakisphosphate (Ins(1,3,4,5)P 4, 
Morris et al., 1987; Liickhoff and Clapham, 1992) or 
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arachidonic acid (Keyser and Alger, 1990; Van der Zee et 
al., 1995). Moreover, it was suggested that the filling state 
of  intracellular Ca 2+ stores determines the rate of  Ca 2÷ 
entry (Putney, 1986). This pathway is activated by the 
Ca2+-ATPase inhibitor, thapsigargin (Thastrup et al., 
1990), causing an emptying of  intracellular Ca 2+ stores 
and possibly leading to the release of a cytosolic influx 
factor (Parekh et al., 1993; Randriamampita and Tsien, 
1993; Thomas and Hanley, 1995). A physical link between 
luminal Ins(1,4,5)P 3 receptors and plasma membrane 
Ins(1,3,4,5)P 4 receptors was also suggested to activate 
Ca 2÷ entry (Irvine, 1992; Fadool and Ache, 1994). 

In DDT~ MF-2 smooth muscle cells, histamine H l 
receptor mediated Ins(1,4,5)P 3 and Ins(l,3,4,5)P 4 forma- 
tion has been associated with Ca 2+ release and Ca 2+ entry 
(Molleman et al., 1991; Sipma et al., 1995a). Ca 2÷ entry 
was shown to be highly dependent on a continuous his- 
tamine H~ receptor occupation, suggesting a strong store- 
independent component in histamine induced Ca 2+ entry 
(Dickenson and Hill, 1992). In agreement, in a previous 
study based on patch-clamp measurements of  Ca 2+ acti- 
vated K ÷ currents, we showed that histamine evoked Ca 2+ 
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entry can occur in the absence of Ca 2+ release and is 
therefore not completely dependent on the emptying of 
internal Ca 2+ stores (Van der Zee et al., 1995). It was 
suggested that arachidonic acid is involved in histamine 
induced Ca 2+ entry (Van der Zee et al., 1995). The aim of 
this study was to investigate whether phospholipase C 
activation is required for generating a messenger involved 
in the regulation of Ca 2+ entry. The antibiotic and anti- 
arrhythmic drug neomycin (Anderson et al., 1995; Wood- 
cock, 1995) is known to bind to phosphatydyl- 
inositol(4,5)bisphosphate, thereby inhibiting phospholipase 
C activation (Orsulakova et al., 1976; Schacht, 1976) and 
Ins(1,4,5)P 3 formation (Carney et al., 1985). Therefore, we 
determined the modulation of histamine H 1 receptor medi- 
ated and store-dependent Ca 2+ entry by neomycin. 

2. Materials and methods 

2.1. Cell culture 

DDT L MF-2 smooth muscle cells, derived from a Syr- 
ian hamster vas deferens were cultured in Dulbecco's 
modified essential medium (DMEM) supplemented with 7 
mM NaHCO 3, 10 mM 2-[4-(2-hydroxyethyl)-1-piperazinyl] 
ethanesulfonic acid (Hepes, pH 7.2) and 10% fetal calf 
serum at 37°C in 5% CO 2. 

2.2. Measurement  o f  lns(1,4,5)P~ 

DDT l MF-2 cells were grown in monolayers in 9.6 cm 2 
plastic wells and an experimental protocol described ear- 
lier (Sipma et al., 1995b) was followed. The medium was 
replaced by 2 ml DMEM at 20°C, 30 rain before starting 
the experiment by adding agonists. After removing the 
medium, reactions were stopped with 400 /zM 5% tri- 
chloroacetic acid and placed on ice for at least 45 min. 
Samples were washed 3 times with 800 /xl water saturated 
diethylether and neutralised with KOH (25 /xl, 0.2 M). 

Mass measurements of Ins(1,4,5)P 3 were performed as 
described earlier, using a standard curve of Ins(1,4,5)P 3 in 
ether extracted trichloroacetic acid-solution (Molleman et 
al., 1991). In brief, samples were assayed in 25 mM 
Tris/HC1 (pH 9.0), 1 mM EDTA, 1 mg bovine serum 
albumin, [3H]Ins(1,4,5)P3 (3,3 Ci /mmol ,  2000 cpm/as -  
say) and about 1 mg binding protein for 15 min. The 
binding protein was isolated from fresh beef liver (Chilvers 
et al., 1989). Bound and free radioactivities were separated 
by centrifugation. The radioactivity in the pellet was deter- 
mined by liquid scintillation counting. 

2.3. Measurements o f  intracellular Ca 2 + 

[ Ca2+ ]i was measured by Fura-2 fluorescence. Individ- 
ual glass coverslips covered with a monolayer of DDT I 

MF-2 cells were placed in 10 cm 2 plastic petri dishes and 
2 ml buffered salt solution (BBS) containing NaC1 (145 
mM), KC1 (5 mM), MgSO 4 (0.5 raM), CaC12 (1 raM), 
D-glucose (10 mM), Hepes (10 mM, adjusted to pH 7.4) 
were added. Fura-2 was loaded in the cytosol by incuba- 
tion with Fura-2/AM (3 /xM) for 45 min at 37°C in BBS 
supplemented with 1% bovine serum albumin. The cover- 
slip with cells was washed quickly 3 times by placing it in 
fresh BBS and left in BBS (22°C) for 10 min. Thereafter 
the coverslip was mounted in a specially designed holder 
and placed in a quartz cuvette. Total volume (BBS) in the 
cuvette was 2 ml and agonists and inhibitors were added in 
20 /zl portions without opening the cuvette chamber. 
Measurements were performed at 22°C. Under Ca 2+ free 
conditions the cells were washed and Fura-2 fluorescence 
was measured in BBS without CaC12 but supplemented 
with 0.1 mM EGTA. Excitation wavelengths were 340 nm 
and 380 nm and the emission wavelength was 510 nm. The 
ratios of emitted light at 510 nm was acquired every 1.0 s. 
These ratios were converted to Ca 2+ levels using the 
classical equation described by Grynkiewicz et al. (1985). 
The Rma x of the equation was measured in the presence of 
2.0 mM CaC12 and 10 /xM ionomycin. The Rmi n was 
measured in the presence of 10 /zM ionomycin and 50 
mM EGTA (adjusted to pH 8). The autofluorescence of the 
cell was determined as fluorescence remaining in the 
presence of 5 mM MnC12 and 10 /xM ionomycin. 

2.4. 3[H]Arachidonic acid release 

Arachidonic acid release was measured as described 
previously (Van der Zee et al., 1995). In brief, cells grown 
in 6-well plastic petri dishes (Costar) were labelled with 
0.5 /xCi 3[H]arachidonic acid/106 cells/well in serum 
free culture medium (1 ml) for 3 h at 37°C. To eliminate 
unincorporated activity, cells were washed with buffered 
salt solution (BSS) containing: NaCI (145 mM), KCI (5 
mM), CaC12 (1.4 mM), MgSO 4 (0.5 mM), glucose (10 
mM), Hepes (10 mM, adjusted to pH 7.4), twice with BSS 
supplemented with 1% bovine serum albumin (essentially 
fatty acid free) and once again with BSS before equilibra- 
tion for 25 min at 22°C. Complete washing was performed 
within 45 s. Cells were pretreated with neomycin (1 mM) 
during the equilibration period and during 20 min before 
the washing procedure. After this, cells were exposed to 
the indicated agonists, the solution was collected at the 
indicated time-points and 3[H]arachidonic acid release was 
determined by liquid scintillation counting. 

2.5. Data analysis 

Data are represented as means _+ S.E.M. Values were 
considered significantly different from control when P < 
0.05 as determined using Student's unpaired t-test. A 
sigma plot logistic curve fit program (Jandel Scientific, 
USA) was used to determine ECs0 values and to analyze 
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binding parameters obtained from the Ins(1,4,5)P 3 radioli- 
gand binding assay. 

2.6. Chemicals 

Fura-2/AM and Ins(1,4,5)P 3 sodium salt were obtained 
from Boehringer (Germany). Thapsigargin, neomycin sul- 
phate and bovine serum albumin (essentially fatty acid 
free) were purchased from Sigma (USA). Histamine dihy- 
drochloride was from Fluka (Switzerland). D-[2-3H]Ino - 
sitol 1,4,5-trisphosphate and [3H]arachidonic acid were 
from Du Pont-New England Nuclear (USA). Lanthanum 
chloride, Hepes and all other chemicals were from Merck 
(Germany). 

3. Results 

The histamine H L receptor mediated increase in [Ca 2+ ]i 

was measured in the presence of neomycin. Histamine 
(100 /zM) evoked a rapid increase in [Ca 2+ ]i, reaching a 
maximum after about 30 s, which was mainly caused by 
Ca 2+ release from internal stores. This initial rise in 
[ Caz+ ]i was followed by a slowly declining phase, due to 
Ca 2+ entry from the extracellular space (Fig. 1A, Table 1). 
Pretreatment of cells with neomycin (1 mM, 45 min) 
slightly reduced the initial rise in [Ca 2+ ]i and abolished the 
slowly declining component of the histamine induced re- 
sponse (Fig. IB, Table 1). Similar results were obtained 
after blocking Ca 2+ entry with LaC13 (Table 1), known to 
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Fig. 1. The effect of neomycin on histamine H 1 receptor mediated 
changes in [Ca -'÷ ]i. The histamine (100/xM) induced increase in [Ca 2+ ]i 
was measured in the presence of extracellular Ca 2+ in (A) non-pretreated 
cells and (B) in cells pretreated with neomycin (1 mM, 45 min). The 
arrow indicates the addition of histamine. The histamine (100 /xM, first 
arrow) induced increase in [Ca 2+ ]i was also measured in the absence of 
extracellular Ca 2+ in (C) non-pretreated cells and (D) in cells pretreated 
with neomycin (1 mM, 45 min). Extracellular Ca 2+ (2 mM) was added 
after 5 rain of stimulation of the cells with histamine (second arrow). 
Each tracing represents a typical result out of at least 6 experiments. 

Table 1 
Effect of neomycin or LaCI 3 on the histamine or thapsigargin induced 
increase in [Ca 2+ ]~ in the presence of extracellular Ca 2+ in DDTj MF-2 
cells 

Increase in [Ca 2+ ]i (nM) 

Maximal increase Sustained phase 

Treatment 
Histamine 160 + 16 57 ± 9 
Neomycin + histamine 122 ± 12 ~ l 0 + 5 ~' 
LaCI 3 + histamine 115 ± 9 ~ 3 _4- 2 ~ 
Thapsigargin 130 + 12 26 ± 5 
Neomycin + thapsigargin 43 ± 3 ~ 0 _+ 0 ~ 
LaCI 3 + thapsigargin 41 ± 5 a 0 +_ 0 ~' 

The histamine (100 /xM) or thapsigargin (1 /xM) induced increase in 
[Ca 2+ ]~ was measured in non-pretreated cells and in cells pretreated with 
neomycin (1 mM, 45 min) or LaCI 3 (50 /xM, 2 min). The sustained 
increase in [Ca 2÷ ]i was measured 2 min after the addition of histamine or 
10 min after the addition of thapsigargin. Basal [Ca 2+ ]i values; non-pre- 
treated: 130_+4 nM; neomycin: 120+6 nM; LaCI3:126_+6 nM. a Differ- 
ent from value obtained from non-pretreated cells, P < 0.01. Data are 
expressed as means + S.E.M. of at least 6 experiments. 

act directly on plasma membrane Ca 2+ channels (Den 
Hertog et al., 1992). 

In the absence of extracellular Ca 2+, histamine (100 
/xM) elicited a transient rise in [Ca 2+ ]i (Fig. IC, Table 2), 
as observed in the presence of LaCI 3. This increase in 
[Ca2+] i, which is due to the release of Ca 2+ from 
lns(1,4,5)P 3 sensitive internal stores, was not affected by 
pretreatment of cells with neomycin (Fig. 1 D, Table 2). In 
agreement, the maximal histamine induced lns(l,4,5)P 3 
formation, measured after 1 min of stimulation of cells 
(Sipma et al., 1995a) was not affected by neomycin (1 
mM, Fig. 2). Re-addition of extracellular C a  2+ (2 mM), 5 

Table 2 
Effect of neomycin on histamine or thapsigargin induced Ca 2+ release 
and Ca 2+ entry in DDT t MF-2 cells 

Increase in [Ca 2+ ]i (nM) 

Absence of Ca 2 + 2 mM Ca 2 + 

Treatment 
None 73 + 9 
Neomycin 43 ± 2 ~' 
LaC13 38 ± 3 ~ 
Histamine 113 ± 8 138 _+ 10 
Neomycin + histamine 105 ± 8 51 + 6 ~ 
Thapsigargin 41 + 3 203 ± 21 
Neomycin + thapsigargin 46 ± 4 53 4-_ 8 ~ 

The histamine (100 p,M) or thapsigargin (1 /zM) induced increase in 
[ Ca2+ ]i were measured in the absence of extracellular Ca 2+ (Ca 2+ 
release) in non-pretreated cells and in cells pretreated with neomycin (1 
mM, 45 min) or LaC13 (50 p,M, 2 min). Ca 2+ entry was measured as 
maximal increase in [Ca 2÷ ]i after the addition of 2 mM Ca 2+ to the 
solution 5 min after challenge of the cells with histamine or thapsigargin. 
Basal [Ca 2+ ]i values in the absence of extracellular Ca2+; non-pre- 
treated: 113+4 nM; neomycin: 111+4 nM. a Different from value 
obtained from non-pretreated cells, P <0.01. Data are expressed as 
means_+ S.E.M. of at least 6 experiments. 
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min after the challenge of cells with histamine, gave rise to 
an initial rapid increase in [Ca 2+ ]i (overshoot), followed 
by a maintained elevated level after about 2 rain (Fig. 1C, 
Table 2). Neomycin inhibited this rise in [Ca 2+ ]i induced 
by the re-addition of extracellular Ca 2+ (Fig. 1D, Table 2). 
It was observed that in the absence of histamine, the 
addition of extracellular Ca 2+ also elicited a substantial 
increase in [Ca 2+ ]i (Table 2), without the transient over- 
shoot (not shown). This unstimulated rise in [Ca2+] i ob- 
served on the addition of extracellular Ca 2 + to neomycin 
pretreated cells was similar as that measured after blocking 
Ca 2+ channels with LaCI 3 (Table 2). 

Besides Ca 2+ entry that is dependent on occupation of 
histamine H 1 receptors (Dickenson and Hill, 1992; Van 
der Zee et al., 1995), histamine may also provoke Ca 2+ 
entry regulated by the filling state of internal Ca 2+ stores 
(Putney, 1986). Inhibition of intracellular Ca2+-ATPase 
pumps by thapsigargin (1 /zM, Thastrup et al., 1990) 
caused a slowly evolving and sustained increase in [Ca 2+ ]i 
(Fig. 3A, Table 1). In the absence of extracellular Ca 2+, 

the Ca 2+ response was transient and much smaller and 
re-addition of extracellular Ca 2+ caused a strong and rapid 
increase in [Ca2+]i (Fig. 3C, Table 2). Reduction of the 
thapsigargin induced rise in [Ca 2+ ]i was also observed in 
the presence of LaC13 (50 /xM). Moreover, when LaC13 
was added 5 min after thapsigargin, [Ca 2+ ]i rapidly de- 
clined to the basal unstimulated level (not shown). These 
results suggest store-dependent Ca 2+ entry in DDT 1 MF-2 
cells. Since arachidonic acid generation after stimulation 
with histamine is partly responsible for Ca 2+ entry in 
DDT I MF-2 cells (Van tier Zee et al., 1995), we deter- 
mined the formation of arachidonic acid after stimulation 
with thapsigargin. Thapsigargin failed to induce arachi- 
donic acid formation (basal: 318 _ 12 dps/106 cells; thap- 
sigargin 1 /zM, 5 min: 327 _+ 25 dps /10  6 cells; histamine 
100/xM, 15 s: 429 -4- 11 d p s / 1 0  6 cells*, P < 0.05, n = 8). 
Neomycin strongly inhibited both the thapsigargin evoked 
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Fig. 3. The effect of neomycin on thapsigargin induced changes in 
[ Ca2+ ]i- The thapsigargin (1 /zM) induced rise in [Ca 2+ ]i was measured 
in the presence of extracellular Ca 2+ in (A) non-pretreated cells and (B) 
in cells pretreated with neomycin (1 mM, 45 min). The arrow indicates 
the addition of thapsigargin. The thapsigargin (1 /zM, first arrow) in- 
duced increase in [Ca 2 ÷ ]i was also measured in the absence of extracellu- 
lar Ca 2+ in (C) non-pretreated cells and (D) in cells pretreated with 
neomycin (1 mM, 45 min). Extracellular Ca 2+ (2 mM) was added after 5 
min of stimulation of the cells with thapsigargin (second arrow). Each 
tracing represents a typical result out of  at least 6 experiments. 

rise in [Ca 2+ ]i when extracellular Ca 2+ was available (Fig. 
3B, Table 1) and after the addition of Ca 2+ to the Ca 2+ 
free solution (Fig. 3D, Table 2). The response to thapsigar- 
gin in the absence of extracellular Ca 2+ (Fig. 3C) was not 
affected by neomycin (Fig. 3D, Table 2). The Ca 2+ chan- 
nels activated by both histamine (see also Dickenson and 
Hill, 1992) or thapsigargin are not permeable to Mn 2+, 
since the quenching-rate of Fura-2, induced by basal Mn 2+ 
entry (Hallam and Rink, 1985) was not increased by 
histamine or thapsigargin (not shown). 
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Fig. 2. Histamine HI receptor mediated formation of Ins(1,4,5)P 3. Basal 
Ins(1,4,5)P 3 (solid bars) and the histamine (100 ~M,  60 s) induced 
formation of Ins(1,4,5)P 3 (open bars) was measured in non-pretreated 
cells (CONTROL) and in cells pretreated with neomycin (NEO, 1 mM, 
45 min). * Different from the respective unstimulated value, P < 0.05. 
Data are expressed as means + S.E.M. of 6 experiments. 

4. D i scuss ion  

In this study, we investigated the involvement of phos- 
pholipase C activity to generate a messenger regulating 
Ca e+ entry in DDT 1 MF-2 cells. It is shown that histamine 
H~ receptor mediated Ca e÷ entry was completely abol- 
ished in the presence of neomycin and LaCI 3. However, 
this action on Ca 2+ entry of neomycin is independent on 
phospholipase C activity, reflected by the unaffected his- 
tamine induced Ins(1,4,5)P 3 formation in DDT l MF-2 
cells. 

Since histamine evokes Ca 2+ release from internal 
stores, it is supposed to cause Ca e÷ entry that is dependent 
on the filling state of the store (Putney, 1986). Store-de- 
pendent Ca 2÷ entry induced by thapsigargin that inhibits 
the intracellular store Ca 2+ ATPase (Thastrup et al., 1990; 
Bian et al., 1991) was also completely inhibited by 
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neomycin. Basal Ca 2+ entry, measured after addition of 
CaC12 to extracellular CaZ+-deprived cells is also inhibited 
by neomycin and LaC13. This basal Ca 2+ entry might be 
caused by the 'leaking out' of cytoplasmic Ca 2 +, resulting 
in a reduced filling-state of intracellular stores, conse- 
quently provoking store-dependent Ca 2+ entry. Remark- 
ably, Dickenson and Hill (1992) did not detect an increase 
in [Ca2+]~ upon the addition of extracellular Ca 2+ to 
unstimulated and extracellular CaZ+-deprived cells at 37°C. 
In contrast, a marked increase in [Ca2+] i was observed 
under our experimental conditions (22°C). Since intra- 
cellular store-Ca 2+ ATPase pumps are more activated at 
37°C than at 22°C (Squier et al., 1988; Kalabokis and 
Hardwicke, 1988), apparently the rates of Ca 2+ entry and 
uptake equalize at 37°C, leading to a no-net increase in 
[Ca2+] i. The Ca 2+ entry remaining in the presence of 
neomycin and LaCI 3 (Table 2) most likely reflects the 
transition from the basal [Ca 2+ ]i in the absence to that in 
the presence of extracellular Ca 2+ and might be mediated 
by non-specific cation channels or N a + / C a  2+ exchange. 
These mechanisms were not activated by histamine or 
thapsigargin. 

Direct histamine H I receptor-dependent Ca 2+ entry and 
the indirect store-dependent mechanism stimulated by 
thapsigargin (and histamine) were inhibited by neomycin. 
Neomycin most likely inhibits Ca 2+ entry by blocking the 
plasma membrane Ca 2+ channels, as suggested also for 
hepatocytes (Altin and Bygrave, 1987). Therefore, 
neomycin is not a suitable tool to study the effects of 
messengers generated downstream of phospholipase C ac- 
tivation on receptor mediated and capacitive Ca 2+ entry in 
DDT 1 MF-2 cells. Interestingly, in ischemic hearts, the 
inositol phosphate formation induced by reperfusion was 
strongly reduced by neomycin as well as by removing 
Ca 2+ from the reperfusion solution (Anderson et al., 1995). 
In accordance with our results, we suggest that neomycin 
may act as a anti-arrhithmic drug (Woodcock, 1995) by 
preventing Ca 2+ entry, rather than by a direct inhibition of 
Ins(l,4,5)P 3 formation. 

In a previous study we reported that histamine induced 
Ca 2+ entry still occurred if the Ca 2+ release process and 
the concomitant store-dependent Ca 2 + entry was inhibited 
(Van der Zee et al., 1995). Histamine induced arachidonic 
acid formation was supposed to be in involved in his- 
tamine H~ receptor mediated C a  2+ entry. Moreover, his- 
tamine induced Ca 2 + entry was shown to be dependent on 
histamine H~ receptor occupation in DDT t MF-2 cells 
(Dickenson and Hill, 1992). Store-dependent Ca 2+ entry 
however, as activated by thapsigargin, is not mediated by 
arachidonic acid, because thapsigargin does not induce 
arachidonic acid formation. 

In conclusion, neomycin inhibits the plasma membrane 
Ca 2+ channels that can be activated by a histamine H t 
receptor-dependent pathway and the channels activated by 
a mechanism that is dependent on the filling-state of 
intracellular Ca 2 + stores. The inhibitory action of neomycin 

on histamine induced Ca 2+ entry is not dependent on 
phospholipase C activity. 
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