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ABSTRACT. The role of Ca2’/calmodulin-dependent protein kinase (CaM kinase; EC 2.7.1.123) in the 
generation of Ca” signals by muscarinic acetylcholine receptors (mAChR) was studied. Changes in intracellular 
Ca” concentrations ([Ca”],) induced by mAChR activation were monitored in SK-N-SH human neuroblas- 

toma cells using the dye Fura-2. SK-N-SH cells express M, mAChR, as well as CaM kinase types II and IV, 
which are specifically inhibited by the CaM kinase antagonist KN-62 (I-[N,O-bis(5isoquinolinesulfonyl)-N- 
methyl-L-tyrosyll-4-phenylpiperazine). Carbamylcholine (100 I.LM) elicited an initial transient peak in [Ca”], 
due to mobilization of Ca” from internal stores, followed by a sustained elevation in [Ca’+]r that depended on 
the influx of extracellular Ca” and which was inhibited by EGTA and Ni”. These mAChR-induced Ca” 
signals were diminished to an equal extent by preincubating the cells with 0.01 to 100 p,M KN-62. KN-62 

inhibited mAChR-induced Ca” influx and mobilization from internal stores by about 25-30%, producing a 
half-maximal effect at = lp,M. In contrast, KN-62 (25 p,M) 1 a most completely abolished carbamylcholine- 

stimulated entry of divalent cations through Mn”-permeant channels, as revealed by Mn” quenching of Fura- 
fluorescence. KN-62 also almost completely abolished Ca” influx induced by dep olarization of the cells with 25 

mM K’ (1~~~ = 3 p,M). These results suggest that CaM kinases regulate both the mobilization of intracellular 
Ca” and the stimulation of Ca” influx that are induced by mAChR activation, and indicate that the mAChR- 
induced influx of Ca” occurs through Ca” channels other than, or in addition to, the voltage-gated cal- 
cium channels or Mn”-permeant channels which are inhibited by KN-62. BKHEM PHARMACOL 53;8:1107- 
1114, 1997. 0 1997 Elsevier Science Inc. 
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Activation of the M, mAChRt mobilizes Ca” from inter- 

nal stores and induces an influx of extracellular Ca” [l-4]. 

These Ca2+ signals play an important role in regulating 

proximal events in mAChR signal transduction [5, 61 as 

well as activating downstream effecters such as protein ki- 

nase C [7]. The mechanisms by which these Ca2+ signals 
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are generated, including the identification of the enzymes 

and Ca” channels involved in this process, have not been 

characterized completely. Toward this aim, we are investi- 

gating the role of CaM kinases in mAChR-mediated Ca2+ 

signaling. 

The CaM kinases are likely candidates to participate in 

rnAChR-induced Ca 2+ signaling. Stimulation of the M, 

mAChR in SK-N-SH cells induces both Ca2+ mobilization 

and calmodulin translocation, which may affect the activity 

of CaM kinase [S]. Additionally, recent studies indicate 

that CaM kinases regulate Ca” channel activity. The regu- 

lation of VGCC by CaM kinases is well documented: in- 

activation of CaM kinase with the CaM kinase antagonist 

KN-62 or other specific inhibitors reduces VGCC activity 

in several cell types [9-141, diminishing both L-type [ll, 

121 and T-type [13] VGCC activity. The phosphorylation 

of L-type [15] and N-type 1161 VGCC by CaM kinase type 
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II provides additional evidence for CaM kinase modulation 
of VGCC activity. 

The effects of CaM kinases on second messenger- 
operated Ca” channels are less well understood. Inactiva- 
tion of CaM kinase with KN-62 only modestly diminishes 
the increase in [Ca”],) induced by activating the bombesin 
receptor in HIT-T15 cells [9], and does not alter signifi- 

cantly the [Ca”], increase induced by activating M, 
mAChR in small cell lung carcinoma cells [14]. The [Ca”], 

increase induced by activating these receptors is due to 
both Ca” influx and mobilization from internal stores [l, 

91. The possibility that CaM kinases may have different 
effects on these components of the Ca2’ response has not 

been evaluated. 
To resolve these questions, we examined the effects of a 

CaM kinase inhibitor, KN-62, on Ca” responses induced 
by mAChR expressed by cultured SK-N-SH cells. These 
human neuroblastoma cells express M, mAChR as well as 

CaM kinases type II and IV [8, 171. Both of these CaM 
kinase types are inhibited by the CaM kinase antagonist 
KN-62 [18, 191. We have demonstrated that KN-62 dimin- 

ishes Ca” influx from the external medium as well as Ca2+ 
mobilization from intracellular stores induced by mAChR 

activation. However, KN-62 is a much more efficient in- 
hibitor of Ca 2+ influx mediated by K’-induced depolariza- 

tion. These findings suggest a role for CaM kinases in the 
regulation of Ca2+ signaling mediated by mAChR activa- 
tion. 

was 505 nm. The ratio of fluorescence intensities upon 
excitation at 340 and 380 nm was converted to [Ca2’li 
values by comparison to the corresponding ratios obtained 
when the cells were permeabilized with digitonin in the 
presence of different extracellular Ca2+ concentrations. 
These standard values were used to solve the equations of 
Grynkiewicz et al. [20]. Manganese permeability was deter- 

mined by the quenching of Fura- fluorescence after exci- 
tation at a calcium-insensitive wavelength (360 nm) fol- 

lowing the addition of MnCl, to the medium to a final 
concentration of 1 mM. 

Depolarization measurements were made by replacing 
the complete DMEM medium with a Kreb’s buffer consist- 

ing of 1.2 mM MgCl,, 24.9 mM NaHCO,, 10 mM glucose, 
1.2 mM CaCl,, 118 mM NaCl, and 4.7 mM KC1 at pH 7.4. 
The K’ concentration was raised to 25 mM by the addition 
of an appropriate quantity of a modified Kreb’s buffer in 
which the concentrations of NaCl and KC1 were 32.8 and 
90 mM, respectively. 

KN-62 and KN-04 (Seikagaku America, Rockville, MD) 
were prepared in DMSO as 0.01 M stock solutions, and 
were diluted in complete DMEM medium immediately 

prior to use. The drugs were added to the coverslips follow- 
ing Fura- loading, and incubated at 37” in 5% CO, for 20 
min prior to fluorescence measurements. To measure cel- 

lular responses in the absence of extracellular calcium (and, 
thus, Ca2+ influx), 6 mM EGTA was added to the medium 
2 min before the addition of carbamylcholine. Drug solu- 
tions were prepared in deionized, distilled water. 

MATERIALS AND METHODS 
RESULTS 

SK-N-SH human neuroblastoma cells (American Type 
Culture Collection, Rockville, MD; ATCC HTB-11) were 

grown to approximately 70% confluency in 150 cm2 culture 

flasks in complete DMEM medium consisting of DMEM 
(Fisher Scientific, Springfield, NJ) supplemented with 10% 
fetal bovine serum (Biofluids, Rockville, MD), penicillin, 

streptomycin, and non-essential amino acids (Fisher Scien- 
tific). The cells were then dislodged by Viokase treatment, 
washed, and resuspended in Hanks’ salt solution. The cells 
were counted, pelleted, and resuspended in complete 
DMEM medium at a concentration of 1 x lo5 cells/ml. 
Aliquots (2 mL) of the cell suspension were plated on ster- 

ile glass coverslips (0.11 X 3 1 mm) in 35 X 10 mm petri 
dishes. The cells were grown at 37” in the presence of 5% 
CO, for 4 days prior to determining intracellular Ca2+ con- 

centrations. 
Ca 2+ measurements were performed using the fluorescent 

dye Fura- as follows. The medium was removed and the 
SK-N-SH cells were incubated for 30 min in complete 
DMEM containing 2 PM Fura-Z-AM (Molecular Probes, 
Eugene, OR). The medium was replaced with fresh com- 
plete DMEM, and the cells were incubated for a further 30 
min. Fura- fluorescence was measured using a SPEX In- 
dustries dual wavelength fluorometer. Excitation wave- 
lengths were 340 and 380 nm, and the emission wavelength 

Activation of mAChR with 100 FM carbamylcholine in- 

creased the [Ca2’li in SK-N-SH cells (Fig. 1). This [Ca2’], 
increase could be resolved into two components: an initial 

transient peak in [Ca2’], that reflected Ca2+ release from 
internal stores, and a sustained elevation in [Ca”], that was 
dependent on influx of extracellular Ca2’. The sustained 
[Ca”], elevation was decreased by inclusion of 6 mM 
EGTA or 100 mM Ni” in the extracellular medium (Fig. 
1). EGTA alone did not affect the concentration of intra- 
cellular calcium in unstimulated cells over the time course 
of the present experiments (up to 10 min exposure). All of 
the cells responded to carbamylcholine, although there was 
considerable variation in the magnitudes of both the initial 
transient peak in [Ca”], and the sustained elevation in 
[Ca2’], induced by carbamylcholine. Carbamylcholine- 
induced increases in [Ca”], were inhibited by the selective 
M, mAChR antagonist 4-DAMP (Fig. 2). 

Preincubation of SK-N-SH cells with the CaM kinase 
antagonist KN-62 diminished the increase in [Ca”], in- 
duced by carbamylcholine (Fig. 3). A maximal effect of 
KN-62 required a preincubation of 20 min, and this prein- 
cubation time was utilized in all of the experiments pre- 
sented here. Maximal inhibition caused by 100 FM KN-62 
in eight experiments ranged from 20 to 72%; the reason for 
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this variation was unclear. Solubility limitations dictated 
that 100 p,M was the highest concentration of KN-62 that 
could be used. Significant inhibition of the carbamylcho- 
line-induced increase in [Ca”], was always noted with 0.5 
FM KN-62. Examples of the effects of KN-62 from one 
series of experiments are shown in Fig. 3. 

The KN-62 concentrations that diminished the initial 
peak and sustained increases in [Ca’+], induced by mAChR 
activation determined in nine experiments are summarized 
in Fig. 4. While there was considerable variability in the 
absolute magnitude of the Ca2+ responses in separate ex- 
periments, KN-62 inhibited these responses in every case. 
The initial [Ca”], peak measured 15 set after the applica- 
tion of carbamylcholine (197 f 17 nM; N = 9) was de- 
pressed by KN-62, and the sustained [Ca2’], elevation mea- 
sured 60 set after the application of carbamylcholine (165 
f 16; N = 9) was depressed to a commensurate degree. 
KN-62 diminished both of these Ca” responses by an av- 
erage of 25-30%, and the half-maximal concentration of 
KN-62 that diminished these Ca2+ responses was =l p,M. 

FIG. 1. Carbamylcholine- 
induced increase in intracel- 
lular free calcium concentra- 
tion of SK-N-SH cells. The 
calcium concentration was 
calculated from the ratio of 
Fura. fluorescent emission 
intensities measured at 505 
nm following excitation at 
340 and 380 nm. Carbamyl- 
choline (100 pM) was added 
at the point indicated by the 
arrow. The cells were incu- 
bated in complete DMEM 
(control) or in complete 
DMEM containing 100 pM 
Ni” or 6 mM EGTA, as indi- 
cated. Tracings are represen- 
tative results from at least ten 
experiments. 

The initial peak in [Ca2’], induced by carbamylcholine was 
diminished by KN-62 even when 6 mM EGTA was in- 
cluded in the medium to eliminate Ca*’ influx (Fig. 5A). 
KN-04, a structural analogue of KN-62 which does not 
inhibit CaM kinase activity [21], had little effect on either 
the initial peak or sustained increases in [Ca2’li induced by 
mAChR activation (Fig. 5B). This suggests that the action 
of KN-62 is related to its inhibition of CaM kinase activity 
rather than a structural blockade of divalent cation chan- 
nels. 

Manganese quenching of Fura- fluorescence can be used 
as an indication of divalent cation entry in cells [22]. When 
excited at 360 nm, Fura- fluorescent emission at 505 nm is 
insensitive to the Ca” concentration. Carbamylcholine in- 
creased Mn” entry in SK-N-SH cells as evidenced by the 
quenching of Fura- fluorescence upon excitation at 360 
nm (Fig. 6). Preincubation of SK-N-SH cells with 25 p,M 
KN-62 decreased carbamylcholine-induced Mn” entry in 
the cells by 80-90% (N = 6) (Fig. 6). Preincubation of 
SK-N-SH cells with KN-04 was much less effective than 

100 pM Carb ._ - __ 

Carb + 1 pM 4-DAMP -.. 
c 
= Carb + 1 O.pM 4-DAMP 

50 

50 100 150 200 250 300 

Time, seconds 

FIG. 2. Influence of 4.DAMP, 
a specific M, receptor antago+ 
nist, on carbamylcholine- 
induced increases in the intra- 
cellular calcium concentra- 
tion of SK+N-SH cells. 
Carbamylcholine (100 JIM) 
was added at the point indi- 
cated by the arrow. The cells 
were preincubated with 4. 
DAMP for 10 min as indi- 
cated. Tracings are from rep- 
resentative experiments re- 
peated at least five times. 
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not exhibit the initial transient peak in [Ca”], that is in- 
duced typically by mAChR activation. The response to K’ 
was totally eliminated by inclusion of 6 mM EGTA in the 
extracellular medium, reflecting the extracellular source of 
Ca2’. KN-62 potentially inhibited K’-stimulated entry of 
Ca’+, inhibiting 90% of the response at 50 p,M (Fig. 7). 
The concentration of KN-62 that half-maximally inhibited 
the K’stimulated Ca2’ entry was =3 PM (data not shown). 
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FIG. 3. Influence of KN-62 on carbamylcholine4nduced in- 
creases in the intracelhthtr free calcium concentration of 
SK-N-SH cells. Carbamylcholine ( 100 pM) was added at the 
point indicated by the arrow. The cells were incubated with 
the indicated concentrations of KN-62 for 20 min before the 
calcium responses were measured. Averages and standard 
deviations from responses obtained from six different ceUs 
in two separate experiments are depicted. The time course 
associated with treatment with 3 pM KN-62 is shifted 2 set 
to the right to aUow visualization of the standard deviations. 

KN-62 at inhibiting carbamylcholine-induced Mn2+ entry 
(Fig. 6). 

SK-N-SH cells possess VGCC which can be activated by 
raising the extracellular K’ concentration to depolarize the 
cells [23]. The effects of 25 mM K’ on [Ca2’], are shown in 
Fig. 7. The increase in [Ca2’], induced by 25 mM K’ did 

0.8 

a 

T 
T I 

-a- Peak 

+ Plateau 

I I I I 

-7 -6 -5 -4 . 

Log [KN-621, M 

FIG. 4. Concentration dependence of KN-62 inhibition of 
carbamylcholine4nduced increases in the intracelhdar cal- 
cium concentration of SKaNSH cells. The cells were incu- 
bated with the indicated concentrations of KN-62 for 20 
min before the calcium responses were measured. [Ca’+], 
was measured 15 (0) and 60 (A) set after the application of 
100 pM carbamylcholine. The means * SEM from nine ex- 
periments performed on separate days are indicated. 

DISCUSSION 

The present studies demonstrated that KN-62, CaM kinase 
inhibitor, disrupts Ca” signaling mediated by the M, 
mAChR. Specifically, pretreatment with KN-62 depresses 
the initial transient peak in [Ca2+li, which is due to release 
of Ca2+ from intracellular stores, and the sustained eleva- 
tion in [Ca2+li, which reflects Ca” influx from the extra- 
cellular medium. This suggests that CaM kinases participate 
in mAChR signaling mechanisms that involve both Ca2’ 
influx and mobilization from internal stores. The precise 
site of this action is not certain; possible sites include Ca2’ 
channels, enzymes involved in generating inositol poly- 
phosphates, and proximal signal transduction by the 
mAChR. 

Several CaM kinases have been cloned and character- 
ized, including CaM kinase type II [24] and CaM kinase 
type IV [17, 25-271. Although KN-62 was characterized 
originally as a specific inhibitor of CaM kinase type II [18, 
241, it is now clear that KN-62 inhibits both CaM kinases 
type II and type IV [18, 19, 241. Both of these CaM kinases 
are expressed by SK-N-SH cells [8, 171. A previous report 
suggested that KN-62 may physically block VGCC [9] in 
addition to inactivating CaM kinase. However, the effects 
of KN-62 in the present study did not appear to involve 
such an effect insofar as the mAChR-mediated responses 
were not affected by KN-04, which is structurally similar to 
KN-62 but unable to inactivate CaM kinases [21]. The 
structural specificity of membrane ion channel blockers is 
typically less strict than that required for enzyme inhibition. 

We found that mAChR activation induced a sustained 
elevation in [Ca2’], that was diminished but not abolished 
by KN-62 at concentrations up to 100 PM. This sustained 
[Ca”], elevation was due to Ca2+ influx since it was abol- 
ished by chelation of extracellular Ca2+ with EGTA and by 
Ca 2+ channel blockade with Ni2’. Although activation of 
mAChR induces a sustained [Ca”], elevation in many dif- 
ferent cell types [2-6, 14, 28-311, the effecters and Ca2’ 
channels involved in this response have not been charac- 
terized completely. We found that KN-62 partially inhibits 
mAChR-mediated Ca2’ influx but almost completely abol- 
ishes depolarization-dependent VGCC activity in SK-N- 
SH cells, consistent with the inhibition of VGCC by KN- 
62 in other cell types [9-141. There are several possible 
interpretations of these data. The most plausible interpre- 
tation is that mAChR activation induces Ca2+ influx 
through channels other than (or in addition to) VGCC and 
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that these channels are less sensitive to VGCC to inhibi- We found that mAChR stimulation also activates Mn”- 
tion by KN-62. This is consistent with reports that permeant channels in SK-N-SH cells. Previous studies 
mAChR-mediated Ca2’ influx is insensitive to pharmaco- demonstrated that stimulation of mAChR activates Mn”- 
logical inhibitors of VGCC [2, 28, 301. An alternative in- permeant channels [3, 311, which are insensitive to 
terpretation is that mAChR activation induces Ca2+ influx the VGCC blockers nifedipine [31] or diltiazem [3]. 
through VGCC, but the specific pathway by which Interestingly, KN-62 almost completely abolished the 
mAChR activation induces this influx is relatively insen- mAChR-mediated activation of Mn2’-permeant channels 
sitive to the inhibitory effects of KN-62. in SK-N-SH cells, but was less effective in inhibiting 

FIG. 5. Influence on KN.62 
and KN-04 on carbamylcho- 
line-induced increases in the 
intracellular calcium concen- 
tration of SK-N-SH cells. 
[Ca”], was measured at the 
indicated times after the addi- 
tion of 100 pM carbamylcho- 
line at the times indicated by 
the arrows. (A) Responses to 
100 pM carbamylcholine are 
depicted. Responses were also 
measured in the presence of 6 
mM EGTA to eliminate cal- 
cium influx in untreated cells 
and in cells treated with 5 pM 
KN-62, as indicated. (B) Ef- 
fect of pretreatment of cells 
with lOpMKN-04intheab- 
sence or presence of 6 mM 
EGTA. Pretreatment of the 
cells with 10 pM KN-62 is in- 
cluded for comparison. Tracd 
ings are representative results 
from experiments repeated at 
least four times with qualita- 
tively similar results. 
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--%--__ 

Carbamylcholine + KN-62 

arbamylcholine + KN-04 

150 200 
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250 300 

FIG. 6. Influence of KN+62 
and KN-04 on carbamylcho- 
line-induced increases in 
Mn” entry into SK-N-SH 
cells. Mn” permeability was 
determined by its quenching 
of Fura- fluorescence after 
excitation at a calcium- 
insensitive wavelength, 360 
nm. Mn” (1 mM) was added 
to the medium at the time in. 
dicated by the first arrow; car- 
bamylcholine (100 pM) was 
added at the time indicated by 
the second arrow. Thus, 
Mn2+ quenching of Fura- 
fluorescence serves as an in- 
dication of cation entry 
through Mn2+-permeant 
pathways, including VGCC. 
The cells were treated with 25 
pM KNe62 or KN-04, as indL 
cated, for 20 min before mea- 
suring the fluorescence inten- 
sity at 505 nm. Tracings are 
from representative experi- 
ments repeated at least six 
times. 
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FIG. 7. Influence of KN-62 on 
depolarization-induced in- 
creases in the intracellular 
calcium concentration of SK+ 
N8H cells. [Caz+li was mea- 
sured at the indicated times 
after addition of 25 mM K+. 
In some experiments as indi- 
cated, the medium included 6 
mM EGTA to eliminate calm 
cium influx. In other experb 
ments, as indicated, the cells 
were pretreated with 50 pM 
KN-62 for 20 min to inhibit 
CaM kinase activity. Tracings 
are from representative ex- 
periments repeated three 
times. 

mAChR-mediated Ca2’ influx. This suggests that 
mAChR activation induces Ca2’ influx through channels 
other than (or in addition to) Mn’+-permeant channels, 
and these mAChR-activated Ca” channels are less sensi- 
tive than the Mn”-permeant channels to inhibition by 
KN-62. 

Activation of mAChR also induced an initial transient 
peak in [Ca2+li, which was diminished by KN-62. This ini- 
tial [Ca”], peak was due to mobilization of Ca2+ from in- 
ternal stores because it was unaffected by chelation of ex- 
tracellular CaZC with EGTA or by Ca” channel blockade 
with Ni’“. KN-62 diminished the initial [Ca2+li peak even 
when Ca2’ influx was abolished by EGTA, indicating that 
this effect of KN-62 occurs independently of the inhibitory 
effects of KN-62 on Ca2’ influx. However, other studies 
found that inactivation of CaM kinase has minimal effects 
on Ca2+ mobilization induced by activating mAChR in 
small cell lung carcinoma cells [14] or bombesin receptors 
in HIT-T15 cells [9]. The basis for the differences bet- 
ween the SK-N-SH cells and the other cell lines is not 
apparent. The earlier studies did not examine the effects 
of CaM kinase inactivation on the individual components 
of the Ca” response (i.e. Ca2+ influx and intracellular 
Ca 2+ mobilization) induced by these G protein-coupled re- 
ceptors. Alternately, certain of these actions of KN-62 
could reflect effects on molecules other than the CaM ki- 
nases. 

It has been suggested that mAChR activation depletes 
internal stores of Ca”, and this is responsible for the sub- 
sequent influx of Ca2+ from the extracellular medium [2, 3, 
281. According to this model of capacitive refilling [2], a 
greater release of Ca2+ from internal stores will induce a 
greater influx of Ca2+ to refill these internal stores. If this 
model is correct, inhibition of Ca2+ release from internal 
stores would diminish Ca” influx. Thus, it is plausible that 
inactivation of CaM kinase with KN-62 initially inhibits 

mAChR-mediated Ca” release from internal stores, and 
this in turn results in the apparent inhibition of Ca2’ in- 
flux. Consistent wtih this notion, we found that KN-62 
dose-response curves for inhibition of the initial [Ca”], 
peak (due to Ca2+ release from internal stores) and inhibi- 
tion of the sustained [Ca”], elevation (due to Ca2+ influx) 
were identical, suggesting that a common site of action 
underlies both effects of KN-62. 

There are several ways that inactivation of CaM kinase 
could alter calcium signaling by mAChR. CaM kinase may 
directly regulate the activity of Ca2’ channels involved in 
this response. This possibility is supported by the demon- 
stration that inactivation of CaM kinase type II causes L- 
type VGCC to have lower amplitude and inactivate more 
quickly in cardiac myocytes [l 1, 121, suggesting that phos- 
phorylation of VGCC by CaM kinase affects the activity of 
these channels [15, 161. Similarly, CaM kinase type II can 
phosphorylate and regulate the activity of the ryanodine- 
sensitive Ca2’ channel [32, 331. Many other proteins have 
been identified as substrates for CaM kinase [24], and phos- 
phorylation of these proteins by CaM kinase may also affect 
mAChR signaling. It is intriguing to speculate that CaM 
kinase inactivation may directly or indirectly alter the 
phosphorylation state of the mAChR itself. It is clear that 
mAChR are phosphorylated by multiple G protein-linked 
kinases as well as by protein kinase C [34-371. The phos- 
phorylation by G protein-linked kinases is agonist depen- 
dent and is enhanced by G protein Py subunits [38]. Phos- 
phorylation of mAChR is associated with receptor desen- 
sitization, G protein uncoupling, and internalization [39, 401. 

Our studies demonstrate that the CaM kinase inhibitor 
KN-62 interferes with mAChR-mediated mobilization of 
intracellular Ca2+ and activation of Ca” influx. The pre- 
sent results raise the possibility that there is a CaM kinase 
substrate other than VGCC whose state of phosphorylation 
affects muscarinic calcium signaling. 
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