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Radiation-induced dysfunction of normal tissue, an unwanted side effect of radiotherapeutic treatment of cancer, is usually considered
to be caused by impaired loss of cell renewal due to sterilisation of stem cells. This implies that the onset of normal tissue damage is
usually determined by tissue turnover rate. Salivary glands are a clear exception to this rule: they have slow turnover rates (460
days), yet develop radiation-induced dysfunction within hours to days. We showed that this could not be explained by a
hypersensitivity to radiation-induced apoptosis or necrosis of the differentiated cells. In fact, salivary cells are still capable of amylase
secretion shortly after irradiation while at the same time water secretion seems specifically and severely impaired. Here, we
demonstrate that salivary gland cells isolated after in vivo irradiation are impaired in their ability to mobilise calcium from intracellular
stores (Ca2þ

i ), the driving force for water secretion, after exposure to muscarinic acetylcholine receptor agonists. Using radioligand-
receptor-binding assays it is shown that radiation caused no changes in receptor density, receptor affinity nor in receptor-G-protein
coupling. However, muscarinic acetylcholine agonist-induced activation of protein kinase C alpha (PKCa), measured as translocation
to the plasma membrane, was severely affected in irradiated cells. Also, the phorbol ester PMA could no longer induce PKCa
translocation in irradiated cells. Our data hence indicate that irradiation specifically interferes with PKCa association with membranes,
leading to impairment of intracellular signalling. To the best of our knowledge, these data for the first time suggest that, the cells’
capacity to respond to a receptor agonist is impaired after irradiation.
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During the radiotherapeutic treatment of cancer, the normal tissue
toxicity limits the treatment dose. In general, high sensitivity of
tissues to radiation-induced damage is associated with rapid cell
turnover and high proliferation activity. For example, bone
marrow and intestine are highly radiosensitive, whereas the central
nervous system is relatively radioresistant. The salivary gland
forms an exception to this rule. In spite of its relatively low cycling
activity and highly differentiated character, the function of the
salivary gland is severely compromised within a few days after
relatively low doses of ionising radiation (Coppes et al, 1997a, b;
Taylor and Miller, 1999; Burlage et al, 2001). Classical clonogenic
death cannot explain this loss in function as the fraction of
proliferating cells is usually below 1% (Peter et al, 1994).

Furthermore, lowering the dose rate enhanced rather than reduced
the acute drop in gland function (Vissink et al, 1992), suggesting
that classical radiobiological parameters of DNA-damage-depen-
dent cellular recovery do not apply. As an alternative hypothesis, it
has been suggested that interphase acinar cells are highly
susceptible to radiation-induced apoptosis (Stephens et al, 1986).
In rats, however, a 50% drop in secretory capability 3 days after
irradiation was associated with less than 3% of apoptosis activity
(Paardekooper et al, 1998). Moreover, accurate cell counting
demonstrated no significant cell loss within 10 days after
irradiation (Coppes et al, 2000), implying that disappearance by
cell death pathways other than classical apoptotic routes also
cannot explain the acute loss in function of the salivary glands
after radiation. Thus, loss in gland function must be due to
radiation-induced cellular dysfunction rather than cell loss and/or
impaired cell renewal.

The parotid gland consists of ducts and grape-like acini
containing acinar cells responsible for the secretion of primary
saliva. The watery secretion by the acinar cells in the salivary gland
is predominantly mediated via the parasympathetic nervous
system, releasing acetylcholine, which subsequently stimulates
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G-protein-coupled, muscarinic acetylcholine receptors on the
acinar cells (Nauntofte, 1992). When stimulated, these receptors,
which are of 93% of the M3 subtype (Dai et al, 1991), induce Gq-
protein-coupled activation of phospholipase C (PLC), which
hydrolyses phosphatidyl-inositol-4,5-bisphosphate (PIP2). This
leads to the formation of inositol-1,4,5-trisphosphate (IP3), which
mobilises Ca2þ from intracellular stores, and diacylglycerol (DAG),
which activates protein kinase C (PKC) (Nishizuka, 1992; Baum
et al, 1993, Sawali et al, 1993). An increase in intracellular free Ca2þ

(Ca2þ
i ) concentration is the predominant mechanism triggering the

fluid secretion from acinar cells (Melvin, 1999), whereas PKC
activates the secretion of low amounts of proteins in the saliva
(Tojyo et al, 1992). Changes herein may, however, be difficult to
show in vivo due to the relatively low amount induced through
simulation of this pathway (Coppes et al, 2000). The bulk of protein
secretion is mediated through stimulation of b-adrenoceptors and
subsequent cAMP-induced exocytosis (Baum et al, 1993). Interest-
ingly, whereas fluid secretion is impaired early after radiation,
protein secretion of the parotid gland is not (Bodner et al, 1984,
Coppes et al, 2001) or of the submandbular gland is less (Takagi
et al, 2003) affected. This observation not only confirms that cell
loss cannot be the cause of impaired gland function but also points
to the possibility that radiation may affect specific aspects of the
intracellular receptor-mediated signalling in acinar cells. Indirect
evidence from radioprotection experiments supports this hypoth-
esis. In these experiments, radioprotective actions of a-adrenergic
or muscarinic acetylcholine receptor agonists were annihilated by
simultaneous stimulation of crossinhibitory b-adrenergic receptor
signalling pathways (Coppes et al, 2001).

To directly determine whether radiation indeed affects receptor-
effector signalling, rat parotid glands were locally irradiated in
vivo, which induces a significant reduction in salivary secretion
independent from other factors than damage to the glands (Coppes
et al, 1997a, b; and Takeda et al, 2003). After killing the animal,
acinar cells were isolated to investigate (1) their capability to
mobilise calcium upon receptor stimulation, (2) their muscarinic
acetylcholine receptor numbers, (3) the muscarinic acetylcholine
receptor coupling to G-proteins and (4) translocation of PKCa.
Our combined data demonstrate that radiation interferes with
agonist-stimulated muscarinic acetylcholine receptor-mediated
signalling pathways in parotid gland cells. This consequently
may be the cause of the impaired cell and tissue function. This
would point to a novel, radiobiological mechanism of normal
tissue damage after in vivo irradiation.

MATERIALS AND METHODS

Animals

Young adult (8–9 week old) male albino Wistar rats (strain
Hds/Cpb: WU), weighing approximately 230 g, purchased from
Harlan CPB Rijswijk, the Netherlands, were used in all studies.
They were kept in polycarbonate cages (six rats per cage) under a
14 : 10-h light : dark cycle. The rats were housed for 10 days prior
irradiation. Food (RMH-B, Hope Farms, Woerden, the Nether-
lands) and water was given ad libitum. All experiments were
performed in agreement with the Netherlands Experiments on
Animal Act (1977), the European Convention for the Protection of
Vertebrates Used for Experimental Purposes (Strasbourg,
18.III.1986) and met the standards required by the UKCCCR
Guidelines (UKCCCR, 1998).

Parotid gland irradiation

The rats were irradiated as previously described (Coppes et al,
1997a). Prior to irradiation all rats were anaesthetised by an i.p.
injection of Ketamine (Ketalar, 60 mg kg�1) and Xylazine (Rompun,

2.5 mg kg�1). A 6-mm lead shield with a portal of 2� 5 cm was
positioned over the body of the rat so that, except for the parotid/
submandibular region, the body, including the oral cavity, was
excluded from the irradiation field. Both glands were irradiated
with a single dose of 15 Gy. The X-ray apparatus (Mueller MG 300,
Philips, Eindhoven, The Netherlands) was operated at 15 mA,
200 kV (filters : 0.5 mm copper and 0.5 mm aluminium;
HVL¼ 1 mm Cu). The treatment distance to the focal spot of the
skin was 32.5 cm, leading to a dose rate at the gland level of
1.0 Gy min�1. This dose rate was determined in air with a
calibrated electrometer and ionisation chamber combination
(Keithley 35040þNE-2571). The tissue outside the primary beam
received less than 1% of the dose applied.

Preparation of parotid acinar cells

The isolation was based on a protocol developed for acinar cells of
the parotid gland (Oliver, 1980). At the appropriate time after
irradiation, the rats were anaesthetised using 60 mg kg�1 Brietal
i.p. Both parotid glands were removed and were cut into small
pieces and put in a spinner flask containing 25 ml RPMIþ 5 mM

HEPESþ 60 ml 0.5 M EGTA. After 5 min incubation at 351C, the
solution was decanted and the tissue was again incubated for
30 min in 15 ml RPMI with 5 mM HEPES containing 1 ml
collagenase and 0.5 ml hyaluronidase (8100 U/dissolved in 0.5 ml
HANK’s w/o Ca and Mg). Enzymatic digestion was stopped using
10 ml RPMI containing 4% BSA. Hereafter, the cell suspension was
passed through a nylon gauze (100 mm). The filtrate was
centrifuged for 5 min at 1500 r.p.m. and the pellet was dissolved
in RPMIþ 4% BSA with an end concentration of 1� 106 cells ml�1.
Viability was assessed by 0.1% trypan blue exclusion. A maximum
of three cells per clump was accepted. The tissue/cells were gas
dispersed (5% O2) until measurements.

Measurements of free Ca2þ concentrations

[Ca2þ ]i was determined using Ca2þ -sensitive fluorescent indica-
tor as described by Dissing et al (1990). Parotid acinar cell
suspension (2 ml) was incubated for 30 min at 371C with 4 ml of
0.5 mM Fura-2 A/M. The loaded cell suspension was centrifuged
and washed twice with KREBS buffer (142 mM NaCl, 5 mM KCl,
1 mM MgCl2, 20 mM NaHCO3, 4 mM Na2HPO4, 4 mM NaH2PO4,
pH¼ 7.25) to remove extracellular Fura-2 A/M. After washing the
samples, 1.5 ml Fura-2 loaded suspension was put in a 2 ml quarts
cuvet. Then, 1.5 ml 1 M CaCl2 was added to yield 1 mM extracellular
CaCl2, to be able to measure intra- and extracellular Ca responses.
The cells were stimulated with methacholine in concentrations
ranging from 10 mM to 1 mM. [Ca2þ ]i was calculated from the
measurements of the ratio of fluorescence intensities obtained at
340 and 380 nm. The measurements of [Ca2þ ]i in acinar
suspensions were performed with a Hitachi F-4000 fluorescence
spectrophotometer with excitation wavelengths of 340 and 380 nm
and a emission wavelength of 505 nm. Calibration of [Ca2þ ]i was
performed for each measurement by adding an excess of Triton X
100/EDTA (Fmin), CaCl2 (Fmax) and MnCL2 (Fauto), respectively.
Fluorescence ratios of 340/380 nm excitation and 505 nm emission
were converted to [Ca2þ ]i according to Grynkiewicz et al (1985).

Measurements of receptor number and coupling to
G-protiens

Membrane preparation At the appropriate time after irradiation,
the rats were anaesthetised using 60 mg kg�1 Brietal i.p. Both
parotid glands were removed and were rapidly transferred into
ice-cold homogenisation buffer (20 mM Tris-HCl pH¼ 7.4, 1 mM

EDTA, 0.1 mM PMSF). The tissue was washed and cut into small
pieces and diluted in 10-fold homogenisation buffer. Homogenisa-
tion was performed using a polytron (PT10-35 with PTA probe)
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three times for 10 s, whereafter the suspension was filtered through
a two layer gauze at 41C. The homogenate was centrifuged for
20 min at 5000� g and the supernatant was recentrifuged for
60 min at 70 000� g. The resulting pellet was resuspended in the
homogenisation buffer with a dilution of 1 : 80 and kept at �801C.

The membrane protein concentration was determined by the
method of Lowry et al (1951) with BSA as the standard.

Radioligand binding assay To determine the maximal binding
(Bmax) and the dissociation constant of the hot ligand (3H-NMS,
Amersham, Life Science, 81 Ci mmol�1, 1 mCi ml�1), a saturation
curve was made. For this curve, 400 ml membrane suspension
(1 mg ml�1) was incubated with a concentration range of the hot
ligand. After 30 min, incubation at 371C, the reactions were
terminated by adding ice-cold 50 mM NaPO4 buffer followed by
filtration through Whatmann GF/B filters. These filters were rinsed
twice with 4 ml ice-cold buffer. The filters were put in polyethylene
counting vials with 3 ml counting solution (Aqualuma PlusR).
These vials were shaken for 2 h and counted in a Packard Tri-Carb
4450 liquid scintillation counter. To measure the dissociation
constant of methacholine, with and without the GTP-analogue
50-guanylylimido diphosphate (GppNHp), a competition curve was
created. In this case, the concentration of hot ligand was constant
and different concentrations of methacholine were added to the
membrane suspension. Incubation and quantitation of the radio-
activity was performed as described above.

Nonspecific binding was determined as the amount of 3H-NMS
bound in the presence of excess/1 mM dexetimide. Binding
parameters were calculated with the LIGAND program of Munson
and Rodbard (1980).

Measurements of the PKCa translocation An acinar cell suspen-
sion was dissolved in 2 ml RPMI and added on top of 2 ml RPMI
þ 20% FCS. After 10 min on ice, the upper 2 ml layer was removed
and the lower part was centrifuged and the pellet was resuspended
in 6 ml HANK’s buffer in a concentration of 3� 106 cells ml�1.
Stimulation with methacholine or PMA was performed at 371C.
The reaction was stopped with 3 ml ice-cold buffer 1 (5 mM

TrisHEPES, 50 mM mannitol, 0.25 mM MgCl2 pH¼ 7.5). After
centrifugation, the pellet was resuspended in 1 ml buffer 1 and
cell lysis was induced by pottering the suspension (� 40,
d¼ 0.120 mm). The cells were fractionated by centrifugation, the
first run was 12 400 g, 41C, 20 min, the pellet contained whole cells,
cell debris, nuclei and mitochondria. The supernatant was
centrifuged at 200 000 g, 41C for 1 h. The small pellet, which
contained the membrane fraction, was resuspended in 30 ml buffer
2 (20 mM Tris, pH¼ 7.3, 2 mM EGTA, 3 mg ml�1 aprotinin, 0.1 mM

PMSF). The suspension was sonicated for 5 s and 5 ml was used for
Bradford assay to determine the protein concentration. In all, 10 mg
protein was used for Western blotting. After blocking overnight in
4% milk, the blot was incubated with the first anti-body PKCa
(1 : 2500) for 1 h at room temperature and for another 1 h with
secondary antibody rabbit (1 : 2000). Protein kinase C transloca-
tion was determined by comparing the membrane bound fraction
with and without stimulation, both band were included. Since the
muscarinic M3-receptor number related to membrane protein
levels did not change after irradiation (see Results), protein levels
of PKCa were also normalised initially against membrane protein
levels, which were then routinely used for equal loading. This was
confirmed with Na-K-ATPase as a loading control, using a first
antibody Na-K-ATPase (1 : 15 000) for 1 h at room temperature and
for another 1 h with secondary antibody goat (1 : 10 000).

Statistical analysis

Paired analyses were performed using the Student t-test to evaluate
statistical significance. Data values are expressed as mean7s.e.
Statistical significance was defined as P-value of 0.05 or less.

RESULTS

Mobilisation of intracellular calcium

As the increase in intracellular free calcium is the dominant
mechanism that drives the watery secretion in parotid glands
(Petersen, 1986), we first measured changes in muscarinic
acetylcholine receptor-induced alterations in Ca2þ

i mobilisation
in isolated acinar cells (see Figure 1). After isolation, 95% of the
cells were of the acinar cell type, as judged by their shape and
content of vesicles. The in vivo irradiation did not change the
number or type of cells per mg tissue isolated from the parotid
glands (data not shown). Unirradiated parotid gland cells had a
basal intracellular free calcium level [Ca2þ

i ] of 10477 nM, whereas
1, 3 and 10 days after irradiation the cells had a [Ca2þ

i ] of 130710,
10377 and 151717 nM, respectively. Figure 2 shows the relative
increase in initial peak [Ca2þ

i ] response as a function of the
concentration of the specific muscarinic acetylcholine receptor
agonist methacholine (MCh). Already at day 1 after 15 Gy of in vivo
irradiation, the agonist-induced Ca2þ

i mobilisation was signifi-
cantly impaired. This response further declined with time after
radiation, with acinar cells isolated 10 days after in vivo irradiation
showing a 50– 60% reduction in Ca2þ

i mobilisation at 10�3
M MCh.

These data suggest that the acute decrease in saliva secretion after
radiation may be due to a reduced receptor-effector signaling.

Receptor density and affinity

To identify the radiation target for cellular dysfunction, we
investigated various ‘players’ in the signal transduction pathway
upstream of calcium mobilisation. The muscarinic acetylcholine
M3-acetylcholine (M3) receptor is the main inducer of water
secretion and of Ca2þ

i mobilisation in the rat parotid gland
(Nauntofte, 1992). The reduced secretory potential after X-
irradiation may have resulted from radiation-induced reduction
in the number of receptors, the affinity between the receptor and a
ligand, or a reduced coupling of the receptor to its G-protein. To
investigate this, the binding capacities and affinities of the parotid
gland muscarinic acetylcholine receptors were examined. Hereto,

M3-receptor

MCh, Pilocarpine, NMS

G-protein

PLC

IP3

PIP2

DAG

Ca2+
i

PKC�

PMA

Membrane

Figure 1 Schematic overview of muscarinic acetylcholine receptor
signalling pathway.
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receptor saturation binding experiments were performed on
isolated membranes from in vivo irradiated parotid glands. The
membranes were incubated with tritiated N-methyl-scopolamine
(3H-NMS) as a muscarinic acetylcholine receptor radioligand. The
incubation time used (30 min) was found to allow full equilibration
of ligand binding (data not shown). Figure 3A is a typical example
of a radioligand binding curve for parotid gland membranes. The
nonspecific binding that was observed in the presence of excess
cold ligand (unlabelled dexetimide) was substracted from the total
amount of 3H-NMS bound protein, to yield the curve for specific
binding. In membranes isolated from glands of non-irradiated
animals, 3H-NMS bound to a single binding site (see methods),
with a maximal binding capacity (Bmax) of 39712 fmol mg�1

protein and a dissociation constant (pKd) of 9.970.11 nM. These
parameters were not altered at any time after irradiation (Table 1),
indicating that in vivo irradiation had not affected the binding
capacities or affinities of muscarinic acetylcholine receptors in
isolated membranes from the parotid glands. As the binding
capacity is a measure for the number of receptors with specific
affinity for the ligand, and the dissociation constant is a measure
for the strength of the ligand binding, these observations indicate
that the reduced saliva secretion/Ca2þ

i mobilisation after irradiation
is not caused by a reduced number of receptors or a reduced
ligand-receptor-binding affinity.

Secondly, we investigated whether there was a change in parotid
gland M3-receptor-G protein coupling efficiency. Hereto, isolated
membranes from the parotid gland were incubated with 1 mM of
3H-NMS to achieve maximal receptor binding. Subsequently, the
3H-NMS was replaced dose dependently by the full muscarinic
acetylcholine agonist, MCh, as shown in Figure 3B (closed
symbols). The displacement curve in membranes from unirra-
diated parotid glands, when measured in the absence of the GTP-
analogue 50-guanylylimido diphosphate (GppNHp), best fitted a
two-site model (Po0.05), indicative for the existence of 66% high-
affinity (pKd ¼ 5.4: Table 2)- and 34% low-affinity (pKd ¼ 4.4)-
binding site for MCh. This is consistent with previously published
data for the carbachol-induced displacement of 3H-NMS in parotid
acinar cell membranes (Dai and Baum, 1993) and can be

interpreted as showing the receptor–G-protein complex being
the high-affinity state and the receptor in its G-protein-free state
being low-affinity state (Wess et al, 1995). Further confirmation
that this displacement curve indicates the existence of two separate
binding sites with different affinity was obtained in experiments
where the stable GppNHp was added in excess to dissociate all
receptor–G-protein complexes (Figure 3, open symbols). In the
presence of GppNHp, the displacement curve was shifted to the
right and was best fitted assuming a one-site model (pKd ¼ 4.4:

1

1.5

2

2.5
Control

Day 10

Day 3

Day 1

C
a2+

i (
fo

ld
 in

cr
ea

se
)

MCh (M)
10−7 10−6 10−5 10−4 10−3

Figure 2 Effect of in vivo single dose (15 Gy) irradiation on the ex vivo
metacholine-induced Ca2þ

i mobilisation. Ca2þ
i was calculated from the

fluorescence at two excitation wavelengths (340 and 380 nm), in Fura-2-
A/M-loaded isolated rat parotid gland cells (1� 106 cells ml�1) in the
presence of 1 mM Ca2þ . Basal [Ca2þ

i ]: 10477 nM for unirradiated glands,
and 130710, 10377, and 151717 nM at 1, 3 and 10 days after irradia-
tion, respectively. Each point represents five or more independent
measurements. Significantly different from unirradiated situation: *Po0.05
(Student’s t-test).
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Figure 3 3H-NMS binding to isolated parotid gland membranes. (A)
Typical example of total (K) and nonspecific 3H-NMS binding (B) (3H-
NMS binding in the presence of an excess amount of unlabelled ligand) to
membranes from rat parotid glands allow the calculation of specific 3H-
NMS binding (J). (B) Inhibition of 3H-NMS binding to rat parotid gland
muscarinic receptors by the full muscarinic receptor agonist methacholine
in the absence (K) or presence (J) of the stable GTP-analogue
GppNHp. Lines are best computer-fit curves according to a two-site (solid
line) or a one-site (dotted line) binding model. The two binding sites
revealed in the absence of GppNHp are converted into a single site in the
presence of GppNHp. Results from one, typical experiment.

Table 1 Receptor density (Bmax) and 3H-NMS-binding affinity (Kd) of
muscarinic receptors in isolated parotid gland membranes after in vivo
irradiation with 15 Gy X-rays

Time (days) after 15 Gy pKd �log (M) Bmax (fmol/mg) n

Control 9.970.1 39712 6
1 9.770.1 38715 5
3 9.870.1 5179 4
10 9.870.1 42713 5
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Table 2), indicating that the high-affinity site was indeed lost. As
shown in Table 2, methacholine pKd and Bmax were unchanged
after irradiation, irrespective of whether GppNHp was present or
not. Also, radiation did not significantly alter the proportions of
high- and low-affinity-binding sites. Thus, in vivo irradiation of
parotid glands does not affect the number of muscarinic
acetylcholine receptors, nor the binding of ligands to the receptor
nor the binding of the receptor to its G-protein.

The above implies that the damage induced by radiation and
causing the impaired Ca-response (Figure 2) is localised down-
stream from the muscarinic acetylcholine-receptor –G-protein
interaction. In an attempt to further pinpoint the exact localisation
of the radiation-induced damage, the activation of PKCa was
assessed. Protein kinase C alpha is activated by DAG, which is
formed from Gq-protein-coupled activation of PLC hydrolysis of
PIP2 in parallel with IP3 (which induced the calcium mobilisation
from internal stores) (Baum et al 1993, Sawaki et al, 1993)
(Figure 1). If PKCa activation would be found not to be affected by
irradiation, this would imply that the relevant radiation-induced
damage occurs downstream from the hydrolysis of PIP2. To test
this we measured the methacholine-induced translocation of PKCa
to the cell membrane in cells from irradiated and unirradiated
glands, as this has been shown to correlate well with the activation
PKCa (Terzian and Rubin 1993; Feng and Hannun 1998; Oancea
and Meyer 1998; Tanimura et al, 2002). Stimulation of intact non-
irradiated acinar cells from the parotid gland with 10�4 MCh
revealed that a 2 min incubation time induced the highest level of
PKCa translocation to the plasma membrane (data not shown).
Figure 4 shows that MCh induced a dose-dependent increase of
PKCa in the cell membrane fraction. However, 10 days after in vivo
irradiation of the parotid glands, this increase was completely
abrogated. So, the relevant radiation-induced damage must be
upstream PIP2 hydrolysis. To investigate if PKCa translocation to
the membrane is induced by irradiation alone, we analysed all
control blots of this study, comparing unirradiated samples with
irradiated samples. No differences were observed between
unirradiated and irradiated controls (ratio: 170.09 vs 0.9470.13,
n¼ 15).

To test whether the radiation-induced effect is due to an
impairment of the membrane integrity in the anchoring of PKCa
or due to primary damage to the G-protein-PIP2 hydrolysis
process, we next tested whether radiation would also impair the

ability of the phorbol ester PMA to cause PKCa membrane
translocation. Maximal stimulation of PKCa translocation in intact
nonirradiated acinar cells from the parotid gland was achieved
with 3 min incubation with 1 mM PMA (data not shown), and 3 min
incubation time with PMA lead to a dose-dependent increase of
PKCa in the cell membrane fraction (Figure 5A, B). Like for MCh,
the activation of PKCa was completely abrogated in cells isolated
10 days after in vivo irradiation of the parotid glands, indicating
that the (further) translocation of PKCa to the membrane is
affected after in vivo irradiation irrespective of whether the
stimulus is PLC-dependent or -independent.

To assure that radiation did not induce a global (specific)
change in membrane proteins (without affecting total membrane
proteins), we used Na-K-ATPase as a loading control for PMA-
stimulated PKC translocation. The data shown in Figure 5C, D
confirm that PMA-stimulated translocation of PKCa to the
membrane is completely abrogated after irradiation without
affecting total protein nor a specific membrane protein.

Together, our data show that radiation interferes with
M3-muscarinic acetylcholine signalling pathway, which in the rat
salivary gland may be the cause for the specific impairment in
water, but not protein, secretion early after irradiation.

DISCUSSION

Classically, the main target of radiation is believed to be the DNA,
irradiation leading to mitotic death when cells attempt to divide
or to apoptosis in nondividing cells. Progressive depopulation of
the functional cell compartment then eventually leads to function
loss of an organ. The slow turnover rate of salivary glands cells vs
the rapid radiation-induced changes (see Introduction) is not
compatible with mitotic cell death and failure in cell replacement.
Therefore, it had been suggested (Stephens et al, 1989) that the
acute damage to salivary gland was caused by apoptosis. These
data, however, were based on essentially qualitative studies

Table 2 Replacement of 3H-NMS binding by the full muscarinic receptor
agonist methacholine in the absence and presence of GppNHp in isolated
parotid gland membranes after in vivo irradiation with 15 Gy X-rays

Time (days)
after 15 Gy GppNHp pKd �log (M)

Proportion of
Bmax(%)

Control � 5.470.1 6676
4.470.1 3476

+ 4.770.1 100

1 � 5.570.5 57726
4.270.4 43726

+ 4.670.1 100

3 � 5.670.3 54714
4.470.3 46716

+ 4.670.2 100

10 � 5.470.3 69721
4.270.1 31721

+ 4.770.1 100

Bmax represents the maximal binding per binding site, and pKd represents the affinity
of binding per binding site. Each value is the average of at least five independent
measurements (membranes obtained from separate animals).
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Figure 4 Changes in the levels of membrane-bound PKCa following
methacholine stimulation of intact rat parotid gland acinar cells, 10 days
after in vivo (sham-) irradiation. Isolated parotid gland cells were treated
with methacholine for 2 min at the indicated doses. (A) Protein kinase C
alpha expression was determined by immunoblot analysis as described
under ‘Materials and Methods’. 80- indicates molecular mass marker.
Always 10mg of protein used. (B) Diagram of at least three independent
experiments. Significantly different from unirradiated situation: *Po0.05
(Student’s t-test).
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showing radiation-induced apoptosis in monkey salivary glands.
Our more quantitative analysis in rat parotid glands did not detect
apoptosis (Paardekooper et al, 1998) or cell loss (Coppes et al,
2000, 2001) to an extent that could explain the large drop in
parotid gland function after irradiation. Therefore, the classical
concept of DNA being the primary target was abandoned and,

based on in vivo secretion studies, a defect in receptor-effector
signal transduction of water secretion was proposed as a novel
target, at least in rats (Coppes et al, 2000, 2001). The present
observations of defective calcium mobilisation and PKCa translo-
cation now directly demonstrate for the first time that radiation
causes damage that interferes with intracellular receptor-mediated
signalling, thereby compromising the function of an organ without
inducing cell depletion.

Direct extrapolation of the data to the in vivo parotid gland
function must be done with some precaution. Possibly, a defect in
Ca mobilisation may have pronounced effects on the secretory
capabilities of the gland, as the Ca2þ signalling is highly organised
and compartmentalised (Berridge, 1996). In our case, only the
initial peak of calcium release from intercellular stores was
significantly affected indicating that a poor orchestration of the
mobilisation of intracellular calcium through intra- and extra-
cellular calcium channels could be responsible for the loss of
function of the parotid acinar cells after in vivo irradiation, as
Ca2þ release from the ER is responsible for the activation of
basolaterally located Kþ channels, whereas Ca2þ influx from the
interstitium is responsible for the rise Ca2þ near the luminal
membranes were the Cl� channels are supposed to be located
(Dissing et al, 1990). In conjunction, these two ions are responsible
for the watery secretion (Petersen, 1986, 1992). Bodner et al (1984)
did not observe changes in Kþ efflux and uptake that follows
intracellular Ca2þ levels. They, however, used epinephrine which
stimulates a-adrenoceptors and does not stimulate water secretion
as effectively as muscarinic receptors (Yu et al, 1987). In
agreement with this we were not able to show changes in Ca2þ

levels with the partial muscarinic agonist pilocarpine, indicating
that the secretory process may be dampened and not completely
abrogated. Radiation-induced salivary cellular dysfunction has
been studied in the past. O’Connell et al (1999) could not find
differences in the mobilisation of Ca2þ or other ion cotransport
activity 12 months postirradiation of the submandibular gland. At
this time, however, it is unlikely that the remaining acinar cells are
the same as the ones that have been irradiated as the tissue cells
have a lifespan of 60–120 days (Zajicek et al, 1989) and as such are
not responsible for the acute irradiation damage.

It is not clear exactly how the Ca response is affected. The
reduced Ca2þ mobilisation is not due to a reduction in number of
muscarinic acetylcholine receptors, their affinity for the ligand or
their coupling to G-protein. However, the translocation of PKCa is
also affected after irradiation. The activation of PKCa is a complex
process. After synthesis as a catalytically inactive protein it is
converted into an active enzyme by three functional phosphoryla-
tions, whereafter it is released from the ribosomes to the cytosol
(Liu and Heckman, 1998). Radiation had no effect on the total
levels of cytosolic PKCa (data not shown), implying that it did not
interfere with these initial steps of the PKCa activation process nor
through altered gene expression. Next, DAG and Ca2þ synergise
with cis-unsaturated fatty acids whereafter the C1 ligand acts as a
hydrophobic anchor holding PKCa in the membrane. We found
that PKCa binding to the membrane after DAG formation (via
receptor stimulation) and after direct stimulation (by PMA) was
reduced after irradiation, indicating that the process of transloca-
tion to the membrane seems to be affected. The cell membrane has
been suggested to be a target for radiation (Konings and Drijver,
1979, Somosy, 2000). Membrane permeabilisation induced by
saponin resulted in stable PKCa translocation to the membrane
(Tanimura et al, 2002), furthermore it was suggested that PKCa
may act as an amplifier of Ca2þ oscillation. Calcium drives the
watery secretion by opening the basolateral Kþ and apical Cl�

channels, and the osmotic gradient thus created leads to water
movement into the lumen both through transcellular and
paracellular processes. Paracellular water movement involves tight
junction modulation (Hashimoto et al, 2000). Opening and closure
of tight junctions is modulated by classical PKCs (Stuart and
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Figure 5 Changes in the levels of membrane-bound PKCa following
PMA stimulation of intact rat parotid gland acinar cells, 10 days after in vivo
(sham-) irradiation. Isolated parotid gland cells were treated with PMA for
3 min at the indicated doses. (A) Protein kinase C alpha expression was
determined by immunoblot analysis as described under ‘Materials and
Methods’. 80- indicate molecular mass marker. Always 10 mg of protein was
mounted (B) Diagram of at least three independent experiments. (C)
Protein kinase C alpha and Na-K-ATPase expression was determined. (D)
Diagram of at least three independent experiments. Significantly different
from unirradiated situation: *Po0.05 (Student’s t-test).
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Nigam, 1995). Possibly, in conjunction with the affected calcium
mobilisation, a disturbed PKC signalling may be involved in the
irradiation-induced reduction in in vivo saliva secretion. In
agreement with this, recently, Takagi et al (2003) showed a
pertinent disorder of the water channel aquaporin 5 in acinar cells
of irradiated submandibular glands, indicating possibly affection
of paracellular pathways, which regretfully cannot be measured by
the methods used in this study. Another possibility is that
radiation-induced ceramide production (see Reynolds et al,
2004) and subsequent blocking of CRAC channels as has been
shown in T lympocytes (Lepple-Wienhues et al, 1999) may play a
role in the observed disturbance of cellular signalling.

This study demonstrates for the first time that the response of
cells on agonist activation of a G-protein-coupled receptor-signal
transduction pathway is affected after in vivo irradiation.
Unraveling of the mechanism of early radiation-induced damage
may reveal other ways to interfere with radiation-induced damage.
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