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Protein kinase mediated upregulation of endothelin A, endothelin B
and 5-hydroxytryptamine 1B/1D receptors during organ culture in

rat basilar artery
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1 Organ culture has been shown to upregulate both endothelin (ET) and 5-hydroxytryptamine
IB/ID (5-HT,p;1p) receptors in rat cerebral arteries. The purpose of the present study was to
investigate the involvement of protein kinases, especially protein kinases C (PKC) and A (PKA) in
this process.

2 The effect of inhibiting protein kinases during organ culture with staurosporine (unspecific
protein kinase inhitor), RO 31-7549 (specific inhibitor of classical PKC’s) and H 89 (specific
inhibitor of PKA) was examined using in vitro pharmacological examination of cultured vessel
segments with ET-1 (unspecific ET, and ETg agonist), S6¢c (specific ETg agonist) and 5-CT (5-HT,
agonist). Levels of mRNA coding for the ETA, ETg, 5-HT 5 and 5-HT;p receptors were analysed
using real-time RT—PCR.

3 Classical PKC’s are critically involved in the appearance of the ETy receptor; co-culture with RO
31-7549 abolished the contractile response (6.9+1.8%) and reduced the ETy receptor mRNA by
44 +4% as compared to the cultured control. Correlation between decreased ETg receptor mRNA
and abolished contractile function indicates upstream involvement of PKC.

4 Inhibition of PKA generally had an enhancing effect on the induced changes giving rise to a 7—
25% increase in E ., in response to ET-1, S6¢c and 5-CT as compared to the cultured control.

5 Staurosporine inhibited the culture induced upregulation of the response of both the ET5 and
the 5-HT,p/ip receptors, but had no significant effect on the mRNA levels of these receptors. This

lack of correlation indicates an additional downstream involvement of protein kinases.
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Introduction

Organ culture of isolated whole segments of cerebral
arteries result in an upregulation of both the endothelin
(ET) (Hansen-Schwartz & Edvinsson, 2000; Hansen-
Schwartz et al., 2002; Leseth er al., 1999) and the 5-
hydroxytryptamine 1B/1D (5-HT,p/1p) receptors (Hoel et
al., 2001). Inhibition of gene transcription and gene
translation effectively inhibits these phenotypical changes
brought about through organ culture (Hansen-Schwartz et
al., 2002; Moller et al., 1997) indicating that the changes
are the result of gene induction and subsequent
transcription and translation. In addition, depriving the
vessels of glucose as well as warmth (37°C) during the
process of organ culture also prevents the phenotypic
changes (Adner et al., 1998) clearly indicating the change
as a result of an active metabolic process. Thus, organ
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culture represents a stimulus to the smooth muscle cells
and also, this stimulus must therefore activate a signal
transduction pathway.

Given the almost ubiquitous involvement of both protein
kinases A (PKA) and C (PKC) in intracellular signal
transduction, we have aimed to characterize the involvement
of these protein kinases in the events leading to the
phenotypic changes in the ET and 5-HT, receptor function
during organ culture. The study was carried out using the
basilar artery from the rat using a sensitive in vitro
pharmacology method to test the functional status of
receptors studied, and quantitative real-time reverse tran-
scriptase polymerase chain reaction for studies of receptor
mRNA expression. The involvement of the protein kinases in
the process was tested by coculturing the cerebral arteries
with protein kinase inhibitors, notably staurosporine (un-
specific protein kinase inhibitor), RO 31-7549 (specific
inhibitor of classical PKC’s) and H 89 (specific inhibitor of
PKA).
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Methods
Tissue preparation and organ culture procedure

All animal procedures were carried out strictly within
national laws and guidelines and approved by the University
Animal Ethics Committee. Male Wistar-Kyoto rats (250—
300 g) were anaesthetized using CO, and then killed by
decapitation and the brain removed. Under microscope the
basilar artery was carefully dissected free from the brain,
cleared of connective tissue and cut into 1 mm long
cylindrical segments with intact endothelial cell layer.

The segments were cultured in humidified air supplemented
with 5% CO, for a period of 20 h in 1 ml serum free
Dulbecco’s modified Eagles’ medium containing D-glucose
5 mM, NaHCO; 44 mM and N-acetyl-L-alanyl-L-glutamine
4 mM, supplemented with 100 IU ml~"' penicillin and
100 pug ml~! streptomycin. To test the involvement of protein
kinases in phenotypical changes of the receptor population,
especially PKC and PKA, some of the vessel segments were
cultured in the presence of different protein kinase inhibitors.
Staurosporine is a potent inhibitor of a wide range of
tyrosine and serine/threonine kinases with an ICsy of 1075 M
(Hoffman & Newlands, 1991). Among the inhibited kinases,
some of the more important are PKC, PKA, MAP kinase,
calmodulin dependent protein kinase and protein kinase G
(Way et al., 2000). The concentration used was 107> M
providing effective inhibition of most protein kinases. To
provide more discrete analysis of the relative contributions of
PKC and PKA, RO 31-7549, a selective PKC inhibitor with
some isozyme specificity, primarily inhibiting classical PKC’s
(ICSO for PKCOC 10-73 M, pKC/}] 10—-¢7 M, PKC/}H 10-98 M,
PKC, 10747 M, and PKC, 10~%* M (Wilkinson er al., 1993)),
and H 89, a selective PKA inhibitor, (K;=10""* M (Chijiwa
et al., 1990)) were used. Both of the latter inhibitors were
employed at a concentration of 10~° M.

In vitro pharmacology

The segments were mounted on two metal wires 40 um in
diameter (Myograph®, J.P. Trading, Denmark), one con-
nected to a micrometer screw for adjustment of passive
tension, and the other connected to a force displacement
tranducer. The vessels were mounted submerged in a
temperature controlled buffer solution (37°C) of the following
composition (mM): NaCl 119, NaHCO; 15, KCI 4.6, MgCl
1.2, NaH,POy4 1.2, CaCl, 1.5 and glucose 5.5. The buffer was
continuously aerated with oxygen enriched with 5% CO,
resulting in a pH of 7.4. Tensions were recorded by a
PowerLab® unit (ADInstruments, Hastings, U.K.) using the
program Chart®.

The vessels were stretched to an initial resting tone of
2 mN and then allowed to stabilize at this tone for 1 h. The
viability of the vessels were tested by exposing them to an
isotonic solution containing 60 mM K™, obtained by partial
change of NaCl for KCl in the above buffer. The contraction
induced by K" was used as a measure of tissue contractile
capability and as reference for subsequent contractile
experiments.

The presence of an intact functional endothelium was
tested by precontracting the vessel using 5-HT (10~%° M) and
subsequently exposing it to acetylcholine (107> M). A relaxant

response of over 70% of the precontracted tension was
considered indicative of a functional endothelium. The vessels
were allowed to rest for 20 min before commencing
experiments. Concentration-response curves were constructed
with ET-1 in the concentration range 107—10"7 M,
sarafotoxin 6¢ (S6¢) in the range 107?-10""M and 5-
carboxamidotryptamine (5-CT) in the range 10~'°—10=%° M,
all as agonists. ET-1 is a general endothelin receptor agonist,
Séc is a selective ETg agonist (Hansen-Schwartz &
Edvinsson, 2002) and 5-CT is selective for the 5-HT; receptor
(Hoyer et al., 1994).

Real time reverse transcriptase polymerase
chain reaction method

To quantify mRNA for the ETA., ETg, 5-HT;g and
5-HTp receptors, RT—PCR with real-time detection was
employed.

Cellular RNA from the vessels was extracted using the
TRIzol® agent after mechanical homogenization. The
resulting RNA pellet was finally washed with 70—75% ice-
cold ethanol, air-dried and re-dissolved in 20—80 ul diethyl-
pyrocarbonate-treated water. The purity of RNA was
assessed by spectrophotometry (DU64, Beckman, U.S.A.).

The reverse transcriptase synthesis of cDNA was done
using 1 pg total RNA in a 20 ul reaction volume. The
reaction mixture was incubated at 25°C for 10 min, 42°C for
15 min, heated to 99°C for 5 min and afterwards cooled to
5°C.

Quantitative real-time PCR was performed in a Gene-
Amp® 5700 Sequence Detection System (Applied Biosystems,
Foster City, CA, U.S.A.) using the GeneAmp SYBR®™ Green
with the cDNA synthesized above as template in a 50 pul
reaction volume. A blank control containing just water was
included in all experiments. The detection system is based on
an imaging system that, via the binding of fluorescent dye to
the double-stranded DNA, monitors the total amount of
DNA produced (Qing et al., 2001). Specific primers for the
rat ET,, ETg, 5-HT g and 5-HT,p receptors were designed
using Primer Express® software (Applied Biosystems, U.S.A.)
and had the following sequences:

ETa receptor forward : 5-ATT GCC CTC AGC GAA CAC-3'
reverse : 5-CAA CAA AGC AGA AAG ACG ACG GTC-3'

ETjy receptor forward : 5-GAT ACG AC AAC TTC CGC TCC-3'
5-HT)p receptor forward : 5-TCC GGG TCT CCT GTG TAC GT-3'
reverse : 5-GGC GTC TGA GAC TCG CAC TT-3'

5-HT)p receptor forward : 5'-CAC CCT CCC TCT ACG GGA AG-3'
reverse : 5'-AGC CCG TGA TAA GCT GTG CT-3'

mRNA for Elongation factor 1 (EF1) was used as reference
because it is expressed constantly and independently of cell
type (in a pilot study we found no difference in expression as
compared to f-actin (data not shown)). The EF1 primers
were designed as follows:

EF1 forward : 5-GCA AGC CCA TGT GTG TTG AA-3
reverse : 5“-TGA TGA CAC CCA CAG CAA CTG-3

The real-time PCR was carried out with the following
profile: The first cycle at 50°C for 2 min and 95°C for
10 min. The subsequent 40 cycles were done at 95°C for 15 s
and 60°C for 1 min. To verify that each primer-pair only
generated one PCR product at the expected size, the real-
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time PCR products were separated electrophoretically in a
1.5% agarose gel containing 0.5 ug ml~' ethidium bromide
and subsequently viewed in a UV-box. The expected sizes of
the PCR products were: ET5 64 base pairs (bp), ETg 86 bp,
5-HT;p 51 bp, 5-HTp 51 bp, and EF1 96 bp.
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by 60 mM K*. In a given experiment E,.. denotes the
maximum contractile response elicited and pD, the negative
logarithm of the concentration that elicits half the maximum
response. For biphasic responses, Emaxy and pDy(;y are used
to describe the high affinity phase and Enax) and pDj) to
describe the low affinity phase.

Vessel segments cultured in the presence of staurosporine
showed a significantly lower K" response compared to the
cultured control. In order to be able to compare the
contractile responses of these vessel segments with other
segments, a correction factor was calculated. The factor was
derived from the ratio of contraction induced by K* in
arteries cultured with staurosporine to the contraction
induced by K* in the cultured controls.

Differences in contractile responses were tested for
statistical significance by comparing respective E.., and
pD» values using Student’s r-test. P-values below 0.05 were
considered significant.

Real-time PCR Cr denotes the number of cycles for a given
sequence to be amplified to a predefined detection threshold.
The amount of cDNA for a given primer is expressed as a
percentage of the amount of cDNA for EF1 as given by the
equation

X = (1+E)*

where E is the replication efficiency of the PCR reaction, and
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ACr is the difference in number of cycles to reach the
detection limit between the reaction to amplify the cDNA in
question and the reaction to amplify cDNA for EF1. Only
responses above 0.1% were considered relevant. The
efficiency of the amplification reaction was deduced from a
so-called standard curve, a semi-logarithmic plot of Ct for a
given primer against the logarithm of the concentration of
total cDNA (measured arbitrarily). Given a straight regres-
sion line (which in itself is indicative of an amplification
reaction without the presence of non-specific inhibitors), the
efficiency was calculated by the equation

E=0.1"72 -1

where a is the slope. The equation was derived by simple
rearrangement of the equation for cumulative increase.

Measurements were repeated thrice, and differences were
tested for statistical significance employing Student’s r-test
employing a probability level of 0.05.

Drugs

Staurosporine, RO 31-7549 and H 89 were obtained from
Calbiochem, Sweden; endothelin-1 and sarafotoxin 6¢ from
Auspep, Australia; 5-hydroxytryptamine and S-carboxamido-
tryptamine from Sigma, Denmark; Dulbecco’s modified
Eagle’s medium from Kebolab, Denmark. For molecular
biology TRIzol® was obtained from Invitrogen, Denmark,
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Figure 1 Concentration—contraction curves with (A) ET-1, (B) S6¢c and (C) 5-CT as agonists. The effect of co-culturing with
staurosporine, RO 31-7549 and H 89, respectively, is displayed. Data are displayed as mean +s.e.mean, » indicates number of rats in
each experiment. The data for the curves displaying results after co-culture with staurosporine have been corrected due to lower K™
contractility (see Methods). Staurosporine was in general capable of inhibiting changes approximating the concentration —response
curves to the curves derived from experiments conducted on fresh arterial segments. Ro 31-7549 effectively inhibited the appearance
of a contractile ETy response, and H 89 had in general an augmenting effect on the changes induced by organ culture. For more

details see Table 1 and the results section.
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an E;.x of 114+3.5% (significantly higher than the cultured
control (P<0.01)) and a pD, of 11.1+0.1.

Contractile response to 5-CT 1In fresh vessels application of
5-CT gave rise to a biphasic contractile response with an
Emax1y of 13.84+4.5%, an estimated E,.x) of 47.8+10.2%,
a pDy;y of 7.5+0.4 and an estimated pDj», of 4.440.1,
respectively (Figure 1). Upon organ culture the contractile
profile was still biphasic with an E,.x) of 17.4+4.6%, an
estimated Ep,xo) of 86.1+12.1%, a pDy) of 7.84+0.3, and
an estimated pD) of 5.4+0.1. Co-culture with staurospo-
rine significantly reduced Enax) (P<0.01) making the curve
similar to the one obtained in fresh vessels. RO 31-7549
changed the biphasic response to an ordinary sigmoidal curve
which followed the second phase of the cultured control.
Again, as with the response to S6c, organ culture in the
presence of H 89 augmented the contractile response, Emax(1)
was 30.0+11.7%, Enaxe 100.1+6.2%, pDyyy 7.9+0.3
pDypy 5.640.1, though not significantly. E,.x and pD,
values are summarized in Table 1.

Real time RT— PCR.

Relative amounts of mRNA for the ET,, ETg and 5-
HT,p receptors are presented in Table 2. mRNA for the
5-HT;p receptor could not be detected. In Figure 2 the
effect of co-culturing with the various inhibitors compared
to the cultured control is shown. The mRNA level for

ET, mRNA

% change in mRNA
production
3

Stauro RO H89

Figure 2 Quantitative analysis with real-time PCR of the levels of
receptor mRNA when co-culturing with inhibitors compared to the
amount in cultured controls. The bars represent mean +s.e.mean of
three separate measurements. Statistically significant changes are
indicated with *P<0.05 and **P<0.01. The level of ETA receptor
mRNA is not affected significantly through the inhibitors employed,
the level of ETg receptor mRNA is significantly reduced when co-
culturing with staurosporine and RO 31-7549, and the level of 5-
HT,p receptor mRNA was greatly augmented when co-culturing with
H 89. Results for mRNA for the 5-HT,p receptor are not displayed
since the levels were below detection limit.

the ET, receptor was reduced by RO 31-7549, though
statistically only borderline significant (P=0.07), whereas
almost no effect was noted in the case of staurosporine
or H 89. The levels of ETp receptor mRNA was
significantly reduced by both staurosporine (P<0.01)
and RO 31-7549 (P<0.05) whereas again, H 89 was
without effect. However, co-culture with H 89 significantly
and drastically increased mRNA for the 5-HT;p receptor
(P<0.01), but the transcription of the same receptor was
not affected by neither staurosporine nor RO 31-7549.
The standard curve was straight for all primers employed
yielding slopes between 3.1 and 3.2 indicating replication
efficiencies close to 1 (a replication efficiency of unity
would yield a slope of 3.3). All standard curves regressed
with correlations between 0.98 and 0.99 indicating a
uniform PCR product throughout, independent of cDNA
concentration (Figure 3). Electrophoresis verified only one
product for each primer pair at the expected size (data
not shown).

Discussion

In the present study we have examined the influence of
protein kinases, more specifically PKA and PKC, on the
culture induced changes in the function of the ET,, ETg and
5-HT;p;1p receptors as well as on the mRNA levels for the
respective receptors in the rat basilar artery.

35, ® ETasloped., correlation 0.98
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+ EF-1 slope 3.2, correlation 0.98
A 5HT-1B slope 3.1, correlation 0.99
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Figure 3 Standard curves for the primers employed for real-time
PCR. All primers used had an efficiency of approaching unity, both
in terms of amplification efficiency as well as purity of reaction.

Table 2 Amounts of mRNA (mean+s.e.m. for three separate measurements) for the ETA, ETg and 5-HT; receptors relative to the

amount of mRNA for the reference protein, EF1

Cultured control

ET, mRNA 0.43+£0.09%
ETg mRNA 2.03+0.30%
5-HT;3 mRNA 0.13+0.01%

Staurosporine

0.46+0.13%
0.69+0.02%**
0.11£0.01%

RO 31-7549 HS89

0.25+0.03% 0.49+0.12%
1.11+0.08% 2.09+0.02%
0.13+£0.01% 0.3340.04%**

Differences compared to the respective cultured controls were tested using Student’s ¢-test; *indicates P<0.05, and **P<0.01.
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Functional results

Only co-culture with staurosporine was able to inhibit the
culture induced changes in all three receptor-systems;
complete inhibition of receptor upregulation was observed
both with 5-HT5,p and ETg, and partial inhibition of ETx
receptor upregulation.

Organ culture in the presence of RO 31-7549, a specific
inhibitor of the PKC isozymes PKC,, PKCpg .y, PKC, and
PKC, (Way et al., 2000), completely abolished the upregulation
of the contractile ETy receptor when compared to the cultured
control. Compared to the cultured control, a lower E,x2) was
noted with ET-1 whereas no effect was observed in the response
to 5-CT. Thus, it may be concluded that the classical PKC’s are
critically involved in the appearance of the contractile ETg
receptor, whereas the upregulation of 5-HT;g and of ETx
receptors seems not dependent on a classical PKC related
mechanism, though of course a role for novel and atypical
classes of PKC cannot be ruled out (Way et al., 2000). Co-
culture with H 89, a specific inhibitor of PKA, had in general an
augmenting effect on the response of all the receptor systems
studied, though most pronounced on the 5-HT,g;ip and ETg
responses. The response to ET-1 (mixed ET, and ETjp
response), was augmented in so far as E;,xo) was slightly
elevated. Apparently and interestingly, PKA therefore seems to
have an inhibitory effect on receptor upregulation.

Another point to be discussed is the biphasic response of
fresh vessels to 5-CT and the biphasic response of cultured
vessels to ET-1 and to 5-CT. Usually a biphasic course of a
concentration—contraction curve may be taken as indicative
of the presence of two receptors with different affinity to the
agonist employed. Hoel er al. (2001) showed, using the
specific 5-HT1p antagonist GR 55562, that the first part of
the fresh curve was a 5-HT;p);p receptor response whereas
the latter part could be identified as a degenerate 5-HT,a
receptor mediated response. It was shown that the 5-HT,/ip
receptor was selectively upregulated as a result of organ
culture. 5-CT is in addition an agonist at the 5-HT, receptor
(Krobert et al., 2001), a receptor shown to mediate
vasodilatation (Centurion et al., 2000; Terron & Falcon-
Neri, 1999). Although the presence and functionality of 5-
HT; receptors in rat cerebral arteries have to our knowledge
not been explored, the influence of this receptor on the results
obtained is an open question.

In a previous study performed on the rat basilar artery, it
was shown that the enhanced response to ET-1 after organ
culture was due to an upregulation of both the ET, and the
ETjg receptors (Hansen-Schwartz & Edvinsson, 2000). In the
same study it was not possible to determine the relative
contribution of each receptor to the total response to ET-1; it
was demonstrated that selective ETp antagonism had no
effect on the ET-1, response whereas high doses of the
selective ET, antagonist FR 139317 (1073 M) had some
antagonizing effect. Even so, the biphasic nature of the ET-1
curves is probably not exclusively caused by a double
receptor relationship; when vessel segments were cultured in
the presence of staurosporine or RO 31-7549, both observed
to prevent the appearance of a contractile ETg receptor, a
biphasic course was still observed. For half a decade several
studies have examined in some detail the culture induced
changes in the vascular receptor phenotype of arterial
segments (Adner et al., 1995; 1996; Hansen-Schwartz &

Edvinsson, 2000; Hansen-Schwartz et al., 2002; Moller et al.,
1997). Using cyclohexamide and Actinomycin D, it was
shown that the appearance of a contractile ETy receptor in
mesenteric arterial segments after organ culture was
dependent on transcription and translation, and concluded
that it was due to de novo synthesis of receptors (Moller et
al., 1997). In view of the biphasic response to ET-1, and on
the presupposition that in the case of organ culture in the
presence of either RO 31-7549 or staurosporine only the ETx
receptor is responsible for the contractile action of ET-1,
another mechanism than a simple increase in the absolute
number of receptors must be responsible for the enhanced
response, unless possible new ET, receptors were of a
different nature as compared to the existing receptors. Other
possible mechanisms responsible for the enhanced response
could include the switching on of alternate and more efficient
signal transduction pathways leading to contraction of the
vascular smooth muscle cells, although at this point, it would
be purely speculative to point at possible candidates.

In our primary studies on the effect of organ culture on rat
basilar arteries (Hansen-Schwartz & Edvinsson, 2000), the
vessel segments were cultured for over 48 h. In the present
study we only cultured for 20 h to avoid toxic effects of the
protein kinase inhibitors. In these primary studies only
normal sigmoidal curves (but leftward shifted compared to
fresh responses) were observed after organ culture. The
reason for this difference could be that after 48 h phenotypic
alterations have been completed, thus, at 20 h an inter-
mediate stage is observed.

Effect on transcription

The results of the quantitative RT—PCR analysis revealed
some discrepancy compared to the function, i.e. there is not
complete congruence between amount of mRNA and
functional status of the receptor. The highest degree of
congruence is observed with the function of the ETg receptor;
when mRNA production is decreased there is also decreased
function. This points to the involvement of classical PKC’s
upstream from transcription in the signal transduction
pathway leading to the appearance of a contractile ETg
receptor. The correlation between transcription and appear-
ance of a contractile ETg receptor substantiates the idea of
culture induced de novo synthesis of this receptor as
previously suggested (Adner er al., 1996). mRNA for the
ETA receptor at large seems unaffected by the various
inhibitors employed. The fact that staurosporine does not
affect the mRNA levels of the ET, receptor, yet able
functionally to inhibit the organ culture induced changes,
clearly points at possible downstream modulation of either
translation or post-translational modification of receptors. In
terms of both ET, and ETg receptor function, the results
also suggest a downstream inhibitory effect of PKA, since the
changes observed in function when co-culturing with H 89
are not reflected in the mRNA levels. PKA has an inhibitory
effect upstream with regard to transcription of the 5-HT;y
receptor as judged from the increased levels of mRNA for
this receptor upon inhibiting PKA. It may not be ruled out
that this increased transcription has an effect on the
functional responses. Clearly, vessel segments cultured with
H 89 gives rise to the most powerful contractile response
(though not statistically significant) to 5-CT. Given the
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employment of a higher concentration of 5-CT, the difference
may indeed reach statistical significance.

Usage of staurosporine as inhibitor of protein kinases

The use of staurosporine to elucidate intracellular signal
transduction has been somewhat disapproved due to its wide
range of biological effects, and certainly, it is no longer
recommended for research into the specific role of PKC
(Nixon, 1997; Way et al., 2000). Yet the use of staurosporine
is still justified; staurosporine serves as a basic compound
from which many of the more specific PKC inhibitors have
been developed, including the specific PKC inhibitor RO 31-
7549 used in the present study and in addition, the effect of
staurosporine cannot be substituted by the collective effect of
specific inhibitors (Condrescu et al., 1999). This latter fact
alludes to the existence of as yet unknown protein kinases.
The use of staurosporine is not uncomplicated as emphasised
by our observation that the absolute response to K*, but not
ET-1, was decreased in vessels cultured in the presence of
staurosporine. The contractile effect of K* is due to
depolarisation of the cell membrane opening voltage
controlled Ca?* channels in the cell membrane. Since
staurosporine did not affect E . of ET-1, which would have
been expected if staurosporine in general had affected the
viability of the vessel, it is reasonable to conclude that co-
culturing with staurosporine leads to an impairment of the
function or number of voltage controlled Ca®>* channels.

Relevance to cerebrovascular pathophysiology

Organ culture induced changes are as such in vitro
phenomena. Even so, there are preliminary data to suggest
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