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1 We have investigated the mechanism of regulation of 5-HT; receptor channel sensitivity in voltage-
clamped (—80 mV) NG108-15 neuroblastoma cells.

2 The 5-HT-induced inward current activated rapidly. The fast onset was followed by a biphasic decay
which was characterized by two time constants, 7; (1.1+0.21s) and 7, (8.9 +1.6s), respectively. Brief
applications of 5-HT, applied at 2 min intervals, induced a decrease in the amplitude of the 5-HT;
receptor-mediated peak inward currents.

3 Buffering of intracellular calcium with the calcium chelator BAPTA (10 mM) instead of EGTA
(10 mM) attenuated the S-HT-induced loss of responsiveness of 5-HT; receptors. Omission of calcium
from the extracellular medium yielded a similar attenuation of loss of responsiveness.

4 Inclusion of the protein kinase inhibitor, staurosporine (1 uM) or of okadaic acid (1 gM), an inhibitor
of protein phosphatases 1 and 2A, in the intracellular buffer solution did not affect 5-HT; receptor
sensitivity.

5 Injection of cyclosporin A-cyclophilin A complex (20 nM), which potently inhibits calcineurin, did
not affect the time constants of the biphasic decay of the S-HT response 7, (1.440.28s) and 1,
(11.341.7s). The complex, however, prevented the loss of 5-HT; receptor responsiveness upon repeated
application of 5-HT. A similar, but weaker effect was observed after intracellular application of the
autoinhibitory peptide domain of calcineurin (1 uM).

6 The recovery of desensitized 5-HT; receptors upon a second application of 5-HT (1 uM) showed a
half-life time (z}) of 2.6+0.12 min in control cells which was reduced to 1.6+0.09 min in cells treated
with cyclosporin A-cyclophilin A (20 nM) complex.

7 We conclude that calcineurin does not affect the fast decay of the 5-HT; receptor response but may

be involved in a slower process which regulates channel activity.
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Introduction

Most ligand-gated ion channels have been shown to be regu-
lated by protein phosphorylation. For example, phosphoryla-
tion of y- and J-nicotinic receptor subunits by protein kinase C
(PKC), induces receptor desensitization (Huganir & Green-
gard, 1983). Similarly phosphorylation of § and y, subunits of
the GABA, receptor mediates desensitization of GABA-in-
duced chloride currents (Kirkness et al., 1989). In cerebellar
Purkinje cells, AMPA receptor responsiveness has been nega-
tively correlated to PKC-mediated phosphorylation (Linden et
al., 1991). In contrast, the responsiveness of other ligand-gated
channels such as NMDA and kainate receptors is enhanced
after phosphorylation of serine residues by PKC, calmodulin-
dependent kinase II or protein kinase A (MacDonald et al.,
1989).

~ Recent findings indicate a role of phosphatases in the con-
trol of ligand-gated receptor activity. It has been reported that
the sensitivity of NMDA receptor channels is regulated by a
calcium-dependent phosphatase, presumably calcineurin (Lie-
berman & Mody, 1994). Also GABA, (Chen et al., 1990) and
voltage-dependent calcium channels (Chad & Eckert, 1986)
receptors may be modulated by calcineurin.

A possible role of calcium in the regulation of 5-HT; re-
ceptor sensitivity has been suggested (Peters et al., 1988; Ro-
bertson & Bevan, 1991; Yakel et al., 1993). The 5-HT; receptor
channel has structural and functional similarity to ligand-gated
channels such as the kainate and the nicotinic acetylcholine

! Author for correspondence.

receptor (Maricq et al., 1991). Like these channels, the sensi-
tivity of 5-HT; receptors has been shown to be modulated by
adenosine 3":5'-cyclic monophosphate (cyclic AMP), most
likely via protein kinase A (Yakel & Jackson, 1988). The effect
of protein phosphatases on 5-HT; receptor sensitivity has re-
ceived little attention until now. Therefore, in this study we
have investigated the possible influence of protein-serine ki-
nases and phosphatases, in particular the calcium/calmodulin
dependent phosphatase calcineurin upon S5-HT; receptor
function. A preliminary account of this work has already ap-
peared in abstract form (Arbuckle e? al., 1993).

Methods

NG108-15 cells were cultured as described previously (Doch-
erty et al., 1991). Briefly, cells were grown in 3.5 mm culture
dishes in DMEM supplemented with 10% foetal calf serum
and 0.5% penicillin-streptomycin solution. Three days prior to
the experiment the cells were differentiated in DMEM sup-
plemented with 1% foetal calf serum, 0.5% penicillin-strep-
tomycin solution, 10 uM prostaglandin E;, and 50 um 1-
isobutyl 3-methylxanthine (IBMX).

The cells were studied at room temperature (20—-22°C) in a
chamber perfused at a rate of 2—3 ml min~'. Whole cell re-
cording techniques were used to record membrane currents
using an EPC-7 amplifier (List Electronics). Pipette resistances
were between 3 and 5 MQ. Cells were voltage clamped at
—80 mV and recordings were performed on approximately
spherical cells with few or no processes and a diameter of 30—
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50 um. The intracellular solution contained (in mM): NaCl 5,
CaCl, 2, MgCl, 1.8, KCl 130, HEPES 40 and EGTA 10 (pCa
approx 7.7, pH=17.4). In some experiments EGTA was re-
placed by 10 mM BAPTA (pCa approx 7.9). The composition
of the extracellular electrolyte solution was (in mMm): NaCl 120,
CaCl; 2.5, MgCl, 1, KCl 6, NaHCO; 22, HEPES 5, glucose 5;
pH=7.4. In some experiments calcium was omitted from the
extracellular solution and EGTA (2 mM) was added. In order
to minimize dialysis of the cell contents the application of 5-
HT was started less than 1 min after breaking into the cell. 5-
HT (10 uM) was applied for 5 s by either low pressure ejection
(3—4 psi) from a micropipette placed 5—10 um from the cell,
or by a u-tube. The 5-HT-mediated inward currents were re-
corded and analyzed with pClamp software (Axon instru-
ments). The decay constants of the responses were measured
by the bi-exponential fit procedure provided in the pClamp
software package; the ‘goodness of fit’ was evaluated by the
‘least squares’ method. All data are presented as means
+s.e.mean. Statistical significance (P <0.05) was evaluated by
analysis of variance and Student’s ¢ tests.

Compounds used

BAPTA (1,2- bis(2- aminophenoxy)ethane- N,N,N',N’ - tetra-
acetic acid), 5-HT (5-hydroxytryptamine hydrochloride) and
staurosporine were purchased from Sigma St. Louis M.O.
U.S.A.; okadaic acid sodium salt was purchased from Anawa,
Switzerland; cyclosporin A, cyclophilin A and autoinhibitory
peptide;  (H-Ile-Thr-Ser-Phe-Glu-Glu-Ala-Lys-Pro-Met-Arg-
Glu-Asn-Ile-Arg-Asp -Asp -Leu -Gly -Pro-Arg-Arg-Asp-Ala-
Met-Pro-OH; 97% purity) were manufactured at Sandoz
Chemical laboratories. Stock solutions (10 mM) of okadaic
acid, staurosporine and cyclosporin A were prepared in a 10%
(vol/vol) dimethylsulphoxide (DMSO) solution. In all experi-
ments the final DMSO concentrations did not exceed 0.2%.

Results

The response to 5-HT

Application of S-HT (10 uM, 5 s) to differentiated NG108-15
cells evoked an inward current with an average peak am-
plitude of 1.52+0.19 nA (n=45). Typically, the 5-HT-in-
duced inward current had a rapid (<300 ms) onset followed
by a relatively slow decay. The decay of the current, mea-
sured during a 60 s application of 5-HT was biphasic with
the time constants 7,=1.1+0.21s (n=8) and 7,=8.9+1.6s
(n=8). When 5-HT was applied as a series of three or four
brief (5s) applications, given at 2 min intervals (see Figure
1), then the amplitude of the second response was sig-
nificantly (P<0.05) reduced with respect to the first re-
sponse. The response to the first and second responses were
1.5240.19 and 0.38+0.13 nA, respectively (n=45), i.e. there
was a 75% decrease in amplitude of the second response.
Surprisingly, there was no significant further reduction in the
current amplitude (P>0.05) when 5-HT was applied for a
third or fourth time in a series. Mean amplitudes were

0.3140.12 for the third (n=45) and 0.32+0.11 (n=45) for
the fourth (n=45) response to 5-HT.

Compared to the first response, a small, insignificant de-
crease of the decay constant 7, of the second, third and fourth
response to 5S-HT was observed (see Table 1). There were also
no significant changes in the decay constant t,.

In order to evaluate possible run down due to loss of high
energy phosphates in one set of experiments, ATP (2 mM) was
included in the patch pipette solution. Addition of ATP did
not affect the decrease of the second, third and fourth response
to 5-HT (Figure 1). Qualitatively similar data were obtained
when 10 mM BAPTA was included instead of EGTA which
was used for control experiments (see Methods). The ampli-
tude of the first response to 5-HT was not significantly dif-
ferent from control cells but there was a significantly smaller
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Figure 1 (a) Example of 4 repeated applications of 5-HT (10 uM, 5s)
given at 2min intervals to an NGI108-15 cell, under control
conditions (i.e. with 10mM EGTA in the pipette solution) or with
BAPTA (10mM) in the pipette solution. The horizontal bars indicate
the application of 5-HT. The vertical and horizontal calibration bars
represent 0.5nA and 5s, respectively. (b) Curves of the repeated
application of 5-HT, under control conditions (O), with BAPTA
10mM (@), with ATP (A) in the patch-pipette solution and in
calcium-free extracellular medium (V). The data represent mean
values +s.e.mean (n=17-45). *Significant (P<0.05) differences
between BAPTA-treated cells or cells recorded in calcium-free
medium and control cells.

Table 1 Summary of the decay time constants (s), 7; and t,, of currents induced by application of 5-HT (5s) under control conditions

and after treatment with BAPTA or CsA-Cp complex

Application 1 2

Control 1, 1.3+0.28 (n = 8) 1.0+£0.26 (n = 8)
Control 7, 104+1.1 (»n=8) 10.1+14 (n=28)
BAPTA 1, 124021 (n=5) 1.0+0.17 (n=4)
BAPTA 1, 1194190 (n=5) 123+18 (n=4)
Complex T, 1.4+0.28 (n =9) 1.1+£022 (n=9)
Complex 1, 11.3+1.7 n=9) 104+1.1 (n=9)

3 4

0.8+0.17 (n = 8)
83+1.6 (n=8)
0.7+0.19 (n = 4)
114+1.5 (n=4)
0.9+0.14 (n="7)
109+14 (n=7)

0.8+0.11 (n = 8)
9.7+14 (n=8)
0.9+0.18 (n = 4)
11.6£19 (n=4)
1.0£0.17 (n = 7)
1.1+13 (n=7)
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decrease in the amplitude of the second and subsequent re-
sponses to 5-HT in the series (P <0.05, see Figure 1) i.e. re-
placement of EGTA in the recording pipette solution with
BAPTA helped to preserve 5-HT responsiveness. For the sec-
ond, third and fourth response to 5-HT a small but not sig-
nificant decrease of the decay constant 7, was observed (Table
1). Omission of calcium in the extracellular solution also par-
tially conserved 5-HT responsiveness, albeit to a lesser extent
than observed with BAPTA (Figure 1).

In order to study the recovery of loss of responsiveness of 5-
HT; receptors, the effect of a second application of 5-HT at
increasing time intervals was studied. Figure 2 illustrates the
recovery in amplitude of the second response as a function of
the time-application interval. After application of 5-HT
(10 uM, 5 s), the response to a second application of 5-HT
(10 uM, 5 s) was clearly reduced. The recovery from this loss of
responsiveness was time-dependent (Figure 2) and the 4 of the
recovery was 2.6 +0.12 min (n=38).

Inhibition of calcineurin

The responsiveness to 5-HT was studied when cells were
dialyzed with a complex of cyclosporin A (20 nM) and cy-
clophilin A (20 nM) which were added to the solution in the
recording pipette. This complex has been shown to be a
potent and highly selective inhibitor of the calcium- and
calmodulin-dependent enzyme, calcineurin (Liu et al., 1991).
The peak current amplitude in response to the first applica-
tion of 5-HT was significantly (P<0.05) increased by
102+14% compared to control cells. Also there was only
354+ 15% reduction in the peak amplitude of the second re-
sponse to 5-HT compared to the first response (see Figure 3)
i.e. there was significantly less reduction (P<0.05) than oc-
curred in control experiments (see above). However the decay
time constants 7, and 7, of the response to 5-HT were not
significantly different from control (see Table 1). In cells
dialyzed with cyclosporin A (20 nM) and cyclophilin A
(20 nM) the rate of recovery of responsiveness after a first
exposure to S5-HT was significantly accelerated such that
73=1.61+0.09 min (P<0.05, n=9, see Figure 2).

Responses to S-HT in cells dialyzed with either cyclos-
porin A alone (n= 14, Figure 3) or cyclophilin A alone (data
not shown) were not significantly different from responses
observed in control cells. Intracellular application of the
autoinhibitory peptide domain of calcineurin (1 uM) had an
effect qualitatively similar but quantitatively smaller than the
cyclosporin A —cyclophilin A complex (see Figure 3). The
peak amplitude of the first 5S-HT response was significantly
increased (P<0.05, n=11) and there was a reduced loss of
responsiveness when 5-HT was applied again after 2 min.
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Figure 2 Time-dependent recovery of desensitized 5-HT; receptors
upon a second application of 5-HT (5s, 10 uM), in control cells (O)
and in cells treated with cyclosporin A-cyclophilin A complex (@;
20nM). The data represent mean valuests.e.mean (n=8-12).
*Significant (P<0.05) differences between cyclosporin A-cyclophilin
A complex treated and control cells.

Other inhibitors of protein kinases and phosphatases

Inclusion of the non-specific protein kinase inhibitor, staur-
osporine (1 M) in the intracellular solution did not prevent
the loss of 5-HT; receptor sensitivity upon repeated applica-
tion of 5-HT. During a series of three responses to 5-HT
(10 uM, 5 s) applied at 2 min intervals to cells which were
pretreated with extracellular applied staurosporine (1 uM,
30 min) the decline of the response was as great or greater than
in untreated cells (Figure 4). These data suggest that the loss of
5-HT responsiveness is not due to phosphorylation by a serine/
threonine protein kinase. Also intracellular application (1 uM)
of the selective inhibitor of protein phosphatase 1 and 2A,
okadaic acid (Bialojan & Takai, 1988), did not significantly
(P>0.05) affect the decline in 5-HT; receptor sensitivity seen
with repeated 5-HT application (Figure 4).

Discussion

Administration of 5-HT to NG108-15 cells induces an inward
current with a fast onset followed by a biphasic decay. We
assume that under the conditions used in this study the decay
of the 5-HT response results from the fast desensitization of 5-
HT; receptor channels. The 7, and 7, values found in this study
are somewhat larger than those previously reported by Yakel
et al. (1993) which may be the result of slightly different ex-
perimental procedures. After repeated short (5 s) applications
of 5-HT, given at 2 min intervals, a strong decline of the re-
sponse to 5-HT was observed, which reflects a prolonged de-
sensitization of 5-HT; receptors. In the rest of this study we
have investigated the mechanism of this steady-state desensi-
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Figure 3 (a) Curves of the repeated application of 5-HT (5s, 10 uM),
under control conditions (Q), with cyclosporin A (20nM; [J) or with
cyclosporin A-cyclophilin A complex (20nM; M) included in the
intracellular solution, respectively. (b) Curves of the repeated
application of 5-HT (5s, 10 um), under control conditions (Q), or
with autoinhibitory peptide (1 uM; @) included in the intracellular
solution. The data represent mean values+s.e.mean (n=11-45).
*Significant (P<0.05) differences between control cells and cells
pretreated with either CsA-Cp complex or autoinhibitory peptide.
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Figure 4 Graphs showing the mean amplitude of responses to
application of 5-HT (5s, 10 uM), repeated at 2min intervals, under
control conditions, in presence of staurosporine (1 uM) or okadaic
acid (1 uMm) which were included in the intracellular solution. The
data represent mean valuests.e.mean (n=11-13). *Significant
differences (P<0.05) between the first and the second or third
application within each group.

tization. One possible explanation for the decline of the re-
sponses is rundown caused by a loss of high energy phos-
phates. Addition of ATP to the patch pipette solution did not
affect the 5-HT;-receptor desensitization, suggesting that loss
of ATP is not responsible for the decrease in current ampli-
tude. We suggest that compartmentalized ATP levels may be
sufficient to support local phosphorylation and depho-
sphorylation of the receptor. Substitution of EGTA with an
equal concentration of BAPTA which chelates calcium more
rapidly (Tsien, 1980) in the pipette solution partially preserved
the response to repeated application of 5-HT in NG108-15
cells. This effect of BAPTA suggests that 5-HT; receptor sen-
sitivity is modified by a calcium-dependent mechanism. Also
omission of calcium from the extracellular solution partially
conserved 5-HT; receptor responsivity which implies that un-
der normal conditions calcium might enter via the 5-HT;
channel. It has been shown that the 5-HT; channel is perme-
able to calcium (Yang, 1990). In addition, Peters et al. (1988)
and Robertson & Bevan (1991), have reported that the am-
plitude of the maximal 5-HT-induced current amplitude is
related to the concentration of extracellular calcium.

Since many effects on channel behaviour are mediated by
protein phosphorylation, we have investigated the effects of
protein kinase and phosphatase inhibitors on 5-HT;-receptor-
mediated channel desensitization. Intracellular application of
the non-specific protein kinase inhibitor staurosporine did not
affect the loss of sensitivity of the 5-HT; receptor upon mul-
tiple application of 5-HT suggesting that protein serine/
threonine kinase activity is not critically involved in the de-
sensitization. Our data are in contrast to those of Robertson &
Bevan (1991), who found that staurosporine per se inhibits the
5-HT; receptor response. At present we have no explanation
for this discrepancy, which may depend on the type of cell
used. Intracellular application of okadaic acid, a potent and
selective inhibitor of protein serine phosphatase 1 and 2A
(Bialojan & Takai, 1988), did not affect receptor sensitivity and
our data, therefore, suggest no involvement of depho-
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