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Inverse agonist abolishes desensitization of a constitutively active
mutant of thyrotropin-releasing hormone receptor: role of cellular

calcium and protein kinase C
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1 (C335Stop is a constitutively active mutant of the TRH receptor (TRH-R). To investigate the
mechanism of the decreased responsiveness of C335Stop TRH-R, we studied cellular Ca®*
concentrations ([Ca®*];) in AtT20 cells stably transfected with C335Stop TRH-R cDNA, or Ca®*-
activated chloride currents in Xenopus laevis oocytes expressing this mutant receptor after injection
of cRNA. The competitive TRH-R binding antagonist, chlorodiazepoxide (CDE), was used as an
inverse agonist to study the contribution of constitutive activity to desensitization.

2 Acute treatment with CDE resulted in a rapid (within minutes) decrease in [Ca®*]; and an
increase in the response amplitude to TRH with no measurable change in receptor density.
Conversely, removal of chronically administered CDE caused a rapid increase in [Ca’"]; and a
decrease in TRH response amplitude.

3 CDE abolished heterologous desensitization induced by C335Stop TRH-R on muscarinic m1-
receptor (m1-R) co-expressed in Xenopus oocytes.

4 Chelation of extracellular calcium with EGTA caused a rapid decrease in [Ca’’]; and a
concomitant increase in the response to TRH in AtT20 cells expressing C335Stop TRH-Rs.

5 Chelerythrine, a specific inhibitor of protein kinase C (PKC), reversed the heterologous
desensitization of the response to acetylcholine (ACh). The phosphoserine/phosphothreonine
phosphatase inhibitor, okadaic acid, abolished the effect of chelerythrine.

6 Down-regulation of PKC by chronic exposure to phorbol 12-myristate 13-acetate (PMA) or
acute inhibition with chelerythrine caused a partial resensitization of the response to TRH.

7 Western analysis indicated that the o subtype of protein kinase C was down-regulated in cells
expressing C335Stop TRH-Rs. Following a 5 min exposure to PMA, the residual «PKC
translocated to the particular fraction.

8 We propose that cells expressing the constitutively active mutant TRH-R rapidly desensitize their

response, utilizing a mechanism mediated by an increase in [Ca®"]; and PKC.
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tion; cytosolic calcium; protein kinase C

Abbreviations:

ACh, acetylcholine; [Ca?*];, cytosolic calcium concentration; CDE, chlorodiazepoxide; C335Stop TRH-R, a

constitutively active mutant of the thyrotropin-releasing hormone receptor truncated at cys335; GPCRs,
membrane receptors coupled to guanine nucleotide regulatory proteins; G-protein, guanine nucleotide-binding
regulatory protein; m1-R, muscarinic m1-receptor; NS, not significant; PKC, protein kinase C; PMA, phorbol
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Introduction

Several laboratories have reported that single amino acid
substitutions in the sequences of G-proteins-coupled receptors
(GPCRs) result in constitutive activity: namely, signalling
activity independent of their cognate agonists (Kjelsberg et al.,
1992; Ren et al., 1993; Samama et al., 1993; Shenker et al., 1993;
Parma et al., 1993). Indeed, Kjelsberg et al. (1992) showed that
at the site that confers constitutive activity upon its mutation in
the o,g-adrenergic receptor, only the naturally occurring amino
acid can maintain an inactive conformation in the absence of
agonist. Many of the mutations shown to confer constitutive
activity in GPCRs were located at the putative carboxyl-
terminal domain of the third cytoplasmic loop, and in the sixth
transmembrane segment (Kjelsberg et al., 1992; Ren et al.,
1993; Samama et al., 1993; Shenker et al., 1993; Parma et al.,
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1993). The discovery of the involvement of constitutively active
receptors in human diseases (Shenker et al., 1993; Parma et al.,
1993) has increased the interest in these types of mutations.

We described a constitutively active mutant of the
thyrotropin-releasing hormone receptor (TRH-R), which was
truncated because the codon at position-335 in the carboxyl
terminus was changed to a stop codon (C335Stop TRH-R)
(Matus-Leibovitch ez al., 1995). Until recently, this domain of
GPCRs had not been linked to constitutive activity. Parker &
Ross (1991) demonstrated that truncation of the carboxyl
terminus of the avian f-adrenergic receptor resulted in 2—3
fold increased basal activity. This was, however, coupled with
higher agonist-stimulated activity and represents a change in
receptor regulation different from other GPCRs.

Using a protein kinase C (PKC)-responsive reporter gene,
we recently demonstrated that wild type (WT) TRH-R exhibits
low level constitutive activity, and competitive binding
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antagonists of TRH-R (e.g., chlorodiazepoxide (CDE),
Drummond et al., 1989; Gershengorn & Paul, 1986) act as
inverse agonists (Jinsi-Parimoo & Gershengorn, 1997). The
truncation of TRH-R at residue 335 results in the loss of two
neighbouring cysteine residues at positions 335 and 337 that
are potentially subject to palmitoylation and may be involved
in the coupling of TRH-R to G-proteins (Findlay &
Eliopoulos, 1990; O’Dowd et al., 1989). We demonstrated the
marked constitutive activity of this mutant by using CDE
(Heinflink er al., 1995): in pituitary AtT20 cells stably
expressing C335Stop TRH-Rs, CDE acts as an inverse agonist,
and prolonged incubation with this agent results in enhanced
TRH responsiveness and C335Stop TRH-R expression level.

In our previous studies (Matus-Leibovitch er al., 1995;
Heinflink ez al., 1995), cells expressing C335Stop TRH-Rs
were found to exhibit higher basal cellular calcium concentra-
tion ([Ca’");), smaller amplitudes of TRH-induced [Ca®"};
elevation and electrophysiological responses, and substantially
slower response kinetics than cells expressing WT TRH-Rs.
These findings were compatible with a decrease in efficiency of
coupling to G-proteins due to truncation of the receptor and/
or desensitization induced by the constitutive activity.

Because cells chronically treated with CDE exhibited an
increase in expression of C335Stop TRH-Rs, it was difficult to
determine whether the increased response to TRH was due to
resensitization or to increase in receptor density. In order to
clarify this issue, we studied the effect of acute exposure to
CDE, which does not cause an increase in C335Stop TRH-R
density. Our results strongly suggest that the decreased
responsiveness of AtT20 cells or Xenopus oocytes expressing
C335Stop TRH-Rs is due in part to desensitization via rapid
changes in [Ca®>"]; and activation of PKC.

Methods
AtT20 pituitary cells

AtT20 cells stably expressing similar WT and C335Stop TRH-
Rs densities (approximately 3 x 10° receptors/cell, Heinflink ez
al., 1995) were grown in Dulbecco’s Modified Eagle’s Medium
supplemented with 5—7.5% whole foetal calf serum at 37° and
5% CO,, essentially as previously described (Matus-Leibovitch
et al., 1995). Cultures were renewed every 10—15 passages
from frozen stock. To ensure the selection of the transfected
line, cells were grown in the presence of 200 pg/ml of
Geneticin. For analysis of [Ca*"];, cells were grown for 24—
48 h on 22 mm diameter #1 round coverslips.

Xenopus laevis oocytes

Defolliculated oocytes were obtained from mature Xenopus
females, essentially as previously described (Shapira et al.,
1990). In vitro transcribed cRNA for WT TRH-R (1-5 ng/
oocyte), C335Stop TRH-R (10-20 ng/oocyte) or the m1-R
(1 ng/oocyte) was injected 24—48 h before assay, as described
previously (Matus-Leibovitch et al., 1995; Oron et al., 1987,
Lupu-Meiri et al., 1993). The larger amount of the mutant
receptor mRNA was required in order to obtain measurable
reponses (Matus-Leibovitch er al., 1995). Co-expression of
different receptors (ml-Rs, gastrin-releasing peptide-Rs,
neuromedin B-Rs and TRH-Rs), in the amounts of cRNAs
used here, did not inhibit either response, suggesting that
neither the expression mechanism nor the post-receptor signal
transduction components were limiting (Matus-Leibovitch et
al., 1995; Shapira & Oron, unpublished).

[Ca’* ]; imaging in AtT20 cells

The analysis of [Ca®*]; was performed essentially as described
in Matus-Leibovitch et al. (1995) and Heinflink ef al. (1995).
Briefly, for rapid kinetic analysis, cells grown on coverslips and
loaded with Fura 2-AM were placed in a laminar flow
perfusion chamber (Warner Instrument Corporation, U.S.A.).
Applied Imaging (U.K.) Magical imaging system was used in a
Tardis mode (Applied Imaging proprietary two-wavelength
fluorescence acquisition software). The temporal resolution
was 360 ms per pair of frames (340—380 nm excitation). A
0.85 numerical aperture x 20 fluorescence objective allowed
simultaneous analysis of 20—50 individual cells. For low
temporal resolution analysis, a Miracal imaging system (Life
Science Resources Limited, U.K.) permitted acquisition of a
pair of frames within 1.2-2.0 s. A 1.30 numerical aperture
x 40 fluorescence oil-immersion objective allowed simulta-
neous analysis of 10—20 individual cells. Solutions were
changed in the chamber. The response to TRH was a transient
elevation of [Ca®"];, with the maximum observed 612 s after
addition of the agonist. The agonist was present throughout
the response, which decayed to baseline values within 1-—
3 min. Peak amplitude, peak net amplitude (after subtracting
baseline values) and peak amplitude/basal ratios were
measured. The analysis of [Ca®"]; in both systems was done
by averaging all the cells in the field. The two systems were
calibrated according to the equation of Grynkiewicz et al.
(1985). We used maximum/minimum values obtained by
adding saturating CaCl, or excess EGTA to either (in mM):
KCI 100, NaCl 10, MgCl, 1 solution containing 2—5 uM Fura
2-FA, or to Fura 2-AM-loaded AtT20 cells pretreated with
1 uM ionomycin.

Electrophysiology

Two-electrode voltage clamp measurements were performed at
a holding potential (Vg)=—90 to —100 mV, as previously
described (Lupu-Meiri et al., 1990, 1993). Chloride currents
were continuously recorded. Responses to TRH or acetylcho-
line (ACh) were very rapid (0.5—3 s time-to-peak) after the
initial latency of 1-4s. Peak current amplitudes were
measured.

TRH binding assay

The TRH-R density in AtT20 cells was estimated by the
binding of [*H]Me-TRH, an analogue of higher affinity than
TRH (Vale et al., 1971), according to a previously described
protocol (Vale et al., 1971; Straub et al., 1990).

Detection of PKC subtypes

Four subtypes of PKC have been reported in AtT20 cells
(McFerran et al., 1995): o, f, ¢ and ¢. We used the Western
blot assay, essentially as described by Eto et al. (1995) for
GH,C, cells, with the following modifications: (1) Cells were
grown on 60 mm plates and harvested close to confluence,
48 h post plating; (2) Homogenization was done with a
Polytron (2x 10 s, at setting 70, on ice) in 0.25 M sucrose,
MgCl, 1 mM, Hepes 20 mM, pH 7.5; (3) Homogenates were
centrifuged 36,000 x g for 90 min. Cytosol and particulate
fraction were separated on SDS—PAGE at 2-10 ug/lane,
according to need. Protein was determined according to
Bradford (1976) and on nitrocellulose transfers, with
Ponceau S. Mouse brain homogenate served as a standard
in all determinations.



H. Grimberg et al

Desensitization due to receptor constitutive activity 1099

Statistics

All experiments were performed several times with incorpo-
rated replicates. In experiments on AtT20 cells, 20—50 cells
were analysed for each condition on each coverslip. n denotes
the number of individual coverslips; N denotes the number of
different experiments performed on separate days. A large
number of oocytes (n) from a number of donors (N) was
assayed because of possible variability of expression in oocytes
of different frogs.

Results were presented as mean +s.e.mean. All results were
analysed be either paired or unpaired Student’s z-test. P
values <0.05 were regarded significant.

Materials

Fura 2-AM and Fura 2-FA were obtained from -either
Molecular Probes (Eugene, OR, U.S.A.) or from Teflabs
(Austin, TX, U.S.A.). Collagenase type IA, geneticin,
leupeptin, soybean trypsin inhibitor, benzamidine and phe-
nylmethylsulphonyl fluoride (PMSF), anti-PKC antibodies
and goat-anti-rabbit IgG antibody conjugated to peroxidase
were purchased from Sigma (Rechovot, Israel). Dulbecco’s
Modified Eagle’s Medium and foetal calf serum were obtained
from Biological Industries, Beit-Haemek, Israel. In vitro
translation was carried out with a Promega Riboprobe® kit,
modified to contain a higher concentration of T7 polymerase
(Promega, Madison, WI, U.S.A.) and m7G(5)ppp(5')G cap
(Boehringer-Manheim, Manheim, Germany). Bradford re-
agent was from BioRad (Hercules, CA, U.S.A.). All other
chemicals were of analytical grade.

Drugs

Chelerythrine hydrochloride and okadaic acid were purchased
from Alomone Labs (Jerusalem, Israel). ACh, TRH, CDE and
phorbol 12-myristate, 13-acetate (PMA) were purchased from
Sigma (Rechovot, Israel). [P[H[Me-TRH was purchased from
DuPont-NEN (Boston, MA, U.S.A.).

Results

The effects of acute exposure to or removal of CDE on
basal [Ca®* ],

To demonstrate the constitutive activity of C335Stop TRH-Rs,
we used CDE, a representative competitive antagonist of the
benzodiazepine family (Drummond et al., 1989). CDE was
deemed an appropriate tool to study the constitutive activity and
desensitization of the mutated receptor in view of our previous
findings (Heinflink ez al., 1995) that C335Stop and WT TRH-Rs
in AtT20 cells have similar Me-TRH dissociation constants,
ECsys for TRH, CDE dissociation constants and 1Csgs.

We previously reported that chronic exposure to CDE
lowered [Ca®*];, markedly increased the response to TRH in
AtT20 cells expressing C335Stop TRH-Rs, and increased
C335Stop TRH-Rs density (Heinflink ez al., 1995). In order to
dissociate changes in [Ca®"]; from those due to receptor
density, we used short times of exposure to CDE while
continuously monitoring [Ca®*],. Adding 20 uM CDE to cells
caused a rapid (2—4 min) decrease in basal [Ca®"]; from
137412 to 109+11 nMm (rn=14, P<0.001). Subsequent
removal of CDE resulted in an almost immediate increase in
[Ca?"]; to 133+ 8 nM (n=4). A representative tracing of acute
addition and removal of CDE is shown in Figure 1A.

In several experiments, many cells expressing C335Stop
TRH-Rs exhibited spontaneous [Ca®*]; fluctuations. Addition
of 20 uM CDE to these cells resulted in a decrease in [Ca®"];
and disappearance of the fluctuations. Fluctuations were re-
initiated when CDE was washed off (Figure 1B). These results
confirm the constitutively active character of this mutant, and
suggest that the residual activity is manifested in some cells as
variable [Ca®"]; fluctuations.

In a complementary experiment on cells expressing
C335Stop TRH-Rs and exposed to 20 um CDE for 18—24 h,
removal of CDE resulted in an immediate increase in basal
[Ca?*]; from 79+15 to 149+25nM (n=4, P<0.05). Re-
addition of CDE caused [Ca®"]; decrease to 97+7 nMm (P<0.1,
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Figure 1 The effect of CDE on [Ca®"]; in AtT20 cells expressing

C335Stop TRH-Rs. Cells were assayed for [Ca®"]; as described in
Methods. CDE was added or removed by changing the perfusion
medium. (A) Recording of average [Ca>"]; of several cells. The buffer
was changed (first arrow) to one that included 20 um CDE. After
14 min (second arrow), CDE was washed off. (B) Recording of a
single cell that exhibited marked [Ca?*]; fluctuations. (C) Cells were
incubated overnight with 20 um CDE. All solutions during the Fura2
AM loading and washes included 20 um CDE. The buffer was
changed to one without CDE (first arrow), and after 6 min (second
arrow) to a buffer that contained CDE. Representative recordings of
4—14 individual experiments.
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Figure 1C). Although overnight treatment with CDE
upregulates C335Stop TRH-Rs density (Heinflink er al.,
1995), the subsequent removal or addition of the antagonist
was too rapid to affect receptor density and most likely
represents direct inhibition of receptor function.

Acute addition or removal of CDE in AtT20 cells
expressing the WT TRH-Rs yielded no changes in [Ca®"];
(n=6, not shown). By comparison, removal of the antagonist
after 24 h incubation appeared to evoke small increases in
basal [Ca’"];, from 75421 to 96430 nM, n=23 while its
subsequent re-addition decreased in [Ca®*], to 79415 nMm,
n=13; these changes were not statistically significant. Hence,
the inverse agonist CDE had a significant effect on basal
[Ca?"]; in cells expressing constitutively active mutant TRH-
Rs, and a small effect in cells expressing WT TRH-Rs. This
was compatible with our finding that CDE acts as an inverse
agonist (Heinflink ez al., 1995), and with the reported limited
constitutive activity of WT TRH-Rs (Jinsi-Parimoo &
Gershengorn, 1997). The effects of CDE were mediated by
TRH-Rs, since the addition or removal of the antagonist had
no effect on [Ca**]; in untransfected AtT20 cells (not shown).

The effects of exposure to or removal of CDE on the
response to TRH

The use of acutely administered CDE is complicated by the
potential for two opposing effects. On the one hand, CDE is a
competitive antagonist of TRH binding to TRH-Rs. The
response to TRH reflects therefore the kinetics of dissociation
of CDE rather than the kinetics of association of TRH, even at
supramaximal concentrations. Hence, the response to TRH in
the presence of CDE should be partially inhibited. Indeed, in
AtT20 cells expressing WT TRH-Rs, the [Ca®"]; increase due
to stimulation by TRH was inhibited by 54% (Figure 2A). On
the other hand, chronic exposure to CDE inhibits the
constitutive activity of C335Stop TRH-Rs and raises receptor
density (Heinflink et al., 1995). We proposed that the increased
response in  AtT20 cells expressing C335Stop TRH-Rs
chronically exposed to CDE could be attributed not only to
increased receptor density, but also to resensitization (Hein-
flink ez al., 1995). Acute exposure to 20 uM CDE did not affect
C335Stop TRH-R density for up to 1 h (not shown). Unlike
the inhibition observed in cells expressing WT TRH-Rs, the
response to TRH in cells expressing C335Stop TRH-Rs was
the same after a 10 min exposure to CDE as in cells not
exposed to CDE (Figure 2A). This is consistent with the idea
that the binding inhibitory effect of the antagonist was
balanced by resensitization.

The potentiating effect of either chronic or acute exposure
to CDE on the response to TRH was greater in Xenopus
oocytes than in AtT20 cells expressing C335Stop TRH-Rs.
Oocytes injected with 10—20 ng of C335Stop TRH-R cRNA
and challenged with 1 uM TRH exhibited small responses
(78 £ 13 nA, n=272, N=25) or current fluctuations of 5—
20 nA, despite the significantly higher expression level of the
mutant receptor (Matus-Leibovitch ez al., 1995). One hundred
and twenty min exposure to 20 uM CDE resulted in a large
increase in TRH response amplitude (to 256 + 35 nA, n=226,
N =14, see Figure 2B). A similar effect was seen upon shorter
(10—15 min) incubation with CDE (not shown). In oocytes
expressing WT TRH-Rs, on the other hand, the presence of
CDE caused pronounced inhibition, as expected from a
competitive binding antagonist (for representative experiment
see Figure 2B).

To assess the effect of acute removal of CDE, oocytes were
exposed to 20 uM CDE overnight and the response to 1 uM

TRH was measured before and after the removal of the
antagonist. Chronic exposure to CDE resulted in a dramatic
increase in the response amplitude (9054320 nA, n=57,
N=5). The removal of the antagonist for 30—60 min resulted
in a partial return to a desensitized state. In three experiments,
the TRH response amplitude decreased by 50+ 16% (n=40,
N =3). Hence, similar to the effect of the removal of CDE from
AtT20 cells (see Figure 1C), the effect of CDE in oocytes was
rapidly reversible.

The effect of CDE on heterologous desensitization in
oocytes

We previously described the heterologous desensitization
induced by C335Stop TRH-Rs when co-expressed with other
GPCRs (Matus-Leibovitch et al., 1995). To confirm that
C335Stop TRH-Rs cause rapidly reversible desensitization of
other GPCRs, we co-expressed C335Stop TRH-Rs and m1-Rs
in Xenopus oocytes. As previously reported, the mutant
receptor caused a major decrease in the response to ACh (by
64+10%, n=29-49, N=6) in oocytes expressing both
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Figure 2 The effect of CDE on the response to TRH. (A) AtT20
cells expressing WT or C335Stop TRH-Rs and continuously
monitored for [Ca®"]; were challenged with 5 um TRH and the peak
[Ca®"]; response to the agonist (6—12s after the addition of the
hormone) was recorded. The results are presented as mean+
s.e.mean. CDE (20 um), when present, was added 10 min before
the challenge with TRH. The numbers over the columns represent the
fold increase of the TRH response over basal [Ca®"']. (B) Xenopus
oocytes were injected with the appropriate in vitro transcribed RNAs.
Chloride current responses to 10 um TRH (time-to-peak approxi-
mately 2—3s) were recorded under two-electrode voltage clamp
(Va=—-90 to —100 mV, see Methods) after approximately 24 h.
CDE (20 um) was added 120 min before the challenge with the
hormone.
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receptors. Incubation with 20 um CDE caused not only a
homologous resensitization of the C335Stop TRH-Rs-
mediated response to TRH (Figure 3A), but a complete
reversal of heterologous desensitization of the muscarinic
response (Figure 3B). CDE had no effect on responses to ACh
in oocytes expressing this receptor alone, even upon chronic
exposure (24 h, not shown). This experiment demonstrates
that CDE acts as an inverse agonist at C335Stop TRH-Rs,
leading to resensitization of the heterologously desensitized
ml-Rs. Unlike C335Stop TRH-Rs, co-expression of WT
TRH-Rs with m1-Rs did not inhibit the response to ACh (see
also Matus-Leibovitch et al., 1995), while incubation with
CDE did not potentiate it (not shown).

The effects of basal [Ca’™" ]; on the response to TRH

In the previous section, we showed that CDE rapidly lowered
[Ca®"]; in AtT20 cells, and appeared to resensitize both AtT20
cells and Xenopus oocytes expressing C335Stop TRH-Rs to a
challenge with the agonist. To test whether changes in [Ca®"];
are involved in the desensitization mechanism, we chelated
extracellular calcium by adding an excess of EGTA to the
incubation buffer. AtT20 cells were very sensitive to chelation
of extracellular calcium. Upon addition of EGTA, [Ca®"];
rapidly decreased in cells expressing WT (from 90+9 to
56+7 nM, n=13, P<0.001, Figure 4A) or C335Stop TRH-Rs
(from 97410 to 72+9 nM, n=19, P<0.01, Figure 4B). Re-
addition of calcium to the buffer in doses of 1.8 —2.0 mM above
the concentration of EGTA resulted in a rapid return of
[Ca®"]; to pre-EGTA baseline levels (Figure 4).
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Figure 3 The effect of CDE on the heterologous desensitization of
ml-Rs. Xenopus oocytes were injected with cRNAs for C335Stop
TRH-Rs (10 ng/oocyte) alone, ml-Rs (1 ng/oocyte) alone, or a
mixture of both. After 24 h, the cells were tested for responses to
10 um TRH (A) or 1 um ACh (B) (time-to-peak 0.5-2 s), alone or
after 4 h exposure to 20 um CDE. A representative experiment of the
three performed is shown.

Chelation of buffer calcium for 1 min not only significantly
lowered [Ca?*]; but also markedly potentiated the response to
TRH in AtT20 cells expressing C335Stop TRH-Rs. The
amplitude of the [Ca®"]; transient increased from 213413 to
412479 nM (P<0.0001), the net amplitude of the transient
(after subtracting the baseline values) increased from 120+ 12
to 306+65 nM (P<0.0001), and the fold response from
2.6+0.2 to 4.1+0.4 (P<0.005, n=60 and 10, respectively,
Figure 5). Despite a similar decrease in [Ca®"];, in cells
expressing WT TRH-Rs, there was no effect on the TRH
response. After treatment with EGTA, the peak amplitude was
7384190 nM, the net amplitude 682+ 185 nM, and the fold
increase 11.3+3.0 vs 716+216, 636+202 nM and 8.5+1.8,
respectively, in cells not exposed to EGTA (n=6-7, Figure 5).
These data were consistent with the idea that the desensitiza-
tion resulting from the constitutive activity of C335Stop TRH-
Rs was mediated to a large extent by the persistent increase in
[Ca®"].

The involvement of PKC in desensitization of cells
expressing C335S8top TRH-Rs

The involvement of [Ca®"]; in desensitization suggested that
one of the calcium-sensitive steps in the signalling pathway
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Figure 4 The effect of EGTA on basal [Ca®"]. AtT20 cells
expressing WT (A) or C335Stop TRH-Rs (B) were assayed for
[Ca®>"]; as described in Methods. The two representative tracings
show the changes in [Ca®™"); upon addition (first arrow) and removal
(second arrow) of EGTA (approximately 2 mm over [Ca®*J; in the
buffer), averaged over all the cells in the field.
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Figure 5 The effect of EGTA on the response to TRH. AtT20 cells
expressing WT or C335Stop TRH-Rs were treated with EGTA for
1 min and then challenged with 5 um TRH. The numbers over the
columns denote the fold increase of the peak [Ca®*]; response over
basal [Ca®"];.

might be mediating this effect. Since our previous results
suggested that rapid desensitization of the response to TRH in
Xenopus oocytes was partially mediated by PKC (Lipinsky et
al., 1995a,b), we tested the role of PKC in desensitization of
cells expressing C335Stop TRH-Rs. Two different approaches
were employed: down-regulation of PKC by chronic exposure
to PMA (Glikes et al., 1994), and inhibition by chelerythrine, a
specific inhibitor of PKC (McFerran & Guild, 1994; McFerran
et al., 1995).

Exposure for 24 h to 0.1 um PMA caused a marked
decrease in the response to TRH of AtT20 cells expressing
WT TRH-Rs. The amplitude of the TRH-evoked [Ca®'];
transient decreased from 8514109 in control cells, to
402+ 68 nM in cells maintained in the presence of PMA
(n=29 and 5, respectively). In contrast, in cells expressing
C335Stop TRH-Rs, the amplitude of the transient increased
from 195452 to 311+49 nM (P<0.01, N=35, Figure 6), a
value close to that obtained in cells expressing WT TRH-Rs
and chronically exposed to PMA. These results were consistent
with the idea that down-regulation of PKC results in
resensitization of the response to TRH.

To complement these results, we exposed AtT20 cells
expressing C335Stop TRH-Rs to 5 uM chelerythrine for 5—
10 min, which resulted in a modest potentiation of the TRH
response. The net amplitude of the [Ca®"]; transient increased
from 90+16 to 130+23 nMm (P<0.2, NS), while the fold
response increased from 1.71+0.09 to 2.20+0.16 (P<0.02,
n=11-14). Thus, the contribution of PKC to the desensitiza-
tion of the response appears limited. To investigate this
further, we performed similar experiments in Xenopus oocytes
expressing C335Stop TRH-Rs. In four experiments performed
on four different donors, 20 min exposure to 10—20 uMm
chelerythrine resulted in a major potentiation of the response
to TRH: from 107+26 nA in untreated controls to
301455 nA in oocytes treated with chelerythrine, n=50 and
47, respectively, P<0.002. Similarly, in oocytes co-expressing
C335Stop TRH-Rs and ml-Rs, chelerythrine almost com-
pletely abolished the heterologous desensitization. This effect
of chelerythrine was inhibited by a phosphoserine/phospho-
threonine phosphatase inhibitor, okadaic acid (Figure 7). In
oocytes co-expressing WT TRH-Rs and m1-Rs, okadaic acid
caused a modest inhibition of the muscarinic response (Figure
7). These down-regulation and inhibition experiments suggest
that PKC is involved in the homologous and heterologous
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Figure 6 The effect of down-regulation of PKC on the response to
TRH. AtT20 cells expressing WT or C335Stop TRH-Rs were
exposed to 0.1 uMm PMA for 24 h and assayed for the [Ca®"];
response to 5 uM TRH.
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Figure 7 The effects of chelerythrine and okadaic acid on
heterologous desensitization of m1-Rs. Xenopus oocytes were injected
with cRNAs coding for m1-Rs (1 ng/oocyte) together with cRNAs
coding for either WT (1 ng/oocyte) or C335Stop TRH-Rs (10 ng/
oocyte). After 24 h, the cells were tested for responses to 10 um ACh.
Where indicated, oocytes were preincubated with chelerythrine
(CHEL, 20 um, for 40 min) and/or okadaic acid (OA, 1 um, 2 h).
The bars represent means +s.e.mean of 3—6 experiments on different
donors.

desensitization caused by the constitutive activity of C335Stop
TRH-Rs.

The role of PKC in the desensitization resulting from
constitutive activity was studied further by comparing the
expression of PKC in AtT20 cells transfected with either WT
or C335Stop TRH-Rs. We, like McFerran et al. (1995), were
able to detect PKC o, 1, ¢ and {. The 1 subtype was barely
detectable, even when 10 ug of cytosol or particulate fraction
protein were analysed. Since only the « subtype is regulated by
both Ca®" and diacylglycerol, we studied this PKC isozyme.

In AtT20 cells expressing C335Stop TRH-Rs, the amount
of PKC-u decreased in both fractions, suggesting that the
constitutive activity down-regulates this enzyme subtype by
approximately 40%. Short-term (1 h) incubation of cells with
20 uM CDE caused a moderate decrease in the proportion of
the enzyme in the particulate fraction (41 vs 53%, with or
without CDE, respectively). CDE had no effect on the
distribution of the enzyme in cells expressing the WT TRH-
Rs. In AtT20 cells expressing either the WT or the mutant
TRH-Rs, acute incubation (5 min) with 0.1 uM PMA caused
major translocation of PKC to the particulate fraction (87 and
91% of total in particulate fraction, respectively), while
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Figure 8 The effects of constitutive activity and drugs on the
expression of PKC-ua. Cytosolic and particulate fractions of AtT20
cells expressing either WT or C335Stop TRH-Rs were assayed for the
expression of PKC-«, as described in Methods. The Figure is a
representative Western analysis. The right and left lanes of each pair
were loaded with 5 and 8 ug cytosolic and particulate protein,
respectively. In the right-most lane, reference mouse brain homo-
genate was loaded. Cells were incubated with 20 um CDE for 1 h or
with 0.1 um PMA for 5 min.

overnight incubation with PMA caused extensive down-
regulation. The latter was sometimes accompanied by the
appearance of immunoreactive, lower molecular mass degra-
dation products. Representative experiments are shown in
Figure 8.

Discussion

Based on our previous characterization of the constitutively
active C335Stop TRH-R mutant, we suggested that the
decreased signalling activity of this receptor in response to
TRH could be attributed to both a decrease in its coupling
efficiency, and to its constitutive activity resulting in
pronounced desensitization (Matus-Leibovitch et al., 1995).
Although constitutively-active GPCRs have been described
previously (Kjelsberg et al., 1992; Ren et al., 1993; Samama et
al., 1993; Shenker et al., 1993; Parma et al., 1993), to our
knowledge this was the first demonstration that changes in the
carboxyl terminus of GPCRs activating the PLC signalling
pathway could lead to increased agonist-independent activity.
Since then, additional GPCRs have been shown to be
constitutively active due to alteration of their carboxyl termini.
Prezeau et al. (1996) showed that an alternatively spliced
variant of the metabotropic glutamate receptor is constitu-
tively active. Hasegawa et al. (1996) reported that an
alternatively spliced variant and a C-terminus-truncated
mutant of the prostaglandin E3 receptor possess agonist-
independent activity.

We showed previously that the competitive antagonist of
TRH-R binding, CDE, behaves as an inverse agonist and
causes increases in the responses to TRH both in AtT20 cells
and Xenopus oocytes expressing C335Stop TRH-Rs (Heinflink
et al., 1995). In these studies, the increased responses to TRH
observed with CDE could be accounted for by inhibition of the
constitutive activity of the mutant receptor that allowed for
resensitization of the signal transduction pathway, by a CDE-
induced increase in receptor density, or by both mechanisms
(Heinflink et al., 1995). The present work was aimed at
clarifying this issue.

To avoid changes in receptor density, we exposed AtT20
cells or Xemopus oocytes expressing C335Stop TRH-Rs to

CDE for a very short period, which allowed no measurable
change in receptor binding. Under these conditions, exposure
to CDE inhibited responses to TRH in AtT20 cells and
Xenopus oocytes expressing WT TRH-Rs, consistent with its
acting as a competitive binding antagonist of the TRH-Rs. In
contrast, CDE did not inhibit TRH responses in AtT20 cells
expressing C335Stop TRH-Rs, most likely because the
inhibition of TRH binding was offset by resensitization. More
importantly, acute administration of CDE potentiated the
responses to TRH in oocytes expressing the mutant TRH-Rs.
Hence, competitive inhibition of TRH binding to its receptor
not only did not affect the activity mediated by this receptor in
AtT20 cells, it even increased it in Xenopus oocytes. This
phenomenon was compatible with a rapidly reversible
desensitization induced by the constitutive activity of the
mutant receptor. Perhaps the most convincing evidence for
desensitization resulting from the constitutive activity of
C335Stop TRH-R was the ability of CDE, acting as an inverse
agonist of TRH-Rs, to resensitize the response of m1-Rs to
ACh when C335Stop TRH-Rs and m1-Rs were co-expressed
in the same oocyte.

To determine the pathway of desensitization induced by the
constitutively active TRH-R mutant, we monitored the basal
[Ca?"]; in AtT20 cells. We previously reported that basal
[Ca®"]; was substantially higher in cells transfected with the
mutant receptor (Matus-Leibovitch ez al., 1995). In the present
series of experiments, we observed a 100% increase in some
batches and only a 10% difference in others. Analysis of all the
experiments yielded a value of 74.1 +4.9 nM in cells expressing
the WT TRH-Rs (n=61), and 90.1 +4.9 nM in cells transfected
with C335Stop TRH-Rs (n=116, P<0.05)—an increase of
23%. This level of [Ca®"]; was significantly above the control
value, but apparently below toxic values.

Addition of CDE caused a rapid decrease in [Ca”"]; in cells
expressing C335Stop TRH-Rs, but not in cells expressing WT
TRH-Rs. This was direct proof of the constitutive activity of
C335Stop TRH-R, which affected an event downstream to the
initial steps of the signal transduction pathway. To show that
the receptor-induced changes in basal [Ca®"]; are involved in
the desensitization process, we lowered the basal [Ca?"]; by
chelating the Ca?" in the incubation buffer. AtT20 cells
responded to the chelation of extracellular calcium with a
rapid decrease in [Ca?*];, which could be rapidly reversed by
increasing calcium in the buffer. The decrease in [Ca?*]; did not
affect the response to TRH in AtT20 cells expressing WT
TRH-Rs, but markedly potentiated the response in cells
expressing the mutant receptors. We concluded that the rapid
desensitization induced by C335Stop TRH-Rs is at least partly
mediated by the persistent increase in [Ca®*]..

Our previous observations in oocytes led us to postulate
that the very rapid desensitization caused by limited occupancy
of TRH-R is mediated, at least in part, by PKC (Lipinsky et
al., 1995a,b). In cells expressing WT TRH-Rs, acute activation
of PKC appears to dramatically inhibit TRH responses: in
AtT20 cells by 75—96% (Perlman & Gershengorn, 1991), and
in Xenopus oocytes by more than 90% (Lipinsky et al., 1995b).
These effects are consistent with the idea that PKC serves as a
feedback mechanism to limit the extent and duration of the
response: that is, it causes desensitization. On the other hand,
down-regulation of PKC by chronic exposure to PMA
inhibited the response to the agonist in AtT20 cells expressing
WT TRH-Rs. These apparently contradictory results can be
attributed to the multiple effects of PKC activation on virtually
any component of the cellular signal transduction pathway.
For example, we have previously shown (Lupu-Meiri et al.,
1989) that in Xenopus oocytes, PMA inihibits muscarinic
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responses, but markedly potentiates responses to the injection
of inositol trisphosphate. Nevertheless, down-regulation of
PKC potentiated the response to TRH in AtT20 cells
expressing C335Stop TRH-Rs. Acute inhibition of PKC also
modestly increased the response to TRH in AtT20 cells
expressing C335Stop TRH-Rs, and to a greater extent in
oocytes expressing this receptor. In a complementary
experiment, heterologous desensitization of the muscarinic
response by co-expressed C335Stop TRH-Rs was abolished by
chelerythrine. The effect of chelerythrine was inhibited by
okadaic acid, confirming that desensitization was linked to
serine/threonine phosphorylation. We concluded, therefore,
that the desensitization induced by the constitutively active
C335Stop TRH-R mutant is mediated in part by the Ca-PKC
pathway.

Indeed, constitutive activity of C335Stop TRH-Rs was
reflected in partial down-regulation of PKC-«. This phenom-
enon was similar, though less extensive, to the down-regulation
of the enzyme by its chronic activation by PMA. CDE
decreased the proportion of the enzyme detected in the
particulate fraction (i.e., the activated enzyme) in cells
expressing either the WT or the mutant TRH-Rs. Since
short-term activation of PKC by PMA translocates the enzyme
to the particulate fraction and inhibits TRH responses
(Lipinsky et al., 1995b), the opposite effect of CDE is
compatible with the resensitization of the TRH response in
cells expressing C335Stop TRH-Rs.

The involvement of PKC in agonist-induced desensitization
has been described in many systems. Two recent examples are
the heterologous desensitization of angiotensin II and
vasopressin receptors in cardiomyocytes (Zhang et al., 1996),
and the homologous desensitization of the d-opioid receptor
expressed in Xenopus oocytes (Ueda et al., 1995). Recently,
Ancellin & Morel, (1998) reported a PKC-mediated homo-
logous and heterologous desensitization in Xenopus oocytes
expressing vasopressin and muscarinic receptors. In other
cases, desensitization could not be fully ascribed to the
activation of PKC alone. Cai et al. (1996) reported that acute
desensitization of the d-opioid receptor in NG108-15 cells was
fully antagonized by a non-specific kinase inhibitor, staur-
osporine, but only partially by the specific PKC inhibitor,
calphostin C. These results suggest that different protein
kinases may be involved in rapid desensitization. Similarly,
down-regulation of PKC antagonized desensitization of the 5-
HT2A receptor only during the early stage of agonist exposure
(Roth et al., 1995). Richardson et al. (1995) have shown that
the desensitization of the IL-8A receptor is only partially
mediated by PKC, and proceeds via phosphorylation of
residues located at the distal part of carboxyl terminus of the
receptor. These few examples demonstrate that desensitization
may be mediated by PKC alone or in conjunction with other
kinases, both other second messenger-dependent kinases as
well as receptor-specific protein kinases (Premont et al., 1995;
Chuang et al., 1996). Thus, less than complete resensitization
of the TRH response by inhibition of PKC could be
interpreted as caused by multiple mechanisms of desensitiza-
tion induced by the prolonged constitutive activity of the
C335Stop mutant.

The molecular mechanisms of desensitization are very
complex due to the above mentioned variety of kinases and
their targets within the signal transduction cascade. A further
complication stems from the functional definition of desensi-
tization, which ranges from a decrease of the slope of the onset
of the response, to effects of prolonged (sometimes hours) or
multiple sequential exposures to agonists. Another factor is the
relationship between the fractional occupancy of the receptor

and desensitization. In oocytes, we have been investigating
rapid desensitization caused by limited fractional occupancy of
receptors. But, even at supramaximal agonist concentrations,
the very rapid kinetics and the transient nature of the
electrophysiological response preclude equilibrium binding
and reflect low receptor occupancy. The [Ca?*]; response in
AtT20 cells, which is both rapid and transient, also suggests
limited occupancy. Our results here refer to this type of
desensitization, probably important from a physiological point
of view and less relevant to drug therapy. Indeed, we
previously demonstrated that prolonged challenge of cells
expressing TRH-Rs with TRH causes desensitization unrelated
to the activation of PKC (Perlman & Gershengorn, 1991).

We could not demonstrate full recovery of the TRH
response in cells expressing C335Stop TRH-Rs (compared to
responses elicited in cells expressing WT TRH-Rs) by adding
CDE or by decreasing [Ca®"]; (57 and 58% recovery,
respectively, in AtT20 cells). But, treatment with CDE fully
restored muscarinic response in oocytes (mediated by the WT
ml-Rs) in heterologous desensitization (Figure 3B), support-
ing the idea that C335Stop may be partially uncoupled. If this
is correct, the response to TRH of cells expressing C335Stop
TRH-Rs cannot reach the values seen in the WT TRH-R, even
if desensitization is fully prevented. This hypothesis must be
studied directly by examining the importance of the carboxyl
terminus and the two cysteine residues in receptor-G-protein
coupling.

When the desensitization and subsequent resensitization of
the response mediated by C335Stop TRH-R in our two model
systems are compared, it is striking that oocytes and
mammalian cells exhibit qualitatively identical phenomena,
despite differences of species, cell size and assay techniques.
Oocytes, however, appear to resensitize to a greater extent than
AtT20 cells, both with CDE and chelerythrine, probably
reflecting the different assays employed in the two systems.
While in AtT20 cells the transient (but relatively slow, time-to-
peak of approximately 8 s, not shown) accumulation of [Ca®"];
is measured, in oocytes the very rapid Cl~ current transient
reflects the earliest part of [Ca®"]; rise at the inner surface of
the membrane (Lipinsky er al. 1995b), and may be a much
more sensitive measure of [Ca®"]; dynamics.

Understanding constitutive signalling by GPCRs is becom-
ing increasingly important. Subtle changes in primary
structure of GPCRs result in a major change in their coupling
properties. In this respect, C335Stop TRH-R represents
GPCRs which are altered in the carboxyl terminus and until
recently were not associated with constitutive activity. It is
interesting that a competitive antagonist still acts as an inverse
agonist, suggesting that the binding of ligands can affect the
conformation of the truncated carboxyl terminus and change
its availability for interacting with the G-protein.

A number of WT (or native) GPCRs (Hasegawa et al.,
1996; Samama et al., 1994; Tiberi & Caron, 1994), as well as
GPCRs found to be mutated in certain disease states (Shenker
et al., 1993; Parma et al., 1993; Lefkowitz, 1993), have been
shown to exhibit agonist-independent activity. The majority of
these GPCRs retain the ability to respond to agonists. Our
data on rapid desensitization-resensitization of the signalling
cascade show that the level of responsiveness of these receptors
can be modulated by counter-regulatory mechanisms elicited
by activation of the signalling cascade. A change in [Ca®*]; or a
change in the activity of cellular protein kinases can switch the
constitutively active (and therefore persistently desensitized)
receptor to a more or less responsive one. Thus, lower response
to an agonist may be secondary to desensitization of a
constitutively active receptor, rather than loss of receptor
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function. This phenomenon may produce paradoxical effects
under certain circumstances. For example, an agonist may
cause further desensitization, while an antagonist may produce
inverse-agonistic effects on a constitutively active receptor and
resensitize the signal transduction pathway. The significance of
these theoretic possibilities will be assessed in the future in in
vitro systems, and may prove to have important implications
for certain diseases caused by constitutively active receptors in
humans.

In conclusion, C335Stop TRH-R mutant exhibits decreased
responsiveness to TRH due to persistent desensitization
resulting from its constitutive activity. This desensitization is
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