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ABSTRACT Frog sympathetic ganglion cells were studied
under whole-cell voltage clamp to determine whether protein
kinase C (PKC) mediates peptide-induced suppression of M
current (Iy) or desensitization of peptide receptors. Low
concentrations (10 nM) of chicken II luteinizing hormone-
releasing hormone (LHRH) or substance P (SP) suppressed Ij;
in addition, higher concentrations (1 uM) desensitized recep-
tors. Desensitization is homologous (specific to the peptide) and
lasts at least 25 min. Two stimulators of PKC, phorbol
12-myristate 13-acetate and dioctanoylglycerol, partially de-
pressed Iy and occluded the response to SP but not to LHRH.
The two actions of PKC stimulators were blocked by PKC
inhibitors (staurosporine, a pseudosubstrate peptide, and H-7),
but SP- and LHRH-mediated suppression of I); and receptor
desensitization were not affected. Thus, we conclude that PKC
is not necessary for normal I\, suppression or receptor desen-
sitization.

Agonist-dependent modulation of synaptic efficacy is a
common theme in the integration of information within the
nervous system. In sympathetic and hippocampal neurons,
smooth muscle cells, and the neuroblastoma cell line NG108-
15, excitability is affected by a specific agonist-modulated
voltage-dependent K current (for review, see ref. 1). This
outward current is called M current (/) because it was first
shown to be suppressed by acetylcholine acting on musca-
rinic receptors (2). Iy normally stabilizes the membrane
potential of the cell so that suppression of Iy enhances
excitatory synaptic inputs. In frog sympathetic neurons, Iy
is suppressed by some peptide neurotransmitters, including
luteinizing hormone-releasing hormone (LHRH) and sub-
stance P (SP), giving a slow and long-lasting response termed
the late slow excitatory postsynaptic potential (3-8). The SP
response in frog sympathetic neurons undergoes desensiti-
zation (8), and we describe here desensitization of the LHRH
response as well.

Attempts have been made to find specific second messen-
gers underlying receptor—Iy channel coupling. In frog sym-
pathetic ganglion cells, coupling requires a pertussis toxin-
insensitive GTP binding protein (G protein) (9), and agonist
action is accompanied by an increased turnover of inositol
phospholipids and a transient increase in intracellular free
calcium [Ca]; (10). However, neither buffering [Ca]; to high or
low levels nor including inositol trisphosphate (InsPs) in the
pipette changes the agonist responses (10, 11). In frog
sympathetic ganglion cells, smooth muscle, and NG108-15
cells, phorbol esters or diacylglycerols depress Iy partially
(10, 12-15), leading one group to propose that protein kinase
C (PKC) is the mediator of agonist-induced suppression of Iy
(12-14). In hippocampal neurons, however, phorbol esters do
not depress Iy, whereas InsP; added to the pipette does (16).
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Our study is aimed at clarifying the role of PKC both in the
response of I to agonist and in desensitization of the peptide
receptors that mediate suppression of Iy. We demonstrate
that PKC is not the major effector of either action.

METHODS

Cells and Electrical Recording. Neurons were dissociated
from lumbar sympathetic ganglia of Rana pipiens (9). Fresh
cells were taken out of the culture medium for each new
recording. Recordings were made only from the large cells,
presumed to be B cells. Recording pipettes had resistances of
1-1.5 MQ. All potentials were corrected by subtracting a
10-mV junction potential. Experiments were done at room
temperature (=22°C). Whole-cell, voltage clamp currents
were recorded with a List EPC-7 patch clamp (List Elec-
tronics, Darmstadt, F.R.G.), low-pass filtered at 400 Hz, and
recorded digitally using the BAsIC-FASTLAB System (Indec
Systems, Sunnyvale, CA). Iy was defined by Brown and
Adams (2) as a noninactivating voltage-gated K current that
is suppresssed by muscarinic agonists. We record Iy by their
classical protocol. The cell is held at —35 mV, where other
outward K currents inactivate, so that the standing outward
current is primarily Iy (see Fig. 14). When the suppression
of Iy is quantified in the text, we first correct for leak currents
as described (9).

Solutions. Standard Ringer’s solution contained 115 mM
NaCl, 2.5 mM KCl, 2 mM CaCl,, and 10 mM Hepes buffer
(pH 7.4). The pipette (internal) solution contained 100 mM
potassium aspartate, 20 mM KCI, 5 mM NaCl, 5 mM Hepes
buffer, 1 mM potassium EGTA, 2 mM MgCl,, 1.5 mM
potassium ATP, 0.1 mM GTP, and 0.1 mM leupeptin (pH
7.4). Phorbol 12-myristate 13-acetate (PMA) (Sigma), di-
octanoylglycerol (diCg) (Molecular Probes), and staurospo-
rine (Boehringer Mannheim) were dissolved in dimethyl
sulfoxide before use, to a final carrier concentration of 0.5-
1%. H-7 (Calbiochem) was dissolved in Ringer’s solution.
Peptides were obtained from Peninsula Laboratories and
stored dessicated at —13°C. External solutions were changed
by flowing 1 ml of new solution through the 100-ul bath. This
took =45 s. A peptide inhibitor of PKC [PKC(19-36)]
consisting of residues 19-36 of PKC (17) was kindly supplied
by Bruce E. Kemp (Melbourne).

RESULTS

Agonist-Induced Suppression of Iy; and Receptor Desensiti-
zation. The action of SP was dose dependent, with concen-
trations of 2-30 nM suppressing Iy almost completely. In Fig.
1A, perfusion of 2.5 nM SP into the bath suppressed Iy, as

Abbreviations: diCg, dioctanoylglycerol; LHRH, luteinizing hor-
mone-releasing hormone; t-LHRH, teleost LHRH; cII-LHRH,
chicken II LHRH; PKC, protein kinase C; PMA, phorbol 12-
myristate 13-acetate; SP, substance P; Iy, M current; G protein, GTP
binding protein.
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indicated by the decline of the standing current at —35 mV
and by the reduced current relaxations in response to the
600-ms hyperpolarizations shown (Insets). Iy remained sup-
pressed for as long as the peptide was present and returned
when the peptide was washed out. A second application of
2.5 nM SP elicited a second similar response (data not
shown). Iy often returned to levels greater than that before
agonist application, a transient phenomenon called overre-
covery (9).

At higher concentrations of SP, the time course of sup-
pression was different. Fig. 1B shows current during bath
application of 1 uM SP. During the first minute of SP, the
current was suppressed but then returned at a rate of
=~40%/min and overrecovered even while the agonist was
still in the bath. This pattern of response was seen in 42/45
cells tested at 1 uM SP. Hence, as others have reported (8,
10), the SP response desensitizes. A slow partial desensiti-
zation was sometimes seen with 20 nM SP (2/5 cells), and a
rapid desensitization was seen with 300 nM (2/2 cells). Once
exposed to a desensitizing dose of SP, cells no longer
responded to SP. Fig. 2A shows two applications of 1 uM SP.
The experiment is similar to those described in Fig. 1, but for
clarity we show only the mean current before each hyper-
polarizing pulse instead of the detailed time course of the
current. In the first SP application, suppression, desensiti-
zation, and overrecovery occurred. The agonist was then
washed off. When the same concentration of SP was applied
24 min later, it did not suppress Iy;. In three other cells, there
was no second SP response when tested 11, 23, or 26 min after
the first response.

LHRH also suppresses Iy. Teleost LHRH (t-LHRH;
Glu-His-Trp-Ser-Tyr-Gly-Trp-Leu-Pro-Gly) suppressed Iy
at concentrations of 0.5-1.0 uM (Fig. 1C) but caused very
little desensitization (only =7% return of current per min).
Washout of t-LHRH allowed return of Iy and overrecovery.
However, application of chicken II LHRH (cII-LHRH;
Glu-His-Trp-Ser-His-Gly-Trp-Tyr-Pro-Gly) at the same con-
centration suppressed Iy, usually to a greater extent than
t-LHRH (18), and then desensitized the LHRH response
(Fig. 1D). Of 32 cells tested, only 1 did not respond to 1 uM
cII-LHRH. At 5-20 nM cII-LHRH, there was 70% suppres-
sion but little desensitization (n = 4). At 50 and 100 nM, some
desensitization always occurred. Chicken I LHRH (Glu-
His-Trp-Ser-Tyr-Gly-Leu-Gln-Pro-Gly) at concentrations of
1-10 uM had little effect on Iy in three cells, although when
two of the cells were tested subsequently, they responded
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normally to cII-LHRH. The two active LHRH analogs may
act at the same receptor(s), since desensitization of clI-
LHRH made the response refractory to t-LHRH as well. Fig.
2B shows a series of peptide applications. At first, t-LHRH
gave a reversible suppression of Iy. cII-LHRH was then
applied, Iy was suppressed, and the response was desensi-
tized. Subsequent application of t-LHRH had no effect on Ij.

Desensitization is homologous for each peptide. In Fig. 2B,
application of cII-LHRH completely suppressed Iy and
desensitized the receptors for t-LHRH, but SP was still able
both to suppress Iy and to desensitize its receptor (4/4 cells).
In other experiments, the order of peptide application was
reversed. SP was applied first, which made the cell unre-
sponsive to a second SP application but did not alter the
LHRH-induced suppression or desensitization (10/10 cells;
see also Fig. 1 B and C). Finally, the suppression of Iy by
muscarine was not affected by previous SP or LHRH
receptor desensitization (7/7 cells). Thus, when homologous
desensitization of SP or LHRH receptors occurs, there is no
desensitization of other receptors.

Stimulation of PKC. The inositol phospholipid pathway is
activated by SP and LHRH in these neurons (10), and
phorbol esters and diacylglycerols do affect Iy (10, 12-15).
Since phosphorylation by PKC has been shown to desensitize
other receptors (see Discussion) and has also been suggested
to mediate agonist-induced suppression of Iy (12-14), we
further investigated the role of PKC.

As has been reported previously, agents that stimulate
PKC, such as PMA, depressed Iy partially (Fig. 3A and B).
At 1 uM PMA, there was a 63% =+ 8% depression (mean *
SEM; n = 7), which is less than the nearly full suppression
obtainable with SP or LHRH. As reported before (10, 12),
increasing the phorbol ester concentration did not suppress
I further. Removing PMA from the bath did not lead to any
recovery. PMA also had differential effects on the responses
to LHRH and SP. In Fig. 34, application of t-LHRH and
cII-LHRH after PMA elicited normal suppression of the
remaining Iy, with recovery of current either by removal of
agonist (t-LHRH) or by receptor desensitization (cII-
LHRH). However, as shown in Fig. 3B, SP applied after
PMA no longer acted on Iy, whereas cII-LHRH caused
suppression. Continued exposure to cII-LHRH did desensi-
tize the LHRH response after the long-term recording had
been stopped (data not shown). Thus, PMA specifically
occluded the SP response (6/6 cells) but did not alter
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FiG. 1. The actions of SP and LHRH on Iy. Cells were held at —35 mV. Solutions were added to the bath as indicated. When peptides were
applied, the holding current was reduced. To confirm that this is actually a suppression of Iy, 600-ms hyperpolarizing pulses to —60 mV were
applied every 5 s (dlownward strokes on slow time scale records). (Insets) Current traces recorded during these pulses taken at the numbered
arrows are shown on an expanded time scale. Iy can be recognized from its time-dependent relaxations representing a slow closing of channels
at —60 mV and a slow reopening at —35 mV. Dashed line indicates zero current. In the blank intervals between sets of pulses, complete current—
voltage relations were recorded. (Bars = 200 pA, 600 ms.) (A) An application of 2.5 nM SP suppresses Iy reversibly without desensitization.
(B) An application of 1 uM SP suppresses Iy, rapidly desensitizes the response, and causes overrecovery. The slight upward trend of the
recording before agonist addition is caused by the beginning of solution flow around the cells and was seen in many cells even with no addition
of agonist. (C) Teleost LHRH (t-LHRH) (1 uM) suppresses Iy and desensitizes only very slowly (=7% return of current per min). Same cell
as in B, 4 min later. (D) Chicken II LHRH (cII-LHRH) (1 uM) suppresses Iy and the response desensitizes rapidly.
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Fic. 2. Desensitization of peptide responses is long lasting and
homologous. Each point is an average of the standing current at —35
mV. (A) Lasting nature of SP receptor desensitization shown by two
applications of 1 uM SP spaced 24 min apart. Time axis shows
minutes since breakthrough to whole-cell configuration. (Bars = 200
PA, 600 ms). (B) Homologous nature of receptor desensitization
shown by successive applications of t-LHRH (t-L), cII-LHRH
(cII-L), t-LHRH (t-L), and SP, all at 1 uM. Where the bath solutions
were exchanging, we left short gaps in the bars above the currents.

suppression of Iy by either t-LHRH (2/2 cells) or cII-LHRH
(5/5 cells).

A stable analogue of diacylglycerol, diCgs, gave similar
results but was nearly 100 times less potent. A maximal 61%
+ 10% depression of I was seen at 90 uM diCg (» = 6), and
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Fic. 3. Stimulators of PKC depress Iy and occlude SP re-
sponses. The peptides were applied at 1 uM. (Bars = 100 pA, 600
ms.) (A and B) Treatment with 1 uM PMA for 3-5 min depressed I
slowly and blocked responses to SP but not to LHRH. (cII-LHRH
is denoted cII-L; t-LHRH is denoted t-L.) (C and D) Exposure to 90
uM diCg depressed Iy rapidly and blocked SP responses reversibly.
(C) DiCg was applied first, and SP was subsequently applied with
diCs. (D) DiCg was washed out for 10 min before SP was applied.

Proc. Natl. Acad. Sci. USA 86 (1989) 2945

C diCg SP+diCsg L
= : 7
$4007 Yoo o T
‘ 2
52001 M S
% ol
o "L 3
0 250 500 Lf/\w

time (s)

Fic. 4. PKC inhibitors block the depression of Iy by PKC
stimulators and allow normal SP responses. Agents applied in the
bath were used at the following concentrations: SP, 1 uM; PMA, 1
p#M; diCg, 75 uM. Inhibitors were applied intracellularly via the
whole-cell pipette. (Bars = 200 pA, 600 ms.) (4) A recording started
20 min after breakthrough to whole-cell mode with a pipette con-
taining 1.5 uM PKC(19-36). (B) Twenty minutes after breakthrough
with a pipette containing 100 nM staurosporine. (C) Sixteen minutes
after breakthrough with a pipette containing 150 nM staurosporine.

higher concentrations did not depress Iy more. DiCg also
occluded the SP response (Fig. 3C) (5/5 cells), while LHRH
was still able to suppress Iy (data not shown; 2/2 cells).
However, in contrast to PMA, the effects of diCs were
partially reversible. When diCg was washed off, in 2/3 cells
Iy returned to =75% of the levels before diCg was added (data
not shown). Fig. 3D shows one cell in which diCg was applied
and Iy was depressed. The cell was then extensively washed.
Although Iy did not return to control levels in this cell, a
normal response of suppression of the remaining Iy and
desensitization was seen after SP application.

Inhibition of PKC. To further clarify the role of PKC in
receptor-Iy channel coupling and in the desensitization of SP
responses, we used three inhibitors of protein kinases. PKC(19-
36), a specific pseudosubstrate of PKC with an ICs, of 0.2 uM
in a cell-free system (17), was used in the pipette at concentra-
tions of 1.5-3 uM. Staurosporine, an inhibitor of PKC with an
ICs of 3 nM, and of other kinases at slightly higher concentra-
tions (19), was used in the pipette at 100-200 nM. The third
inhibitor, H-7 (20), was applied in the bath at 300 uM.

Fig. 4 shows that including PKC(19-36) or staurosporine in
the pipette blocks the effects of activators of PKC. Cells were
held for 12-20 min after breakthrough to the whole-cell
recording mode to allow the inhibitor to diffuse into the
cytoplasm, and the bath was then exchanged for one con-
taining 1 uM PMA (Fig. 4 A and B) or 75 uM diC;g (Fig. 4C).
When the pipette contained either inhibitor, bath application
of a PKC stimulator produced only a small depression or even
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an increase in Iy. Furthermore, subsequent application of 1
uM SP caused a completely normal sequence of I suppres-
sion, desensitization of the SP response, and overrecovery of
Iv. In 7 of 9 cells tested with staurosporine in the pipette,
there was an actual increase of Iy with PMA or diCg addition,
while in the other 2 cells there was a temporary very small
suppression of Iy. With PKC(19-36) in the pipette, which
probably does not diffuse into the cell as easily and is less
potent than staurosporine, the mean depression of Iy by
PMA was 26% + 9% (n = 10), as compared to almost 65%
with no PKC inhibitor in the pipette. Similarly, bath appli-
cation of the broad-spectrum protein kinase inhibitor H-7 had
no adverse effects on Iy by itself and allowed completely
normal peptide responses, even with SP (3/3 cells) after PMA
was applied (data not shown). The actions of both LHRH
peptides were completely normal with any of the PKC
inhibitors.

DISCUSSION

The major conclusion of this paper is that PKC is not a
necessary mediator of agonist-induced suppression of Iy, of
overrecovery, or of homologous desensitization in frog
sympathetic ganglia. We find that the responses to SP and
LHRH in frog sympathetic neurons can undergo rapid
homologous desensitization. The PKC stimulators PMA and
diCg depress Iy partially and block further suppression of Iy
by SP but not by LHRH. Both of these actions of PMA and
diCg can be prevented by prior treatment with the broad-
spectrum kinase inhibitors H-7 and staurosporine or with the
PKC-specific peptide inhibitor PKC(19-36). Thus, PMA and
diCg are acting via stimulation of PKC in these cells, and we
conclude that such pharmacologically stimulated phospho-
rylation of intracellular targets reduces Iy by =~60% and
eliminates responses to SP but not to LHRH. Because we can
block the effects of PMA and diCg with H-7, staurosporine,
and PKC(19-36) (Fig. 4), we are confident that these com-
pounds have actually inhibited PKC in our experiments.
Blocking PKC does not prevent any of the effects of agonists,
and strongly stimulating PKC does not facilitate or fully
mimic effects of agonists. Thus, some pathway(s) other than
PKC mediates the suppression of Iy and the desensitization
normally caused by SP and LHRH.

Many studies show that transmitter responses can be desen-
sitized when PKC is stimulated by phorbol esters or diacyl-
glycerols. For peptides, examples include responses to angio-
tensin II, vasopressin, and SP in smooth muscle, to leukotriene
D, in RBL cells, and to immunoglobulin in lymphocytes (21-
26). Extracellular staurosporine blocks the action of diCs on
immunoglobulin responses at 20 nM and the action of PMA on
leukotriene D, responses with an ICsy of 900 nM (25, 26).
Nevertheless, at least in the case of the SP and immunoglobulin
responses, these studies concluded that the PKC pathway was
not physiologically the most important one for desensitization.
For adrenergic receptors an extensive literature has shown that
there is phosphorylation of receptors in parallel with the
development of desensitization (27-29).

How does PKC interfere selectively with responses to SP?
Pfaffinger (9) has shown that suppression of I by muscarine
and LHRH is mediated by pertussis toxin-insensitive G
protein(s). We have found, using various GTP analogs in the
pipette, that the SP response also requires G protein(s)
(M.M.B., unpublished data). The similarity of the actions of
SP, LHRH, and muscarine suggest that they suppress Iy by
some final common pathway. Therefore, the selective action
of PKC on the response to SP would have to be at an early
step before convergence on the common pathway. One
possibility is that PKC acts directly on the SP receptor,
selectively desensitizing it. If the LHRH and muscarinic
acetylcholine receptors are also phosphorylated by PKC, this
modification does not desensitize them. An alternative hy-
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pothesis is a selective phosphorlyation of G proteins (30). It
is possible that several different G proteins can activate the
final pathway and that the SP receptor activates only a subset
of G proteins that can be modified or uncoupled by PKC. The
other receptors may use this same subset and others that are
not PKC modified. This hypothesis does not postulate a
change at the receptor level.

There is another mechanism for desensitization that does
not involve kinases sensitive to the inhibitors that we have
used. Rhodopsin kinase and B-adrenergic receptor kinase are
enzymes that recognize light-activated rhodopsin and ago-
nist-occupied adrenergic receptor, respectively, as sub-
strates and initiate homologous receptor desensitization
without the involvement of G proteins or other second
messengers (31, 32). This class of mechanism is consistent
with our results and could be used to rationalize the high
agonist concentrations needed to desensitize receptors. A
few nanomolar SP or cII-LHRH suffices to suppress Iy, but
almost 100 times as much is needed for rapid homologous
desensitization. Micromolar levels of t-LHRH or muscarine
are needed to suppress Iy, and those concentrations induce
only slow desensitization (9). Our hypothesis supposes that
as little as 1% occupancy of SP or LHRH receptors may
suffice to activate the G protein(s) necessary for suppressing
Iv. If the action of a receptor kinase is proportional to
receptor occupancy and independent of G protein activation,
then the rate of desensitization could be increased 100-fold by
raising the agonist concentration without appreciably in-
creasing the speed or extent of Iy suppression.

If PKC is activated during an agonist response, its actions
on Iy are short-lived and not essential. As muscarine, SP, and
LHRH activate phospholipase C in these cells (10), it is
probable that PKC would be activated by these agonists.
Perhaps this would lead to a depression of Iy and a heterol-
ogous loss of SP responsiveness superimposed on the effects
of the other non-PKC pathway(s). These phosphorylations, if
they exist, must normally be reversed within less than a
minute of removing agonist, since Iy returns quickly when
agonist is washed off and the SP response is not occluded
after an exposure to LHRH (Fig. 2B). If PKC is not the
normal mechanism for suppressing Iy, what is? Both H-7 and
staurosporine inhibit several kinases in a concentration range
similar to their effects on PKC. We do not have an internal
control to prove that these other enzymes are inhibited in our
experiments; nevertheless, our results would not favor mech-
anisms requiring these kinases. One class of mechanism for
suppression of Iy that remains plausible and untested is a
direct interaction between activated G protein(s) and the
channel.

Whatever the mechanism of homologous peptide receptor
desensitization, it is long lasting. It is possible that cellular
mechanisms exist that could augment or reverse the desen-
sitization of a response. If such mechanisms were regulated
in an associative manner by other neurotransmitters, desen-
sitization could be an important substrate for activity-
dependent neural plasticity.
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