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Opioid agonists hyperpolarize
neurons of the locus coeruleus (LC) in the slice preparation.
When opioids were applied
at concentrations
that caused a maximum hyperpolarization,
the membrane
potential hyperpolarized
to a peak (about 30
mV) in the first minute and then declined
over a period of 5
min. In addition, following
the washout, the amplitude
of the
hyperpolarization
induced by a lower concentration
of opioid
was significantly
reduced as compared
to control. The original response
to both the low and the high concentrations
of opioid recovered
after removal of opioids for about 20
min. The decline in response,
termed “acute desensitization,” was observed only with concentrations
of opioids that
caused a maximum
hyperpolarization
and was dependent
on the concentration
of opioid applied (EC,, for [Mets]-enkephalin
(ME), between
3 and 5 PM). The response
to ME
(300 nM) was reduced to 6% of control following washout of
a 5-min application
of ME (30 PM), whereas the response
to
noradrenaline
(300 nM) was reduced to 75% of control. The
acute desensitization
therefore was selective for the opioid
receptor
with marginal
cross-desensitization
to the cY,-adrenoceptor-mediated
hyperpolarization.
The desensitization still occurred
following
treatment
with &chlornaltrexamine (p-CNA), to decrease
receptor reserve, as well as in
cells taken from animals treated chronically
with morphine.
The mechanism
for the acute desensitization
was investigated using agents thought to alter kinase activity. This acute
desensitization
may represent
an initial stage in the development of tolerance
produced
by chronic administration
of
opioids.

enylate cyclaseand the potassiumconductanceincreaseare mediated by the activation of a pertussistoxin-sensitive G-protein
(Aghajanian and Wang, 1986).
Many G-protein-linked receptorshave been found to exhibit
diminished responsiveness(desensitization or tolerance) in the
continued presenceof agonists(Law et al., 1982; Benovic et al.,
1986; Lefkowitz et al., 1990; Simmonset al., 1990). In the case
of opioid receptors, the decline in receptor sensitivity found
after prolonged agonist exposure can be specific for a single
receptor subtype (homologous)or can alsoaffect the responses
of different receptor types (heterologous; Johnson and Hemming, 1989). Chronic treatment of animals with morphine has
been shown to result in a homologous lossof opioid receptor
sensitivity that is associatedwith a decreasein functional opioid
receptors(Christie et al., 1987). This tolerance can be sustained
for at least several hours after withdrawal of morphine. In the
presentexperiments, we describea transient reduction in opioid
receptor sensitivity that occurs after a brief exposure to a high
concentration of an opioid agonist. Experiments were designed
to examine the concentration dependence,time course,receptor
selectivity, and possiblesecondmessengers
involved in the acute
desensitization of the p-opioid receptor.

The locus coeruleus(LC) is a brain region used extensively to
study both acute and chronic effects of opioid administration
(Korf et al., 1974; Pepper and Henderson, 1980; Williams and
North, 1984; Christie et al., 1987;Duman et al., 1988;Valentino
and Wehby, 1989; Rasmussenet al., 1990) and is comprised
of a homogeneouspopulation of noradrenergic neurons that
possessprimarily k-subtype opioid receptors. Acutely, opioids
inhibit adenylate cyclase (Duman et al., 1988; Beitner et al.,
1989)and increasea potassiumconductancethat suppresses
the
spontaneousactivity of LC neurons (Pepper and Henderson,
1980; Williams et al., 1982, 1988). Both the inhibition of ad-

cerebrospinal fluid (CSF, 1.5 ml/min) at 35°C.
Apparatus. Microelectrodes
werefilled with 2 M KC1and hadresis-
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of the maximumresponse
to an a,-adrenoceptoragonist,UK 14304

Materials and Methods
Subjects. Male Wistar rats (150-300 gm) were used for all experiments

andhousedaccordingto NIH guidelines.
Tissue preparation.

The exact details of the methods for slice prep-

arationand recordinghave beenreportedelsewhere
(Williamset al.,
1984).Briefly, ratswereanesthetized
with halothaneand killed. Horizontal slicesof brainstem(300~pmthickness)containingthe LC were
submerged
in a tissuebath (OS-ml vol) and superfused
with artificial

tancesof 30-50 Ma. Measurements
of currentand voltageweremade
with an Axoclamp-2A amplifierand recordeddirectly onto a chart
recorder.Drugswereappliedby superfusion.
In all experiments
[Mets]enkephalin(ME) wasusedin combinationwith the enkephalinase
inhibitorsthiorphan(2 PM) andbe&tin (20 PM). In experimentsusing
noradrenaline(NA), the slicewaspretreatedwith cocaine(3 PM) to
prevent the reuptake of NA and prazosin (100 nM) to block any q-

adrenoceptor-mediated
responses.
Chronic morphine treatment. Chronicmorphinetreatmentconsisted
of the subcutaneous implantation of five time-release pellets that contained75 mgmorphine,oneon the first day andtwo on days3 and 5.
Experiments were done on days 7-9 of treatment. Animals were defined
as tolerant if the response to normorphine (30 PM) was less than 65%
(1 NM). The response to normorphine in nontreated controls was 96 2
5% of UK 14304 (1 jt~) response.
Data analysis. The data were converted to change scores and analyzed

usinga one-wayanalysisof variance(ANOVA). Changescores
reflected
the difference in amplitude between the hyperpolarization induced by
ME (300 nM, 2 min) before and after (3 min) a desensitizing application
of ME (30 PM, 5 min). Similar change scores were calculated in the

The Journal

ME I300 nM1

01

-6.5

HE I300 nH1

ME I30 104)

-6 .o

-5.6
109 InEl (I4

-5.0

HE 1300 nMI

-45

ME I300 nM)

of Neuroscience,

August

1991,

11(8)

2575

ME 1300 nt4)

00
log [WEI w

Figure 1. Desensitization
of p-opioidreceptorsby ME. A, Recordingof membrane
potentialfrom an LC neuron.In this and otherrecordings
of
membrane
potential,vertical deflections in thetracearespontaneous
actionpotentials(thefull amplitudeis not shown).Duringtheperiodindicated
by the bar above the trace,the superfusion
solutionwaschangedto onethat containeddrugin the concentrations
indicated.The first application

of ME (300nM) causedan inhibition of firing anda hyperpolarizationof about20 mV. ME (30PM)causeda hyperpolarizationof about 30 mV
that declinedduringthe 5-minapplicationperiod.Immediatelyfollowingthe washoutof ME (30PM), the hyperpolarizationinducedby ME (300
nM)wasreducedin amplitude,andwith repeatedapplications,the full amplituderecovered.Broken line indicatesthe controlmembrane
potential.
B, The amplitudeof the hyperpolarizationat the peak(solid circles) andat the endof a S-minapplication(opencircles) is plottedasa function of
ME concentration.As the peakamplitudeof the hyperpolarizationincreasedto a maximumvalue, the response
wasnot maintained.C, The
response
to ME (300 nM)is plotted aspercentage
of control immediatelyfollowinga 5-min applicationof ME in the indicatedconcentrations.
Error bars in B and C indicatethe SEM. The amountof desensitization
wasincreased
asthe concentrationof ME wasincreased.
The EC,, was
about3 PM.
experimentswith NA. Statisticalcomparisons
betweencontrol and
treatmentgroupsweredonein matchedexperiments,
oftenontwo slices
from the sameanimalusingthe samestocksolutions.

Results
Acute desensitization

Superfusionwith ME (300 nM) causedan inhibition in the spontaneousactivity and a hyperpolarization of - 17 -t 1.9 mV (n
= 9). This hyperpolarization was sustainedthroughout the period of application (2-l 0 min) and could be evoked repeatedly
on the sameneuron over a period of several hours (Williams
and North, 1984). Higher concentrations of ME produced larger
hyperpolarizations, but at thesehigher concentrations, the amplitude of the hyperpolarization declined during the application
(Fig. 1A). The decline in the amplitude of the hyperpolarization
was larger as the concentration of ME applied increased(Fig.
1B). The peak hyperpolarization causedby ME (30 PM) was
- 32 f 3 mV (n = 8) and declined to - 22 -t 3 mV after 5 min.
When the responseto ME (300 nM) was testedbefore and after
a 5-min application of ME (30 PM), the amplitude of the hyperpolarization induced by the secondtest application was reduced - 1.2 f 0.3 mV, a mean changein amplitude of 16 -t
1.0 mV (n = 9; Fig. lA, Table 1). Over a period of 20-25 mitt,
the amplitude of the hyperpolarization induced by ME (300 nM)
returned to the original level. The decline of the hyperpolarization induced by high concentrations of ME and the following
reduction in responseto the lower concentration of ME suggest
someform of desensitization. The ratio of response(after : before) of ME (300 nM) decreasedas the concentration of ME
applied for a 5-min test period was increased(Fig. 1C’). Figure

1C indicates that the amount of desensitizationwas dependent
on the concentration of agonistapplied and that desensitization
only occurred at concentrations above 1 PM, where the amplitude of the hyperpolarization had reacheda maximum.
When high concentrations of other opioids ([D-Ala2,N-MePhe4,Gly5-ol]-enkephalin(DAMGO), 1 and 3 PM; normorphine,
30 PM) were superfused,the membranepotential hyperpolarized
and the amplitude of the hyperpolarization declined during the
continued application (Fig. 2, Table 2). The peak amplitude of
the hyperpolarization induced by DAMGO was - 29 + 2.1 mV
at 1 WM and - 35 f 1.5 mV at 3 PM. After 5 min, the hyperpolarization to DAMGO decreasedto -26 f 0.3 (at 1 PM; y1
= 5) and -28 f 1.5 mV (at 3 PM; n = 6; Table 2). Likewise,
the normorphine induced hyperpolarization declinefrom a peak
of -3 1 f 1.2 mV to -27 f 0.4 mV after 5 min (n = 6). Because
of the slow washout of theseagonists,we were not able to test
a low concentration of opioid after the desensitizingconcentrations. The results indicate that, while all three of the opioid
agoniststested causea qualitatively similar type of desensitization, the amount of desensitization was greater for the full
agonistsME and DAMGO as compared to the partial agonist
normorphine.
ME also caused desensitization of the responsesto other
p-opioid agonists.The p-opioid-selective agonistDAMGO (100
nM) causeda hyperpolarization of -25 -t 1 mV (n = 6) that
persistedthroughout the application (20-30 min). During perfusion with DAMGO, ME (30 PM, in the continued presenceof
DAMGO) causeda further hyperpolarization that faded during
a 5-min application (Fig. 3). After the washout of ME, the DAMGO-induced hyperpolarization was transiently reduced in am-
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Figure 2. The decline in response during a 5-min application of UK 14304
(3 PM), DAMGO (3 WM), and normorphine (30 PM). The broken line indicates
the peak of the hyperpolarization
induced by the agonists.
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plitude to -6 + 1 mV (n = 6). This transient decline peaked
in l-3 min and returned toward the initial value over a period
of 15-25 min. Similarly, the hyperpolarization induced by morphine (100 nM; -22 f 0.2 mV) wasalso reducedtransiently to
- 11 f 0.6 mV (n = 4) after superfusionwith ME (30 PM). We
interpreted the transient decline in hyperpolarization to DAM-

Table

1.

Summary

min

GO and morphine to result from receptor desensitization.These
experimentsalsoindicate that recovery from desensitizationcan
occur even in the continued presenceof a low agonist concentration.
Under voltage clamp (-60 mV), DAMGO (100 nM) caused
an outward current (230 + 20 PA) that declined transiently to

of results

Pretreatment
None
None
None
None
Staurosporin (3)
FSK (10)
FSK (10) + IBMX (30)
FSK (10) + IBMX (30)
FSK (50) + IBMX (100)
FSK (100) + IBMX (100)
1,9-Dideoxy-FSK (100)
8-Bromo-CAMP (1 mM)
Dibutryl CAMP (2 mM)
None
Chronic morphine
Chronic morphine
None
ME (30 PM, 5 min)

Hyperpolarization
ME (300 nM)

(mv)
NA (3 PM)

-17 + 1.9
-17 + 1.4
-

-

-17 + 0.8
-25 zk 3.5
-24 + 2.3

-

-22
-19
-19
-18
-18
-21
-21
-20
-17

Tk 4.0
Tk 1.3
k 1.8
k 6.0
+ 3.0
+ 1.2
+ 1.6

-

f 1.9
* 1.3

-

-18 k 1.7
-17 * 1.2

Hyperpolarizationa (mV)
3 min after
ME (30 PM)
NA (30
-1 & 0.3
-13
-10
-12
-11

+ 1.8
+ 0.9**
+ 3.7*
+ 3.4*

-16 + 1.1

-16 k 0.9

-10?2.8*
-9 f 1.2*
-3-tl.2
-2 -t 1.3
-4 f 1.4
-2 * 0.5
-10 ? 1.1*
-3 + 0.8
-7 + 1.1*

PM)

n

-16 + 1.0
-1lk1.6
-11 * 2.0
-11+1.5
-

9
6
5
5
5
4
3
3
3
3
3
3
3
4
7
4
6
5

Numbers in parenthesesindicate concentration (in PM except where noted). FSK, forskolin. Values for the hypcrpolartiation are mean + SEM.
uAmplitude of hypetpolarization causedby the low concentration of ME (300 nM) or NA (3 MM)3 min following washout
of the high concentration of agonist indicated.
* Significantly different from control, p < 0.05.
** Significantly different from control, p < 0.00 1.
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DAMGO (100 nM1

95 * 15 pA (n = 3) following the washout of a high concentration
of ME (30 PM). The decline in the DAMGO current returned
to control within 25 min (n = 3). Thus, the decline in response
to DAMGO was not dependent on the hyperpolarization of the
membrane. In addition, current/voltage plots constructed at the
peak of the response to a high concentration and following the
decline in response (after 5 min) indicated that the reversal
potential of the opioid current did not change (Fig. 4). The Z/I’
curve obtained at the end of the 5-min application of ME (30
KM) was subtracted from that taken at the peak of the response
to construct an I/ Vrelationship of the desensitizing component.
The reversal potential of the desensitizing component was - 108
-t 2 mV (n = 9) in 2.5 mM potassium and was -9 1 k 1 mV
(n = 3) in 6.5 mM potassium. These data indicate that during
desensitization there was only a decrease in the maximum potassium conductance and not the appearance of another current.
Receptor

specificity

Becauseoc,-adrenoceptoragonistsincreasethe samepotassium
conductanceasopioid agonists(Andrade and Aghajanian, 1985;
North and Williams, 1985) distinctions can be made between
changesthat occur at the level of p-opioid or a,-adrenoceptors
from changesthat occur along common signal transduction
pathways. To test whether the desensitizationwas homologous
for the p-opioid receptor, the hyperpolarization induced by a,adrenoceptoractivation wastestedbefore and after desensitizing
the cell to opioids. NA (3 PM) causeda hyperpolarization of
- 18 f 1.7 mV (n = 5) that was near the half-maximal hyperpolarization causedby ol,-adrenoceptoractivation. The hyperpolarization induced by NA (3 PM) was reduced to - 13 * 1.8
mV (n = 5) after a 5-min application of ME (30 PM; Fig. 5A,
Table 1). This heterologousdesensitization of the NA-induced
hyperpolarization was significantly lessthan the homologous
desensitization seenwith ME (300 nM) under the sameconditions [F(1,12) = 72.47; p < O.OOOl].
We also tested ME (300 nM) before and after a 5-min application of 30 PM NA, a concentration that causeda maximum
hyperpolarization. After NA (30 PM) had washed out, the responseto ME (300 nM) was - 16 + 1.OmV (n = 6; Fig. 5B), a
mean change of 3 f 0.7 mV from the original level. The reduction in responseto ME (300 nM) following NA was significantly smallerthan that following ME [30 PM; F( 1,13) = 85.32;
p < O.OOOl].The initial responseto ME (300 nM) recovered in
10 min. These results indicate that there was some degreeof
heterologousdesensitization between p-opioid and a,-adrenoceptors,but the striking desensitizationto opioids wasprimarily
homologous.
We also tested the ability of the cu,-adrenoceptoragoniststo
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Figure 3. Desensitization
and recovery from desensitization observed in the
continued presence of a low concentration of agonist. Superfusion
with
DAMGO (100 nM) caused a 20-mV hyperpolarization of the membrane. When
ME (30 PM) was added to the DAMGO
solution, there was a further hyperpolarization that declined over time. When
the ME was washed out, there was a 15
mV decline in the hvnernolarization induced by DAMGOthat-recovered
over
a period of 15 min. The broken line
indicates the membrane potential
reached at steady state during DAMGO.
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causedesensitization in two ways. First, the amplitude of the
hyperpolarization wasexamined during the application of a high
concentration of agonist. The imadazoline agonist UK 14304
was used becauseit is a full agonist and not a substrate for
uptake. UK 14304 causeda hyperpolarization of -32 f 1.O
mV at 1 PM and -32 f 1.6 mV at 3 PM. These responses
declined to -31 + 0.6 mV and -29 + 1.3 mV, respectively,
after 5 min (Fig. 2, Table 2). The decline in the hyperpolarization
during a 5-min application of UK 14304 wassmaller than that
induced by the three opioids tested. Second, NA (3 PM) was
tested before and after application of a high concentration of
NA (30 PM). The secondresponseto NA (3 PM) was - 11 f 1.6
mV, a mean changeof 6 f 0.5 mV from the original response
(n = 5; Fig. SC, Table 1). This reduction was not significantly
different from that seenwhen the high concentration of ME (30
PM) was used. These results suggestthat the desensitization to
cu,-adrenoceptoragonistswas primarily heterologous.The concentration of NA usedasthe test dose(3 PM) waschosenbecause
it causeda hyperpolarization of the sameamplitude asME (300
nM; Table 2). The desensitizingconcentration of NA (30 PM)
was chosenbecauseit was above that neededto produce the
maximum hyperpolarization.
Dependence

on receptor number

When the number of opioid receptors was decreasedby pretreatment of the slice with the irreversible opioid receptor antagonist P-chlomaltrexamine (P-CNA; 20 min in 100 nM, wash
for 60 min), the hyperpolarization induced by ME (30-100 PM)
was reduced to 35% of the control (compared to the hyperpolarization induced by UK 14304, 1 PM). The hyperpolarization
induced by ME (30-100 PM) declined during a 5-min application, and the subsequentapplication was 3 f 1.0 mV smaller
Table 2. Desensitization of various a-opioid and a,-adrenergic
agonists during a 5min application

Dwz
UK 14304
DAMGO
Normorphine
ME

Concentration
1
3
1
3
30
30

Values for hyperpolarization

(PM)

Decline in
hyperpolarization
Hyperpolarizaafter
tion at peak (mV) 5 min (mV> n
-32
-32
-29
-35
-31
-32

+
k
k
2
tf

are the mean f SEM.

1.0
1.6
2.1
1.5
1.2
3.0

0.8
2.1
3.0
7.0
4.2
10.0

+
k
k
+
+
f

0.4
0.3
0.0
0.3
0.4
0.5

5
6
5
6
6
8
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Figure 4. Current/voltage plots for a
cell under control conditions (A), during the peak of the hyperpolarization by

DAMGO (3 FM; B), and after 5 min
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B DAMGO (3 #4, peak)
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potassium was 2.5 mM (normal solution). Rinht, the extracellular notassium
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the reversal potential of the DAMGO

P

shifted to less negative potential.

/

current and the desensitizedcurrent

than before (Fig. 6; n = 3). The amplitude of the hyperpolarization recovered to control levels within 17 min after washout
(n = 3). This finding suggeststhat the desensitization process
occurs at the level of single receptors and doesnot depend on
the number of functional receptors or on the presenceof a full
response.
Chronic morphine treatment
To ascertainif there were any link betweenthe changesinduced
by chronic opioid treatment and the acute desensitizationprocess,acute desensitization experiments were done in animals
treated chronically with morphine. The amplitude of the acute
desensitizationwas reduced and recovery from desensitization
wasmore rapid in cellsfrom animalsthat were morphine treated
[F(l,l 1) = 5.16; p < 0.05; Table 11.Chronic opioid treatment
did not, however, causea significant changein the heterologous
desensitization seenwith NA (n = 4; Table 1).
In experiments where sliceswere treated twice with high concentrations of opioids, the desensitizationinduced by the second
application of ME (30 FM) was reduced from a changeof 15 f
1.OmV to a changeof 9 f 1.2 mV (n = 5; Table 1). Therefore,
a single application of a high concentration of opioids administered in vitro to a slice from a drug-ndive animal resulted in

A

Figure

5.

NA 13 CM)

6 mid

-600
-600

a changein the subsequentdesensitizationresponse.The decline
in the desensitizationinduced by a secondapplication of a high
concentration of opioids was not different from the desensitization found in slicestaken from chronically morphine-treated
animals.
Role of secondmessengers
In order to investigate the mechanismsby which opioid receptors desensitize,we tested the effects of agentsthat alter kinase
activity (Table 1). First, agentsknown to increaseintracellular
CAMP levels were tested,including (1) forskolin (10 PM; n = 4),
(2) forskolin and 3-isobutyl- 1-methylxanthine (IBMX; 10, 50,
or 100PM forskolin + 30 or 100PM IBMX), (3) 8-bromo-CAMP
(1 mM; n = 3), and (4) dibutyryl-CAMP (2 mM; n = 3). The
CAMP analogsand lower concentrations of forskolin (with or
without IBMX) increased spontaneoussynaptic activity and
tended to increasethe firing rate. Higher concentrations of forskolin and IBMX (100 PM), however, hyperpolarized most cells.
The hyperpolarization induced by ME at both the high (30 PM;
-33 f 2 mV) and low (300 nM; -24 f 2 mV) concentrations
were not changedby forskolin (10, 50, or 100 PM) and IBMX
(30 or 100 PM). Forskolin aloneand in combination with IBMX
causeda small but significant decreasein the amount of desen-

ME 130 PHI

NA 13 PHI

Evidencefor heterologous

desensitization. Therewaslittle crossdesensitization between opioid and qadrenergic agonists and only a small desensitization of a,-adrenergic receptors.
Recordings are of membrane potential
from three LC neurons. All experiments were carried out in cocaine (3
PM) and prazosin (100 nM). The failure
of the firing rates to return to normal
in some instances is due to the residual
effects of cocaine. A, The hyperpolarization induced by NA after a 5-min
application of ME (30 PM) was about
90% the control. B, The hyperpolarization induced by ME (300 nM) was about
75% ofthat before superfusion with NA
(30 PM). C, The amplitude of the NA
(3 PM)-induced hyperpolarization after
application of NA (30 PM) was about
90% of the control.
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Figure 6. Desensitization
to ME oc-

UK 14.304

Yohlmbine

(1 eMI

ME I30 IIM)

ME (30 1041

ME (30 PM)

ME I30 H41

Ii

curredafter partial irreversibleblockade of opioid receptorswith P-CNA.
Upper and lower traces are recordings
from the sameneuronin a slicethat
was treated with fl-CNA. The hyperpolarization induced bv ME (30UM: UDher trace) wasabout35% bf ihat &duced by UK 14304 (1 FM; lower trace),
indicating that a substantial proportion
of opioidreceptorshadbeeninactivated. The hyperpolarization
induced by
ME (30 PM) declined during a 5-min
application.
Immediately
following

BM)

washout,the amplitudeof the hyperpolarizationwasdepressed
andrecovered after about 15 min.

sitization

[lo

PM

forskolin,

F(1,6)

= 11.5; 10

PM

forskolin

+

30 PM IBMX, F(1,5) = 7.5; 50 PM forskolin + 100 PM IBMX,
F(1,5) = 9.9; 100 PM forskolin + 100 PM IBMX, F(1,5) = 15.7;
Table 1). In contrast, neither of the CAMP analogswere able to
change the amount of desensitization (Table 1). The inactive
isomer of forskolin, 1,9-dideoxy-forskolin (100 KM), did not
alter the desensitization process,suggestingthat this action of
forskolin was somewhat specific. Finally, the heterologousdesensitization to cu,-adrenoceptoragonistswas not affected by
forskolin and IBMX (Table 1).
Second, a nonselective kinase inhibitor, staurosporin (3 PM;
n = 5), had no effect on the rate of spontaneousfiring or the
hyperpolarization induced by ME (300 nM, - 17 f 2 mV, 30
PM, -3 1 f 3 mV). When applied for 20 min, staurosporin
reduced the amount and time courseof desensitization seento
ME [Table 1; F(1,12) = 41.25; p < O.OOl]. Although the inhibition of desensitizationby staurosporin wasnot complete and
may not provide conclusive evidence for the involvement of
protein kinase activation, it suggeststhat at least a part of the
desensitization processmay be mediated by increasedkinase
activity.
Discussion
The major finding of this study was that a brief exposureof LC
cells to opioid agonistsresulted in a concentration-dependent
lossof opioid receptor sensitivity that was primarily homologous. This lossof receptor sensitivity recovered over a period
of 20-25 min. The desensitization was dependent on neither
the hyperpolarization of the membrane potential nor the absolute numbers of functional opioid receptors. Based on I/V
plots constructed at the peak of the responseand after desensitization, it would seemthat the apparent lossof receptor sensitivity was due primarily to a reduction of the receptor-mediated activation of the potassiumconductanceand not due to
the appearanceof a new current that counteracted this conductance. This is also suggestedby the finding that the hyperpolarization induced by a,-adrenoceptor agonists,which activate
a similar potassiumconductance, was only marginally affected
by desensitizing dosesof opioids. In fact, high concentrations
of full a,-adrenoceptor agonistsseemedto causelittle desensitization.
All three of the opioid agoniststestedin this study werefound
to induce receptor desensitization as measuredby the decline
in responsewith continued application. Despite comparable
hyperpolarizations, ME and DAMGO induced more desensi-

tization than did normorphine. Previously it has been shown
that normorphine is not a full agonist compared to ME and
DAMGO in the LC (Christie et al., 1987),and this may account
for its reducedability to causedesensitization.In other studies,
partial agonistssuch as morphine have been shown to be less
potent in inducing both desensitization and downregulation of
6-opioid receptors(Law et al., 1983). This observation suggests
that the desensitizationprocessof rc-opioid receptors in the LC,
like the desensitization of &opioid receptors in NG 108 cells,
is directly dependent on the ability of agoniststo stimulate the
receptor.
Opioid treatment for as little as 5 hr hasbeen shownto produce a lossof GTP regulation of opioid binding (Puttfarcken et
al., 1988). This loss of GTP regulation of agonist binding is
believed to be associatedwith the onset of receptor desensitization and the uncoupling of the receptor from the G-protein
(Puttfarcken et al., 1988). Such a mechanismcould account for
the decline in receptor sensitivity found in this study and for the
decline in functional opioid receptorsfound in the LC (Christie
et al., 1987) and elsewhere(Porreca and Burks, 1983; Chavkin
and Goldstein, 1984; Wimpey et al., 1989) following chronic
morphine treatment.
The homologous desensitization of the opioid-induced hyperpolarization in LC neurons seenin this study was similar to
the homologousdesensitization reported for other G-proteinlinked receptors, such as P-adrenergic (Benovic et al., 1986;
Sibley et al., 1987),muscarinic(Eva et al., 1990),and peptidergic
(Law et al., 1983; Bosmaand Hille, 1989;Simmonset al., 1990).
In each case,high receptor occupancy was required for the desensitization that was specific for the receptor involved. The
change in receptor sensitivity found in this study could result
from a covalent modification of the receptor, such as phosphorylation, that allows the receptor to uncouple from the
G-protein or to be sequesteredinto the cell. Such a mechanism
has beenfound to occur in the caseof the /3-adrenergicreceptor
system, and several different protein kinaseshave been found
to account for the combination of heterologousand homologous
desensitization (Cheunget al., 1990; Eva et al., 1990;Lefkowitz
et al., 1990; Lohse et al., 1990). Direct evidence for the phosphorylation-induced desensitization of the opioid receptor has
not yet been obtained. The failure of the kinase inhibitor staurosporin to inhibit completely the desensitizationprocessin the
presentexperiment might suggestthat there may be more than
a single mechanismthat mediatesp-opioid receptor desensitization.
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It has been shown that the CAMP system changes in response
to chronic exposure to opioids and may contribute to the adaptations of LC neurons to opioids (Andrade and Aghajanian,
1985; Aghajanian and Wang, 1987; Duman et al., 1988; Hayward et al., 1990). The present experiments indicate that, while
the acute response to opioids was not altered by forskolin (and
IBMX), the amount of desensitization was significantly decreased, though not completely blocked. The decrease in the
desensitization did not increase with increasing concentrations
of forskolin, suggesting that there was a limit to the ability of
forskolin to alter the desensitization process. The inactive analog
of forskolin did not alter the desensitization, further suggesting
that the effects of forskolin were specific. Although the results
with forskolin suggest the involvement of a CAMP-dependent
mechanism, neither of the CAMP analogs tested in this study
was effective in altering the desensitization process. One could
postulate that the CAMP analogs did not reach sufficiently high
intracellular concentrations or were less effective in activating
CAMP-dependent mechanisms than was forskolin, or that forskolin had effects other than elevating intracellular CAMP.
Acute desensitization of the opioid receptor was also found
to occur in chronically morphine-treated rats in the present
study. The absolute amount of desensitization was less than that
seen in controls, but was very similar to that seen in cells that
received multiple exposures of desensitizing concentrations of
opioids. This suggests that LC cells in animals treated chronically with morphine have “experienced” a high enough concentration of agonist to respond in the same way as cells that
have been treated by superfusion with known supermaximal
concentration of agonists. In addition, the responses of cells
taken from the chronically morphine-treated rats were also quite
similar to the responses seen in cells pretreated with forskolin
and IBMX. The increasesin adenylate cyclaseactivity found in
the LC of chronically morphine treated rats may explain these
similarities (Duman et al., 1988).
In the present study, recovery from desensitizationoccurred
even in the presenceof low agonist concentration, indicating
that recovery could be initiated even while a proportion of receptorswere occupied. This situation may actually arisein cases
of opioid abusewhere a higher concentration of opioid is administered in the continued presenceof residualopioids. Plasma
and presumably brain concentrations of morphine seenin vivo
reach levels similar to that usedin this study to produce desensitization (3-30 KM) following intravenous administration (Sydney and Elliott, 1971; Garriott and Stumer, 1973). While the
role of opioid receptor desensitization is unknown, it is clear
that it does representan initial adaptive changein responseto
occupation of the opioid receptor. As such, it may play some
role in the initiation of the cascadeof events requiring hours or
days that eventually leads to opioid tolerance.
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