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Background: Opioids inhibit the rapid eye movement (REM)
phase of sleep and decrease acetylcholine (ACh) release in
medial pontine reticular formation (mPRF) regions contribut-
ing 1o REM sleep generation. It is not known whether oploids
decrease ACh release by acting on cholinergic cell bodies or on
cholinergic axon terminals. This study used #4 vivo microdialy-
sis to test the hypothesis that opioids decrease ACh levels at
cholinergic neurons in the laterodorsal tegmental nuclei (LDT)
and LDT axon terminals in the mPRF.

Metbods: Nine male cats were anesthetized with halothane,
and ACh levels within thé mPRF or LDT were assayed using
microdialysis and high-pressure liquid chromatography
(HPLC). ACh levels were analyzed in response to dialysis of the
mPRF and LDT with Ringer's solution (control), followed by
dialysis with Ringer's solution containing morphine sulfate
{MSOQ,) or naloxone. ACh in the mPRF also was measured dur-
ing etther dialysis delivery or intravenous infusion of remifen-
tanil and during dialysis delivery of fentanyl.

Results: Compared with dialysis of Ringer’s solution, micro-
dialysis with MSO, decreased ACh by 23% in the mPRF and by
30% in the LDT. This significant decrease in ACh was antago-
nized by naloxone. M50, and fentanyl each caused a dose-
dependent decrease in mPRF ACh when delivered by dialysis.
Remifentanil delivered by continuous intravenous infusion or
by dialysis into the mPRF did not alter mPRF ACh.

Conclusions: Morphine inhibits ACh at the cholinergic cell
body region (LDT) and the terminal field in the mPRF. ACh in
the mPRF was not altered by remifentanil and was significantly
decreased by fentanyl. Thus, MSO, and fentanyl disrupt cholin-
ergic neurotransmission in the LDT-mPRF network known to
modulate REM sleep and cortical electroencephalographic acti-
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vation. These data are consistent with the possibility that inhi-
bition of pontine cholinergic neurotransmission contributes to
arousal state disruption by opioids. (Key words: Aronsal state
control; cholinergic neurotransmission; laterodorsal tegmental
nucleus; microdialysis.)

MORPHINE sulfate (MSQO,) is known to dectrease cholin-
efgic neurotransmission in many brain regions. Opioid
mhibit:lon of acetylcholine (ACh) reiease is direcﬂy rele-
vant to anesthesia because ACh plays a kr:y role in the
central nervous system regulation of arousal, respiratory
control, and perception of painful stimuli.'~* ARthough
opioids can contribute to clinically, significant ‘disrup-
tions of arousal state and cardiopulmonary control,* the
cellular and molecular mechanisms underlying these opi-
oid side effects remain incompletely understood. These
diverse effects are unified, however, by the identification
of a neuronal network in the pontine brain stem through
which opioids and ACh modulate arousal state,* breath-
ing,%” and antinociceptive behavior.®

The medial pontine reticular formation (mPRF) is a
cholinoceptive region that receives its cholinergic input
from the more rostral laterodorsal tegmental nuclei
(LDT) and pedunculopontine tegmental nuclei PPT).?
Cholinomimetics microinjected into the mPRF of con-
scious animals enhance rapid eye movement (REM)
sieep,” whereas MSO, microinjected into the mPRF in-
hibits REM sleep and concurrently increases apneic
breathing.'® This MSO sinduced REM sleep inhibition is
mediated by p-opioid receptors in the mPRF.'! ACh
release in the mPRF is significantly increased during REM
sleep,'? and systemically administered MSO, inhibits
ACh release in the mPRF.'® The forgoing basic data are
consistent with the clinical observation that oploids con-
tribute to the sleep deprivation, delitium, and parasom-
nias comprising intensive care unit ICU) syndrome. 14

The degree to which mPRF ACh is inhibited by opioids
at cell bodies in the chalinergic LDT and cholinergic
terminals projecting from LDT to the mPRF has not been
quantified. Therefore, this study examined the hypothe-
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sis that dialysis delivery of MSQ,, fentanyl, or remifen-
tanil would decrease ACh in the mPRF and LDT regions
of the pons. ACh in the mPRF also was measured during
intravenous delivery of remifentanil.

Methods and Materials

Experimental Model and Microdialysis Procedure

Adult male cats (n = 9) were implanted with a perma-
nent, plastic cranioplast designed to provide subsequent
access to the pontine brain stem.'?!>'¢ Cats were al-
lowed to recover for 4 weeks before beginning the
microdialysis experiments. For each experiment an ani-
mal was anesthetized by mask induction with halothane,
The trachea was sprayed with lidocaine, 0.5%, and then
intubated. An Ohmeda Rascal II monitor (Ohmeda, Salt
Lake City, UT) was used to measure end tidal CO, and
halothane. End-tidal CO, was maintained at 30 mmHg by
adjusting ventilation. Halothane was maintained at 1.4%
by adjusting inspired concentration (1 MAC for cat =
1.2%'"). Blood pressure and oxXygen saturation were
measured noninvasively throughout each experiment us-
ing a Dinamap (Critikon, Tampa, FL) and an Ohmeda
Biox 3700 Pulse Oximeter (Ohmeda, Boulder, CO). A
T/Pump Heat Therapy System (Gaymar, TP400 Series,
Orchard Park, NY) and a rectal thermometer (Model
43TA, Yellow Springs Instrument Co., Yellow Springs,
OH) were used to maintain core body temperature at
37°C. Repeated microdialysis experiments in the same
animal were separated by a minimum of 1 week.

Microdialysis studies of unanesthetized cats have dem-
onstrated that ACh levels in the pontine brain stem vary
significantly across the sleep-wake cycle (reviewed in
reference 3). Fluctuating levels of arousal, therefore, will
significantly alter measures of ACh release in the mPRF
and LDT. Thus, halothane anesthesia was used in the
present study to eliminate spontaneous oscillations dur-
ing sleep and wakefulness. Holding arousal state con-
stant with halothane made it possible to test the hypoth-
esis that ACh levels in the LDT and mPRF were altered by
opioids, independent of fluctuating states of arousal.
ACh levels in the mPRF are slightly reduced below wak-
ing levels by halothane,® but halothane does not alter
high-pressure liquid chromatography (HPLC) column
sensitivity for ACh detection. The use of halothane
anesthesia as an experimental tool for studies of pon-
tine cholinergic neurotransmission has been demon-
strated.!%:18

As described elsewhere,'>'>!® ¢ pivo microdialysis

Anesthesictogy, ¥V 90, No 4, Apr 1999

was accomplished with a polycarbonate membrane (20
kDa pore, 2 mm length, 0.5 mm diameter). Before the in
vivo portion of each experiment, preexperimental
probe recoveries were determined by dialyzing a vial
containing a known concentration of ACh. At the termi-
nation of the in vive dialysis experiment, postexperi-
mental probe recoveries again were collected using a
known concentration of ACh. Pre- and postexperimental
probe recoveries were compared to ensure that mea-
sures of ACh in pmol/10 min of dialysis reflected neuro-
chemical changes rather than dialysis probe damage.
Quantification of ACh with these techniques is widely
regarded as measuring neurotransmitter release rather
than neurotransmitter turnover because ACh release is
blocked by dialysis delivery of tetrodotoxin and by dial-
ysis with Ca™ *free Ringer's solution.

For each experiment, the microdialysis probe was
placed in the mPRF or LDT using the stereotaxic coor-
dinates of Berman.'® The large size of the feline brain
made it possible to perform repeated dialysis sampling
from different locations within the mPRF of each animal.
After stereotaxically inserting the probe, pontine dialysis
began at a rate of 3 ul/min, and every 10 min sequential
30-pl dialysate samples were collected for quantifying
ACh (pmol/10 min of dialysis). The dialysis probe was
linked wia a liquid switch to three different syringes,
each containing different drug solutions. Control data
were provided by measures of ACh during 50- 80 min
(5-8 samples) of dialysis with Ringer’s solution. The
liquid switch then was turned to the syringe containing
8.8 um MSQ, dissolved in Ringer’s solution, and another
50-80 min of dialysis samples were obtained. During
the third portion of these experiments, the liquid switch
was again activated to permit dialysis delivery of Ringer’s
solution containing naloxone (88 nm). Additional exper-
iments simultaneously delivered these same concentra-
tions of MSO, and naloxone while measuring mPRF ACh.

Acetylcholine in the mPRF also was measured during
continuous intravenous administration of remifentanil
(0.5 ug - kg™' » min™ Y (Ultiva, Glaxo Wellcome, Re-
search Triangle Park, NC) and during mPRF microdialysis
delivery of Ringer's solution (control) versus Ringer's
solution containing remifentanil (8.8 um). The dose-de-
pendent effects of MSO, or fentanyl on mPRF ACh were
examined by dialyzing the mPRF with three concentra-
tions of MSO, or fentanyl (0.088, 0.88, and 8.8 um),

Acetylcholine Assay
At the end -of each 10-min dialysis interval, the 30-ul
sample immediately was injected into the HPLC coupled
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with an electrochemical detection system (Bioanalytical
Systems, West Lafayette, IN). Samples were carried in a
50 mm NaHPO, mobile phase, pH 8.5, at 1 mi/min.
Samples initially passed through a polymeric analytical
column, permitting separation of ACh and choline. Next,
the samples passed through an immobilized enzyme
reactor whercin immobilized acetylcholinesterase and
choline oxidase converted ACh into H,O, and betaine.
H,0, was produced from ACh and choline in stoichio-
metric amounts and measured at a 0.5-V applied poten-
tial on a platinum electrode relative to a Ag”/AgCl ref-
erence electrode. The area under the chromatogram
peaks was proportional to the amount of ACh and cho-
line in the samples. Chromatogram peaks were recorded
on a flatbed recorder and simultancously digitized and
stored on disk using ChromGraph (Bioanalytical Sys-
tems) software. The area under the chromatograph peak
from each injection was referenced to a standard curve
to calculate the amount of ACh in each dialysis sample,
expressed as pmol/10 min of dialysis.

Statistical Analysis

Pre- and postexperimental dialysis probe recoveries
were compared by independent ¢ test to ensure that the
ACh release data were not confounded by any alterations
in dialysis probe recovery. Descriptive statistics pro-
vided mean * SD values for all dependent measures.
Repeated measures analysis of variance (ANOVA) was
used 1o evaluate the presence of a statistically significant
effect of microdialysis drug delivery on ACh release.
When ANOVA indicated a statistically significant drug
main-effect on ACh, the different drug conditions were
compared using Takey and Dunnett multiple compari-
son tests. Systolic and mean arterial blood pressure and
heart rate were analyzed for all experiments. For all
inferential statistics, the probability (#) value for statisti-
cal significance was P < 0.05.

Results

Morphine sulfate suppressed ACh release from micro-
dialysis sites within the mPRF and LDT nuclei. Figure 1
illustrates the anatomic relationship between the LDT
and mPRF (fig. 1A) and unilateral dialysis probe place-
ment in the LDT (fig. 1B) and mPRF (fig. 1C) regions of
the pontine brain stem. All LDT ACh measures were
obtained from animals in which no probe lesions had
been created in the mPRF terminal field. Likewise, all
mPRF dialysis measures were obtained from animals in
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Fig. 1. Sagittal views of the pontine brain stem. (4) Schematic
diagram indicating that cholinergic LDT neurons send projec-
tions to the cholinoceptive mPRF. The LDT-mPRF relationship
is simplified here for illustrative purposes. LDT connectivity is
complex, including LDT reciprocal connections and projections
to the thalamus and to the contrafateral mPRF (reviewed in
reference 9). Cresyl violet-stained sections of the brain stem
illustrate lesions used to confirm dialysis probe placement in
the LDT (8) and mPRF (C). In B and C, the black arrow marks the
tip of the dialysis probe lesion in the LDT and mPRF, respec-
tively; calibration bars at lower right = 1 mm. Approximate
lateralities are 1.2 mm for LDT (8) and 1.6 mm for mPRF (C).
6N = abducens nerve; 76 = genu of faclal nerve; PAG = peri-
aqueductal gray; TB = trapezoid body. o

which no microdialysis probes had been placed in the
LDT cell body region. ACh levels in the mPRF were
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Fig. 2. Time course of ACh in pmol/10 min of LDT dialysis
during a representative experiment from one animal, LDT ACh
is plotted as a function of dialysis time in min. Time bins 10-50
plot ACh during Ringer’s solution (control) dialysis. Time bins
60-100 indicate ACh during dialysis delivery of morphine to the
LDT, and bins 110-150 show dialysis delivery of naloxone (88
nM). There are no indications of variance here because each bar
represents the pmol value of ACh measured during one 10-min
dialysis sample. In contrast, the data summarized by figures 37
represent mean change in ACh release averaged by condition
for multiple experiments conducted in multiple animals,

decreased by dialysis delivery of 1 uM tetrodotoxin, a
finding consistent with the wellaccepted view that
thesc microdialysis data reflect measures of ACh release,
The blood pressure and heart rate data revealed no
anesthesia-induced hypotension or bradycardia during
pontine microdialysis.

Morpbine Inkibits Pontine Cholinergic

Neurotransmission

The time course for a typical experiment in which
microdialysis was used to deliver Ringer's solution (con-
trol), Ringer’s solution containing MSO,4 (8.8 pm), and
Ringer’s solution containing naloxone (88 nm) to the
cholinergic LDT is shown in figure 2. These time-course
data illustrate that individual experiments vielded multi-
ple dialysis measures of ACh per treatment condition
(Ringer’s solution, morphine, naloxone). Figure 3 sum-
marizes the group data from all experiments in which
the LDT was dialyzed with morphine followed by nalox-
one, Mean ACh in the LDT was 0.36 pmol/10 min with
Ringer’s solution and 0.25 pmol/10 min during dialysis
delivery of morphine. Morphine caused a significant de-
crease (—30%) in LDT ACh, and this decrease was re-
versed by LDT administration of naloxone.’

Figure 4A summarizes the effects of mPRF morphine
and naloxone on mPRF ACh levels. During dialysis of the
mPRF with Ringer’s solution, mean mPRF ACh was 0.30
pmol/10 min of dialysis. When dialysis was switched to
Ringer’s solution containing MSO,, ACh in the mPRF was
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significantly decreased (—23%) to 0.23 pmol/10 min.
During dialysis delivery of naloxone, ACh in the mPRF
averaged 0.29 pmol/10 min, which was not significantly
different from the Ringer’s solution control group. To
confirm naloxone blocking (fig. 4A) and rule out the
possibility of non-specific wash out of morphine during
microdialysis with naloxone, the two compounds also
were coadministered by microdialysis. Figure 48 shows
that mPRF ACh was not altered by MSQ,4 when it was
coadministered with naloxone.

Dialysis of the mPRF with increasing concentrations of
MSO, caused a dose-dependent decrease in mPRF ACh
(figure 5). Average mPRF ACh (pmol/10 min) by dialysis
condition was Ringer’s solution, 0.26; 0.088 um MSO,,
0.28; 0.88 um MSO,;, 0.22; 8.8 um MSOy, 0.11. It was not
possible—with the electrical sensitivity necessaty to
measure ACh in fractions of a pmol—to deliver mor-
phine in concentrations greater than 8.8 pm. For exam-
ple, at a concentration of 88.0 um, MSO  passing over the
clectrochemical detector produced a chromatographic
peak of sufficient amplitude and duration to occlude the
ACh chromatogram,

The forgoing results with MSO, encouraged quantifi-
cation of mPRF ACh during dialysis delivery of synthetic
opioids. In three animals, mPRF ACh was measured dur-
ing mPRF dialysis delivery of 8.8 um remifentanil fol-
lowed by naloxone (fig. 6A) and during continuous in-
travenous delivery of remifentanil (fig. 6B). In contrast to
MSQ,, remifentanil had no effect on mPRF ACh during
dialysis delivery into the mPRF (fig. 6A) or during intra-
venous administration (fig. 6B). In three additional ani-
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Fig. 3. Mean + SD ACh in the LDT during dialysis delivery of
Ringer's solution, MSQ,, and naloxone. These data summarize
460 min of IDT dialysis data obtained from three animals.
Morphine caused a statistically significant decrease (*) in LDT
ACh (F = 11.3; d.f. = 3, 45; P < 0.0001). The MSOinduced
decrease in ACh was reversed by dialysis delivery of naloxone
(88 nM).
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Fig. 4. Mean + SD ACh release in the mPRF sequential
dialysis delivery of Ringer’s solution, MSO,, and naloxone (4)
and during simultancous dizlysis delivery of MSO, plus nalox-
one (B). In four animals, ACh was significantly decreased (*) by
MSO; (F = 10.1; d.f. = 2, 89; P < 0.0002), and the decrease in
ACh release was reversed by naloxone. When naloxone (88 nu)
was delivered to the mPRF along with MSO, (8.8 pus), ACh was
not significantly different from the Ringer's solution control

group (B).

Morphine + Naloxone

mals, mPRF ACh was measured in responsc to mPRF
dialysis delivery of fentanyl. Fentanyl caused a dose-
dependent decrease in mPRF ACh (fig. 7). Average mPRF
ACh (pmol/10 min) by dialysis condition was Ringer's
solution, 0.29: 0.088 um fentanyl, 0.25; 0.88 um fentanyl,
0.20; 8.8 um fentanyl, 0.17.

Discussion

Morpbine Depresses ACh at Pontine Cholinergfc
Cell Bodies (LDT) and Cholinergic Terminals
(mPRF)

Intravenous administration of morphine previously

was shown to decrease cholinergic neurctransmission in

mPRF regions known to regulate electroencephalo-
graphic (EEG) and behavioral arousal.™ It was not clear,
however, whether morphine decreased ACh release by
actions at cholinergic cell bodies or by actions at cholin-
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ergic terminals (fig. 1A). The present data resolve this
question by showing that dialysis delivery of morphine
decreased ACh release in the cholinergic LDT (figs. 1B
and 3) and in the LDT terminal projection field within
the mPRF (figs. 1C and 4). At both the cholinergic LDT
and the mPRF regions receiving LDT cholinergic effer-
ents, the statistically significant reductions in ACh
caused by morphine were reversed by naloxone (figs. 3
and 4).

A statistically significant, dose-dependent decrease in
mPRF ACh was observed during microdialysis delivery of
morphine (fig. 5) or fentanyl (fig. 7) to the mPRF. These
data parallel the previous discovery that microinjection
of morphine into the mPRF of intact, unanesthetized cats
caused a naloxonereversible, dose-dependent inhibition
of REM sleep.® Morphine inhibition of REM sleep'® and
mPRF ACh (fig. 5) also is consistent with converse lines
of evidence demonstrating REM sleep-specific enhance-
ment of cholinergic neurotransmission. For example,
mPRF ACh release is significantly increased during REM
sleep,'? and electrically stimulating poatine cholinergic
neurons significantly increases mPRF ACh release’® and
REM sleep.?° :

Morpbine Differentially Alters Supraspinal and

Spinal ACh :

The present finding that morphine decreased pontine
ACh is consistent with other data indicating that mor-
phine inhibits cholinergic neurotransmission. Although

. 04f
£ ol 7
d =
% 0.1 %
00 Ringers 0.088 0.88/ 8.8
Morphine (xM)

Fig. 5. Mean + SD mPRF ACh as a fanction of dialysis delivery of
increasing concentrations of MSO, to the mPRF. Six dialysis
experiments in four animals revealed a statistically significant
concentration main-effect of MSO, on ACh (F = 7.1; d.f. = 3, 151;
P < 0.0002). For the group data and the representative experi-
ment shown here, only 8.8 pm MSO, was significantly different
(") by multiple comparisons test from all other morphine con-
centrations in altering mPRF ACh.
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Fig. 6. Mcan + SD mPRF ACh during administration of remifen-
tanil. In three animals, mPRF ACh was not significantly aliered
during dialysis delivery of Ringer's solution, 8.8 um remifen-
tanil, or naloxone (88 nm) to the mPRF (4). There was no
significant difference in mPRF ACh comparing mPRF Ringer’s
solution dialysis to mPRF dialysis during 50 min of continuous
i.ntravlenous administration {(B) of remifentanil (0.5 pg - kg™ -
min~").

opioids have been shown to decrease ACh release in
many brain regions, it should be clear that opioid effects
on ACh release vary as a function of the tissue in which
ACh is measured. Morphine decreases ACh in the pons
(figs. 3-5), but opioids stimulate ACh release in spinal
cord.?! In ewes and in one human volunteer, intrave-
nous morphine increased release of ACh in spinal
cord.*' Opioid receptors are differentially distributed
throughout the brain,?? and the effects of activating even
a particular opioid receptor subtype can be site-depen-
dent within the nervous system.

In addition to the forgoing sitespecific differences in
the effects of opioids on ACh, there also are some re-
markable similaritics between spinal and pontine cholin-
ergic neurotransmission. These similarities are demon-
strated by four congruent lines of evidence. First,
muscarinic cholinergic receptors play a role in regulat-
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ing ACh release in spinal cord,”® and ACh release in the
mPRF also is modulated by muscarinic autoreceptors of
the M2 subtype.’® Second, the ubiquitous transmem-
brane signaling molecule nitric oxide has been associ-
ated with cholinergic neurotransmission in the mPRF
and spinal cord. Inhibition of mPRF nitric oxide synthase
decreases mPRF ACh release,'? and in spinal cord ACh
stimulates the production of nitric oxide.?? Third, long-
standing (reviewed in reference 24) and recent®® evi-
dence shows that spinal application of cholinomimetics
is powerfully antinociceptive. In the same regions of the
mPRF illustrated by figure 1, microinjection of cholin-
ergic agonists and acetylcholinesterase inhibitors en-
hanced antinociceptive behavior.® Finally, remifentanil
has been observed not to alter neurotransmission at
pontine and spinal levels. The inability of remifentanil to
alter mPRF ACh (fig. 6) is similar to the finding that
continuous spinal remifentanil infusion failed to alter
glutamate release.?® The variety of cellular cascades by
which opioids differentially alter supraspinal and spinal
ACh release remains to be specified. The forgoing simi-
larities and differences suggest research opportunities
aiming to characterize the supraspinal and spinal mech-
anisms of opioid action on cholinergic neurotransmis-
sion and arousal state control.

Potential Clinical Relevance

Although patients who receive opioids report feeling
sleepy, morphine actually increases wakefulness and in-
hibits the REM phase of sleep,?”"%* At the beginning of

0.4
g 03| *
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Fig, 7. Mean + SD mPRF ACh during mPRF dialysis delivery of
fentanyl. There was a statistically significant concentration
main-effect (F = 4.35; d.£= 3, 59; P < 0.008) of fentanyl on
mPRF ACh. Dunnett statistic indicated that both 0.88 um and 8.8
pm fentanyl significantly (*) decreased mPRF ACh compared
with the Ringer’s solution control group.
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this decade, pioncering studies documented significant
changes in REM sleep and cardiopulmonary control
caused by the perioperative use of opioids. The first
night after surgery is characterized by REM sleep inhibi-
tion, followed by intense REM sleep rebound on the
second and third postoperative nights.®® Postoperative
patients treated with morphine display a dose-related
decrement in REM sleep.®® Additionally, hypoxic epi-
sodes during REM sleep rebound on postopera-
tive nights 2 and 3 are 300% more frequent than on the
preoperative night >® It now is clear from many clinical
studies that cardiopulmonary complications are corre-
lated with REM sleep rebound occurring postopera-
tively.*3°-*> Disruption of cortical cholinergic neuro-
transmission also is known to cause delirium and im-
paired memory function.>® Transient postoperative de-
lirium after anesthesia has an incidence of 10-60% and
contributes to an increase in patient morbidity, delayed
functional recovery, and prolonged hospital stays.>®
Thus, multiple lines of evidence demonstrate the poten-
tial clinical significance of understanding the mecha-
nisms by which opioids disrupt arousal state control.

Limitations and Conclusions

One limitation of the present study is the inability to
account for the observation that remifentanil did not
decrease mPRF ACh levels. Two factors contributed to
the expectation that remifentanil would depress mPRF
ACh. First, mPRF ACh was decreased by morphine (figs.
4 and 5). Second, remifentanil behaves as a p-opioid
agonist with an antinociceptive intrathecal potency that
is 17 times greater than morphine.*” Remifentanil hydro-
chloride is formulated to contain glycine, a potent inhib-
itory neurotransmitter.>® It is not clear from these data
whether the inability of remifentanil to alter pontine
ACh levels is a result of the presence of glycine or of the
fact that remifentanil is rapidly hydrolyzed.

Acetylcholine modulates cortical activation and behav-
ioral arousal, but no single neurctransmitter regulates
arousal state control. Monoamines also are known to
alter sleep,® sedation, and nociception.>® Therefore, an-
other limitation of the present study is the possibility
that menoamines or some other neurotransmitter system
contributed to opioid inhibition of ACh. This possibility
is open to future experimental tests.

In conclusion, the present data show for the first time
that dialysis delivery of opioids decreased ACh levels in
the cholinergic LDT (figs. 2 and 3) and in the LDT
terminal projection field within the mPRF (figs. 4, 5, and
7). The naloxone-blocking data (fig. 4) and opioid dose-
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dependent reduction of ACh levels (figs. 5 and 7) suggest
preceptor modulation of cholinergic neurotransmis-
sion. The finding that centrally administered opioids
decreased ACh levels in the mPRF agrees with previous
data showing that microinjection of opivids into the
mPRF disrupts REM sleep.'®!! In the human brain, pon-
tine reticular sites homologous to those described here
(fig. 1) also regulate arousal®® and REM sleep.*! Thus, the
present results are consistent with the possibility that
inhibition of pontine cholinergic neurotransmission con-
tributes to arousal state disruption by opiocids. Finally,
cholinergic stimulation of the mPRF has been shown to
reverse halothane-induced depression of cortical excit-
ability.'®%2 Taken together, these findings support the
working hypothesis that pontine cholinergic mecha-
nistns known to generate naturally occurring states of
consciousness preferentially modulate the altered states
of consciousness produced by analgesic and anesthetic
molecules.>$
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