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Morphine Increases Acetylcholine Release in the Trigeminal Nuclear Complex
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Study Objectives: The trigeminal nuclear complex (V) contains cho-
linergic neurons and includes the principal sensory trigeminal nucle-
us (PSTN) which receives sensory input from the face and jaw, and
the trigeminal motor nucleus (MoV) which innervates the muscles of
mastication. Pain associated with pathologies of V is often managed
with opioids but no studies have characterized the effect of opioids on
acetylcholine (ACh) release in PSTN and MoV. Opioids can increase
or decrease ACh release in brainstem nuclei. Therefore, the present
experiments tested the 2-tailed hypothesis that microdialysis delivery of
opioids to the PSTN and MoV significantly alters ACh release.

Design: Using a within-subjects design and isoflurane-anesthetized
Wistar rats (n = 53), ACh release in PSTN during microdialysis with
Ringer’s solution (control) was compared to ACh release during dialysis
delivery of the sodium channel blocker tetrodotoxin, muscarinic agonist
bethanechol, opioid agonist morphine, mu opioid agonist DAMGO, an-
tagonists for mu (naloxone) and kappa (nor-binaltorphimine; nor-BNI)
opioid receptors, and GABA, antagonist bicuculline.

Measurements and Results: Tetrodotoxin decreased ACh, confirming
action potential-dependent ACh release. Bethanechol and morphine
caused a concentration-dependent increase in PSTN ACh release. The
morphine-induced increase in ACh release was blocked by nor-BNI but
not by naloxone. Bicuculline delivered to the PSTN also increased ACh
release. ACh release in the MoV was increased by morphine, and this
increase was not blocked by naloxone or nor-BNI.

Conclusions: These data comprise the first direct measures of ACh
release in PSTN and MoV and suggest synaptic disinhibition as one
possible mechanism by which morphine increases ACh release in the
trigeminal nuclei.
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THE PRINCIPAL SENSORY TRIGEMINAL NUCLEUS
(PSTN) IS ACOMPONENT OF THE TRIGEMINAL NUCLE-
AR COMPLEX THAT CONVEYS INFORMATION ABOUT
oral and facial sensations.'? Some patients with obstructive
sleep apnea have abnormal orofacial sensory processing, which
may contribute to development of apneas and hypopneas.® The
tooth-grinding movements of nocturnal bruxism are generated
by the trigeminal motor nucleus (MoV) and create jaw pres-
sures that are compatible with sleep only if sensory processing
is somehow diminished.*3

Sleep is disrupted by pain, and understanding neurotrans-
mission in PSTN and MoV is relevant for clinical manage-
ment of orofacial pain. For example, temporomandibular joint
disorder is characterized by chronic myofacial and jaw pain,
restricted range of jaw motion or jaw locking, and popping
jaw sounds. The sharp, recurring pain associated with trigemi-
nal neuralgia is also a challenge for pain management. Cancer
of the head and neck is the fifth most common type of cancer,®
and cancer pain is commonly managed with opioids. Unwant-
ed opioid side effects, including sleep disruption,” emphasize
the need for developing alternative or adjunctive drugs for
pain management.®’

Available evidence indicates a complex relationship between
acetylcholine (ACh), opioids, and sensorimotor processing by
the trigeminal nuclear complex. For example, recordings of
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trigeminal sensory neurons across states of rapid eye move-
ment (REM) sleep, non-REM (NREM) sleep, and wakefulness
have revealed suppression of sensory processing during REM
sleep.'® Furthermore, orofacial sensory processing also varies
as a function of sensory modality.!" There are reciprocal projec-
tions between the trigeminal motoneurons and regions of the
pontine reticular formation'? where ACh increases during REM
sleep.'*!'* Interestingly, ACh activates some and inhibits other
trigeminal sensory neurons."” These complexities, and the fact
that no previous studies have measured ACh release in PSTN
and MoV, encouraged the present study testing the hypothesis
that opioids alter ACh release in the trigeminal nuclear com-
plex. The results revealed that morphine increased ACh release
in both PSTN and MoV. Portions of these data have been pre-
sented in abstract form.'¢!”

METHODS
Animals, Chemicals, and Microdialysis Probes

All experiments followed the Public Health Service Policy
on Humane Care and Use of Laboratory Animals (NIH Pub-
lication 80-23, 1996) and were approved by the University of
Michigan Committee on Use and Care of Animals. Adult male
Wistar rats (mean weight =292 g; n = 53) were purchased from
Charles River Laboratories (Wilmington, MA). Animals were
housed in a temperature- and humidity-controlled room on a
12-h light/dark cycle and had free access to food and water.

Isoflurane was supplied by Hospira, Inc., (Lake Forest, IL).
Sigma-Aldrich (St. Louis, MO) was the source of chemicals
used for mobile phase, Ringer’s solution, ACh, and histology.
Naloxone hydrochloride, carbamyl-p-methylcholine chloride
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Figure 1—Acetylcholine (ACh) chromatography and localization
of principal sensory trigeminal nucleus (PSTN) microdialysis sites.
A. This schematic coronal diagram of the rat brainstem'® was modi-
fied to illustrate a dialysis probe placed in the PSTN (shaded area).
The dialysis membrane (black) is drawn to scale. Probes were per-
fused with Ringer’s solution (control) or drug solution through the
inlet tubing, and samples were collected from the outlet tubing for
quantification of ACh. B. A typical chromatogram illustrates elu-
tion of an ACh peak (arrow) and the excellent signal-to-noise ratio.
The area under the peak is proportional to the amount of ACh in the
sample. C. All 33 PSTN microdialysis sites are plotted as cylinders
on this series of coronal diagrams modified from a rat brain atlas."
Numbers at the top right of each coronal diagram indicate mm pos-
terior to bregma. Gray cylinders representing microdialysis probe
membranes are drawn to scale. D. Sagittal drawing of the rat brain
with vertical lines denoting the approximate anterior-to-posterior
extent of the PSTN dialysis sites. E. A cresyl violet-stained coronal
section with a black arrow pointing to the deepest part of the mi-
crodialysis site. Similar cresyl violet-stained sections were evalu-
ated to create the summary shown in part C.

(bethanechol), and [D-Ala2, N-Me-Phe4, Gly5-ol]-Enkephalin
acetate salt (DAMGO) also were obtained from Sigma-Aldrich.
Morphine sulfate was supplied by Hawkins Chemical, Inc.
(Minneapolis, MN). Nor-binaltorphimine (nor-BNI) and bicu-
culline came from Tocris Bioscience (Ellisville, MO), and tet-
rodotoxin was purchased from Calbiochem (La Jolla, CA). All
drug solutions used for microdialysis were made immediately
prior to use.
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Microdialysis probes (CMA/11) were purchased from CMA
Microdialysis (North Chelmsford, MA). The cuprophane mem-
brane was 1 mm long, 0.24 mm in diameter, and had a molecular
weight cutoff of 6000 Dalton. Dialysis probes were perfused con-
tinuously (2 uL/min) with Ringer's solution (147 pM NaCl, 2.4
uM CaCl,, 4.0 uM KClI, 10 uM neostigmine, pH 5.8-6.2) using
a CMA/400 syringe pump. Before and after each dialysis experi-
ment, in vitro recovery of ACh by the dialysis probe was quanti-
fied."® If recovery changed significantly in the same direction as
the drug-induced change in ACh, the data were discarded. This
procedure ensured that ACh release data were not confounded by
alterations in dialysis probe function. ACh recovery by probes
used for these studies averaged between 5.4% and 5.5%.

Procedures, Experiment Design, and Quantification of ACh

As has been previously described,'® rats were anesthetized in
a plexiglass chamber using isoflurane delivered in 100% oxy-
gen. Following the loss of righting response, rats were placed
in a small-animal stereotaxic frame (David Kopf Instruments,
Tujunga, CA), and isoflurane was delivered via a Kopf rat an-
esthesia mask. A Cardiocap/5 spectrometer (Datex-Ohmeda,
Madison, WI) provided a continuous measure of delivered iso-
flurane concentration, which was maintained at 1.5%. A rectal
thermometer, a T/Pump Heat Therapy System (Gaymar, TP-500
model, Orchard Park, NY), and a circulating water blanket were
used to hold core body temperature at 37°C. A midline scalp
incision exposed the skull and a craniotomy provided access to
the underlying brainstem. For PSTN experiments, microdialy-
sis probes were aimed 9.84 mm posterior to bregma, 2.95 mm
lateral to the midline, and 9.10 mm ventral to bregma'® (Figure
1A). The stereotaxic coordinates used to aim the dialysis probe
for the MoV were 9.5 mm posterior to bregma, 1.6 mm lateral
to midline, and 8.7 mm ventral to bregma."

Each rat was used for 1 experiment in a within-subjects de-
sign. Only 1 drug combination or 1 concentration of a single
drug was tested per experiment. Figure 2A illustrates ACh mea-
surement from a representative experiment. The present and
previous data'® demonstrate that ACh measures (25 pL/12.5
min) were stable within about 40 minutes after the dialysis
probe was placed in the brainstem. These initial 3 samples (Fig-
ure 2A, site checks) were used to confirm that ACh could be
measured from the brain region into which the dialysis probe
had been stereotaxically positioned. Continuing the 2 pL/min
microdialysis rate, we obtained 5 samples during dialysis with
Ringer's solution (control) followed by collection of 5 samples
during dialysis drug delivery (Fig 2A, Bethanecol).

For the present experiments, the PSTN was dialyzed with
Ringer's solution (control) followed by Ringer's solution con-
taining the sodium channel blocker tetrodotoxin (1 pM), the
muscarinic receptor agonist bethanechol (1, 10, and 100 uM),
the opioid receptor agonist morphine (1, 3, and 10 uM), mor-
phine (10 uM) in combination with the opioid receptor antago-
nist naloxone (I uM), morphine (10 uM) coadministered with
the kappa opioid receptor antagonist nor-BNI (1 uM), the mu
opioid receptor agonist DAMGO (10 uM), or the gamma amin-
obutyric acid (GABA) type A receptor antagonist bicuculline
(300 uM). For the MoV experiments, samples were obtained
during dialysis with Ringer's solution (control) followed by
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Figure 2—Acetylcholine (ACh) release in the principal sensory
trigeminal nucleus (PSTN) was increased during dialysis deliv-
ery of bethanechol or morphine. A. Time course of a single, rep-
resentative, microdialysis experiment quantifying ACh release
in PSTN during dialysis with Ringer’s solution (control) fol-
lowed by dialysis delivery of the muscarinic cholinergic agonist
bethanechol. One rat was used for each experiment, and, for a
given experiment, the 5 ACh values associated with the Ringer’s
solution condition were averaged together to provide mean con-
trol ACh levels. Similarly, the 5 ACh values measured during di-
alysis drug delivery were averaged together to obtain mean drug-
induced ACh levels. Multiple animals were tested for each drug
concentration. These data were averaged together, and inferential
statistics were used to evaluate the hypothesis that ACh release
varied as a function of drug concentration. B. Group data showing
that bethanechol caused a significant (*) concentration-dependent
increase in PSTN ACh release. Each concentration of bethanechol
was delivered to the PSTN of 3 rats. C. Dialysis delivery of mor-
phine to the PSTN significantly (*) increased ACh release. Each
concentration of morphine was tested using 3 animals.
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dialysis with Ringer's solution containing morphine (10 puM),
morphine (10 pM) in combination with either 1 uM or 10 uM
naloxone, morphine (10 pM) coadministered with nor-BNI (1
uM), or nor-BNI alone (1 pM).

ACh in microdialysis samples was quantified by high perfor-
mance liquid chromatography with electrochemical detection
(HPLC-ECD), and these procedures have been described. 82022
Figure 1B shows a typical HPLC chromatogram generated from
a sample collected during dialysis of the PSTN with Ringer’s
solution (control).

Data Analyses

The anatomic location of each dialysis probe was identified
histologically to ensure that all measures of ACh were obtained
from either the PSTN or MoV. Two to 3 days after the ACh
measures were obtained, the rats were deeply anesthetized with
isoflurane and decapitated. The brains were removed and frozen
for histologic processing. The brainstem was cut into 40 micron
coronal sections using a Leica CM3050S cryostat (Leica Mi-
crosystems, Nussloch, Germany). Brain sections were serially
collected, mounted on glass slides, and stained with cresyl vio-
let. Each slide was examined microscopically and compared to
a rat brain atlas.' This made it possible to identify the glial scar
localizing the dialysis site (Figure 1E) relative to the boundar-
ies of the PSTN (Figure 1A) and MoV (Figure 4A). The sum-
maries of microdialysis sites (Figures 1 and 4) illustrate that
stereotaxic placement of the dialysis probe was considered a
success only if at least 50% of the final 1 mm of the glial scar
was within the boundaries of the PSTN or MoV. Neurochemical
data from experiments that did not satisfy this criterion were
not included in this report.

The effects of drugs delivered by microdialysis to PSTN or
MoV on local ACh release were analyzed using descriptive and
inferential statistics (GBStat™v.6.5.6, Dynamic Microsystems,
Inc., Silver Spring, MD) and Statistical Analysis System v9.1.3,
(SAS Institute, Inc., Cary, NC). One-way analysis of variance
(ANOVA) for repeated measures and Dunnett's posthoc mul-
tiple comparisons test or Student's t-test were used to determine
whether administered drugs altered ACh release. For the base-
line condition (Ringer's solution) of a given experiment, the
mean ACh value during dialysis with Ringer's solution minus
the ACh value from each dialysis sample, divided by the mean,
provided an index of sample variability. The ACh release data
are plotted as mean + SD, and a P-value of < 0.05 was consid-
ered statistically significant.

RESULTS

Only ACh measures obtained from dialysis probes that were
histologically confirmed to have been placed in the PSTN or
MoV were included in the results reported below. Figure 1C
plots the location of the PSTN dialysis sites. Average + SD ste-
reotaxic coordinates for the PSTN sites were 9.88 + 0.21 mm
posterior to bregma, 2.97 + 0.15 mm from the midline, and 9.06
+ 0.14 mm below the skull surface. The mean + SD stereotaxic
coordinates for MoV sites (Figure 4A) were 9.55 + 0.23 mm
posterior to bregma, 2.02 + 0.23 mm from the midline, and 8.58
+ (0.28 mm below the skull surface.
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Figure 3—Non-mu opioid and GABA | receptors modulate acetyl-
choline (ACh) release in the principal sensory trigeminal nucleus
(PSTN). A. The significant (*) increase in PSTN ACh release
caused by morphine (MSO,) was not blocked by the opioid antago-
nist naloxone (MSO, + Nal) but was blocked by coadministration
of the kappa opioid antagonist nor-binaltorphimine (MSO, + nor-
BNI). B. Relative to control (dialysis with Ringer’s solution), the
GABA, receptor antagonist bicuculline significantly (*) increased
ACh release in the PSTN. The data in A and B were obtained from
12 rats, and each drug condition summarizes results from 3 rats.

Tetrodotoxin Delivered to the PSTN Significantly Decreased
PSTN ACh Release and Bethanechol Caused a Concentration-
dependent Increase in PSTN ACh Release

To evaluate whether PSTN ACh measured by microdialysis
reflects synaptic release, initial experiments delivered tetrodo-
toxin to the PSTN while measuring ACh. Tetrodotoxin signifi-
cantly (t=5.2; df=4; P<0.01) decreased (66%) ACh in PSTN,
indicating action potential-dependent release (data not shown).

PSTN contains cholinergic terminals's as well as musca-
rinic receptors,” and the second set of experiments was de-
signed to quantify the effects of a cholinergic agonist on PSTN
ACh release. Microdialysis delivery of the muscarinic agonist
bethanechol to the PSTN caused a statistically significant (F =
40.8; df = 3, 86; P < 0.0001) concentration-dependent increase
in PSTN ACh release (Figure 2B). Dunnett’s analysis indicated
a statistically significant (P < 0.01) increase in ACh caused by
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dialysis with 10 uM and 100 pM bethanechol, compared with
control (0 uM bethanechol).

Microdialysis Delivery of Morphine to PSTN Increased ACh
Release in PSTN

Dialysis administration of morphine to the PSTN caused a
statistically significant (F = 5.2; df = 3, 86; P = 0.002) concen-
tration-dependent increase in PSTN ACh release (Figure 2C).
Dunnett’s test revealed that dialysis with 10 uM of morphine
significantly (P < 0.01) increased ACh release over control (0
uM morphine) levels.

The opioid receptor antagonists naloxone and nor-BNI each
were administered to the PSTN in combination with morphine
in an effort to identify the opioid receptor subtype by which
morphine increased PSTN ACh release. Figure 3A illustrates
that dialysis with morphine (10 uM) plus naloxone (1 uM) did
not block the morphine-induced increase in PSTN ACh release.
In contrast, dialysis with morphine (10 pM) plus the kappa opi-
oid antagonist nor-BNI (1 uM) did block the morphine-induced
increase in PSTN ACh release (Figure 3A). As an additional
test of the possibility that the morphine-induced increase in
PSTN ACh release was not mediated by mu opioid receptors,
the selective mu opioid receptor agonist DAMGO (10 uM) was
administered by dialysis into the PSTN. DAMGO did not alter
PSTN ACh release (data not shown).

The finding that PSTN ACh release was increased by
bethanechol and morphine (Figure 2) raised the question of
whether muscarinic and opioid receptor activation increased
ACh release via disinhibition. Opioids have been shown to in-
crease dopamine release in some brain regions by inhibiting the
output of inhibitory GABAergic interneurons.”* The potential
role of GABAergic disinhibition in PSTN was investigated by
dialysis delivery of the GABA, receptor antagonist bicuculline.
Figure 3B shows that ACh release in PSTN was significantly (t
=2.96; df =4; P <0.01) increased (108%) by local administra-
tion of bicuculline.

Microdialysis Delivery of Morphine to MoV Increased ACh
Release in MoV

Figure 4B shows that, as in PSTN, dialysis with morphine
(10 pM) caused a statistically significant (27%) increase in MoV
ACh release (t = 2.3, df = 48, P = 0.03). Naloxone (1 uM) plus
morphine (10 uM) did not block the increase in MoV ACh re-
lease (data not shown). Increasing the concentration of coadmin-
istered naloxone to 10 uM failed to block the morphine-induced
increase in MoV ACh release (data not shown). Unlike the ef-
fects in PSTN, coadministration of the kappa antagonist nor-BNI
(1 uM) plus morphine (10 uM) into MoV of 3 animals caused
an average 79% increase in ACh release. Additional experiments
(n = 4) revealed that dialysis with 1 pM nor-BNI alone caused
a statistically significant (61%) increase in MoV ACh release,
compared to Ringer’s control ( t=3.95, df =6, P=0.001).

DISCUSSION

These experiments provide the first microdialysis measures
of ACh release in the PSTN and MoV of Wistar rat. After a
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Figure 4—Microdialysis delivery of morphine to the trigeminal
motor nucleus (MoV) increased acetylcholine (ACh) release. A.
Coronal brainstem diagrams modified from a rat brain atlas' are
used to illustrate dialysis probe placement in MoV (shaded area).
Numbers at the top right of each diagram indicate mm posterior to
bregma. Dialysis probe membranes are drawn to scale as gray cyl-
inders. B. Morphine increased ACh release compared to Ringer’s
solution (control). ACh was measured in 5 animals.

brief consideration of methodologic limitations, the results are
discussed in relation to the effects of opioids on cholinergic
neurotransmission within the trigeminal nuclear complex.

Methodologic Considerations and Limitations

In vivo microdialysis has revolutionized measurement of
endogenous neurotransmitters.”2?* When neurotransmitter mea-
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sures are combined with dialysis drug delivery, concentration-
response and antagonist-blocking experiments can unmask
presynaptic and postsynaptic receptor actions and can even
identify the receptor subtypes mediating those actions.?*7-2* Ef-
forts to characterize drug effects on endogenous neurotransmit-
ters using in vivo microdialysis also must confront a number of
methodologic limitations. As noted elsewhere,'8223%3! dialysis
delivery of morphine concentrations greater than 10 pM in-
terferes with electrochemical detection of ACh. Therefore, the
present studies of ACh release in PSTN and MoV had an upper
concentration limit of 10 pM morphine. Another limitation of
microdialysis, compared with microinjection, is that the actual
nanogram amount of drug delivered to the brain by microdi-
alysis can only be estimated. As noted in the Methods section,
CMA/11 microdialysis probes have a 6000 Dalton cutoff that
limits both analyte recovery and drug delivery. Percentage
probe recovery was calculated for every dialysis probe used in
this study and probe recoveries averaged about 5%. In addition
to limiting ACh recovery, this fact means that only about 5% of
the drug concentrations used to perfuse the dialysis probe were
delivered to the brain.”® The present study was limited to a fo-
cus on ACh, and it should be clear that the chemical identity of
PSTN and MoV neurons is heterogeneous and complex.*>** In
addition, the trigeminal nuclear complex is comprised of many
subdivisions,*-¢ and the spatial resolution of all microdialysis
studies is limited by dialysis probe size.”® For all microdialysis
studies, the small size of the brainstem nuclei relative to the size
of currently available microdialysis probes is a limitation. Con-
sistent with other studies,'®*” when histologic analyses revealed
that less than 50% of the dialysis probe had been positioned
within the PSTN or MoV (Figures 1 and 4), the ACh data were
not included in the analyses.

ACh Release was Decreased by Tetrodotoxin and Increased by
Bethanechol

Tetrodotoxin is a sodium channel blocker®® that eliminates
the propagation of action potentials. Thus, the decreased ACh
caused by tetrodotoxin indicates that ACh measured by mi-
crodialysis reflected action potential-dependent release, rather
than changes in ACh turnover. This finding is consistent with re-
sults of previous studies demonstrating tetrodotoxin-confirmed
ACh release in pontine reticular formation regions adjacent to
trigeminal nuclear complex.?!

Electrophysiologic data demonstrate that cholinergic re-
ceptor agonists and antagonists alter the excitability of PSTN
neurons."® Using a brain slice preparation, current-voltage data
were obtained from PSTN neurons before and after bath ap-
plication of the mixed (nicotinic and muscarinic) cholinergic
agonist carbachol.” Carbachol evoked changes in current flow
from PSTN neurons that were either inward (depolarizing), out-
ward (hyperpolarizing), or biphasic (hyperpolarizing followed
by depolarizing)."> These studies next sought to determine
which subtype of muscarinic receptor caused the carbachol-
evoked changes in current. There are 5 subtypes of muscarinic
cholinergic receptors (M1 thru M5), and a challenge for efforts
to specify the functional role of these receptors is the present
lack of antagonists that are highly selective for only a single
muscarinic receptor subtype.?’** By systematically combining
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a cholinergic agonist with a range of cholinergic antagonists,
one can make inferences regarding muscarinic receptor sub-
type mediation of the agonist-evoked response. The antagonist
blocking experiments supported the conclusion that M1 recep-
tors mediate the depolarizing currents and that M2 receptors
mediate the hyperpolarizing currents recorded from PSTN
neurons.” These elegant experiments focusing on individual
neurons clearly demonstrate the complex synaptic organization
within the PSTN.

In contrast to the study of single neurons, the limited spa-
tial resolution of microdialysis®**® makes it an ideal technique
for evaluating the overall effect of a drug on a population of
neurons. Therefore, the present study was designed to deter-
mine whether dialysis delivery of the purely muscarinic re-
ceptor agonist bethanechol to PSTN alters ACh release in the
PSTN. Bethanechol caused a concentration-dependent increase
in PSTN ACh release (Figure 2A). Muscarinic receptors are
present in trigeminal nucleus,” and immunostaining stud-
ies have identified cholinergic terminals in PSTN and MoV."s
PSTN contains M1 and M2 subtypes of muscarinic receptors,'
and activation of M2 receptors by the mixed cholinergic ago-
nist carbachol hyperpolarizes PSTN neurons.” If GABAergic
neurons in the PSTN express M2 muscarinic receptors, agonist
binding to these receptors would cause hyperpolarization, re-
sulting in removal of GABAergic inhibition. Previous studies
in rat have shown that muscarinic receptors can inhibit release
of GABA.* The results shown in Figure 2A support and extend
results obtained from brain slice preparations'® by showing that
dialysis delivery of the muscarinic agonist bethanechol to the
PSTN increases the release of endogenous ACh within PSTN.
The finding that bethanechol enhances ACh release in PSTN
has functional implications for the neurobiology of sleep and
breathing. Microinjection of bethanechol into adjacent regions
of the pontine reticular formation causes a greater than 360%
increase in the REM sleep-like state and a 37% decrease in
minute ventilation.*! This is consistent with evidence that the
excitability of some trigeminal neurons is depressed'®!** dur-
ing REM sleep, a time when cholinergic tone in the pontine
reticular formation is high.*

Morphine Increased PSTN ACh Release by Actions at Non-Mu
Opioid Receptors

The antinociceptive actions of opioids result from binding
to presynaptic and postsynaptic receptors and decreasing excit-
ability of neurons comprising pain pathways.* Morphine can
exert analgesic effects by binding to mu opioid receptors. How-
ever, morphine also binds in a concentration-dependent manner
to other opioid receptor subtypes.* An additional complexity
for efforts to elucidate opioid effects on cholinergic neurotrans-
mission is that multiple receptor systems modulate morphine-
induced alterations in ACh release.*® In the present study, the
morphine-induced increase in ACh release within PSTN and
MoV was not blocked by naloxone (Figure 3A). The morphine-
induced increase in PSTN ACh release was blocked by the kap-
pa opioid receptor antagonist nor-BNI.

By what mechanism might morphine cause an increase in
ACh release in both PSTN and MoV? Morphine can increase
neurotransmitter release by a disinhibitory process that involves
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hyperpolarizing inhibitory interneurons.” Anatomic data dem-
onstrate that opioid and GABA  receptors are coexpressed in
the mesencephalic trigeminal nucleus of rat brain.*’ The finding
that dialysis delivery of the GABA  receptor antagonist bicuc-
ulline increased ACh release (Figure 3B), considered together
with the morphine-induced increase in ACh release in PSTN
and MoV, suggests but does not prove GABAergic modulation
of ACh release via disinhibition. This possibility is supported
by immunohistochemical data that provide conclusive evidence
for the presence of GABAergic interneurons in MoV.* The
finding that nor-BNI blocked the morphine-induced increase in
PSTN ACh release suggests the possibility that morphine ex-
erts its effects by activating kappa opioid receptors localized
to GABAergic neurons or terminals within PSTN. The pres-
ent data cannot explain the inability of naloxone or nor-BNI
to block the morphine-induced increase in MoV ACh release.
The results are novel, however, in demonstrating differences
between two functionally interacting nuclei within the trigemi-
nal nuclear complex.

Summary and Potential Clinical Relevance

Simultaneous ACh measurement and dialysis drug delivery
to the trigeminal nuclear complex produced three novel find-
ings. (1) The ACh measures represent action potential-depen-
dent release, and dialysis delivery of the muscarinic agonist
bethanechol to the PSTN caused a concentration-dependent
increase in ACh release within the PSTN. (2) Dialysis delivery
of morphine to the PSTN caused a concentration-dependent,
naloxone-resistant increase in ACh release that was blocked by
nor-BNI. The same concentration of morphine that increased
ACh release in PSTN also increased ACh release in MoV.
The morphine-induced increase in MoV ACh release was not
blocked by naloxone or nor-BNI. (3) The GABA  receptor an-
tagonist bicuculline increased ACh release in PSTN, suggesting
that the morphine-induced increase in ACh release may be me-
diated, in part, by disinhibiting GABAergic input.

Trigeminal neurochemical transmission is functionally rel-
evant for sleep because trigeminal sensorimotor processing
modulates breathing and because sleep is disrupted by both
orofacial pain and opioid treatment of pain. State-dependent
hypotonia of tongue and upper airway muscles associated with
sleep and opioid use can contribute to oropharyngeal obstruc-
tion. Clinical evidence that abnormal orofacial sensory pro-
cessing can exacerbate apneas® fits well with data showing that
PSTN neurons project to the hypoglossal nucleus.* The present
finding that morphine increases ACh release in PSTN and MoV
is consistent with evidence that morphine also increases ACh
release in hypoglossal nuclei.’® Thus, morphine significantly
enhances cholinergic neurotransmission in two cranial nerve
nuclei that regulate upper airway patency.

Opioids are extensively and safely used for pain manage-
ment yet there is an unmet need for developing opioids that
are selective for receptor subtypes and that lack unwanted side
effects.’ Sleep disruption is a major complaint of patients expe-
riencing pain® and opioids significantly disrupt normal sleep.’
Clinically relevant doses of opioids increase light NREM sleep
(stage 2), decrease deep sleep (stage 4 NREM), and decrease
REM sleep.’'¢ Opioids also blunt wakefulness and slow the
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cortical electroencephalogram.’”! Sleep loss and restriction re-
duce emotional and physical well-being® and intensify pain.®*¢’
Thus, pain and opioids disrupt sleep, and sleep disruption en-
hances perception of painful stimuli. The need for a mecha-
nistic understanding of opioid action is further emphasized by
evidence that only 40% of the more than 50 million Americans
who have chronic pain can obtain adequate relief® and by the
21 million people in the US who, each year, have operations
that require management of acute pain.*

The potential clinical relevance of trigeminal cholinergic
neurotransmission also is emphasized by many lines of evi-
dence suggesting cholinergic drugs as candidates for adjunctive
treatment of pain. Data obtained from clinical”®’ and preclini-
cal”® studies concur that cholinomimetics can decrease noci-
ception. Muscarinic cholinergic receptors have been localized
to PSTN®-% and the adjacent oral and caudal pontine reticular
nuclei®** where ACh release is increased during REM sleep.'*
REM sleep is characterized by primary afferent depolariza-
tion and depressed neuronal excitability involving presynaptic
and postsynaptic inhibition in the trigeminal nuclear complex.?
Application of muscarinic receptor antagonists to PSTN neu-
rons alters the excitability of PSTN neurons.'s Thus, the data
obtained from a brain slice preparation' are supported by the
present finding that dialysis delivery of bethanechol to the
PSTN increased ACh release (Figure 2A). The additional dis-
covery that morphine increased ACh release in PSTN (Figure
2B) suggests that some of the antinociceptive actions of mor-
phine on orofacial pain may be cholinergically mediated. This
possibility is testable, and the present data encourage future
studies designed to determine whether supraspinal cholinergic
neurotransmission can modulate nociceptive processing by the
trigeminal nuclear complex.
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