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Antinociceptive Effects of Spinal Cholinesterase
Inbibition and Isobolographic Analysis of the

Interaction with u and o, Receptor Systems
Mohamed Naguib, M.B., B.Ch., M.Sc., F.F.A.R.C.S.l., M.D.,* Tony L. Yaksh, Ph.D.t

Background: Spinal cholinergic receptors have been shown
to have a potent antinociceptive action, an effect that can be
mimicked by spinal cholinesterase inhibitors. We (1) char-
acterized the cholinergic receptor system through which in-
trathecally applied cholinesterase inhibitors produce their
antinociceptive effect and (2) examined their interaction with
spinal p opioid and «ay-adrenergic receptors.

Methods: Rats were prepared with chronic intrathecal cath-
eters and the nociceptive threshold was assessed by the use
of the radiant heat-evoked hind paw withdrawal.

Results: Spinal administration of neostigmine, edrophonium,
carbachol, clonidine, and morphine produced a dose-depen-
dent increase on the thermally evoked hind paw withdrawal
latency. The order of potency (dose producing a 50% effect,
in nanomoles) was morphine (1.1) = neostigmine (1.2) > clo-
nidine (4.4) > carbachol (15) >> edrophonium (112). Spinal
pretreatment with atropine (35 nmol) attenuated the anti-
nociceptive effect of intrathecal carbachol (55 nmol), neo-
stigmine (15 nmol), and edrophonium (500 nmol) but did not
affect the potency of intrathecal morphine (15 nmol) or clo-
nidine (435 nmol). In addition, intrathecal pretreatment with
naloxone (31 nmol) and yohimbine (28 nmol) attenuated the
effects of intrathecally administered morphine and clonidine,
respectively, but did not significantly affect the potency of
carbachol, neostigmine, or edrophonium. The nicotinic re-
ceptor antagonist mecamylamine (60 nmol) did not affect
thermal nociception. Isobolographic analysis revealed a syn-
ergistic interaction after the coadministration of neostigmine—
clonidine (P < 0.001), edrophonium-clonidine (P < 0.0001),
and edrophonium-morphine (P < 0.01) mixtures. Neostig-
mine-morphine exhibited simple additivity.

Conclusions: These data indicate that analgesia after spinal
cholinesterase inhibition is mediated through muscarinic, but
not nicotinic cholinergic, opioid, or a,-adrenergic receptor
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systems, and that these spinal effects of cholinesterase inhi-
bition interact synergistically with the antinociceptive effects
of intrathecal y and o, agonists. (Key words: Antagonists, ace-
tylcholinesterase: edrophonium; neostigmine. Interaction
(drug), analysis: isobologram. Receptors, spinal cord: a,-ad-
renergic; muscarinic; nicotinic.)

SPINAL injection of cholinergic agonists produces a
dose-dependent antinociception in rats'™ and cats'
mediated by a spinal muscarinic receptor. The mech-
anism of this muscarinically mediated antinociceptive
effect is not known, but receptor autoradiography has
identified significant densities of cholinergic binding
found in the human and animal spinal cord®-® with
significant muscarinic binding in the substantia gela-
tinosa (laminae II and IIT) of the dorsal horn.”'° Rhi-
zotomies have been shown to significantly, but not
completely, reduce the levels of muscarinic binding
in the spinal dorsal horn.'"'? Such observations are
consistent with the possibility that spinal cholinergic
systems may act to inhibit transmitter release from sen-
sory neurons. In fact, such mechanisms have been pos-
tulated for a variety of spinal receptor classes, such as
the p and d opioid and «; types, known to selectively
alter pain behavior (see Hua et al.'® for references).

These cholinergic receptors are acted upon by ace-
tylcholine released from endogenous cholinergic ter-
minals. Acetylcholine,'® choline acetyltransferase'*'¢
and acetylcholinesterase'” have been identified in the
spinal, dorsal, and ventral cords. Retrograde transport
studies have failed to show brainstem cholinergic neu-
rons projecting to the spinal cord.'® This suggests that
the spinal cholinergic terminals, particularly those
within the dorsal horn, are associated with local inter-
neuronal systems.

The potent analgesic actions of intrathecal muscarinic
agonists and the presence of intrinsic cholinergic ter-
minals raise the possibility that these endogenous sys-
tems play a role in modulating nociceptive transmis-
sion. Although the spinal delivery of atropine appears
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at best to result in only a modest hyperalgesia,’ > it is
possible that a lack of evident tonic activity hinges on
the rapid hydrolysis of acetylcholine resulting from lo-
cal acetylcholinesterase. Consistent with this obser-
vation, it has been reported that the spinal delivery of
physostigmine can augment the effects of exogenous
acetylcholine’ and alone will elevate nociceptive
thresholds in rats*'? and sheep.? The nature of this
interaction has not been completely characterized.
Thus, some evidence indicates that cholinergic systems
may be involved in the analgesic action of opioids.?"??
Further, an interaction between the spinal a,-adren-
ergic and cholinergic systems has been demonstrated
in rats and humans.'?2 Nevertheless, the characteristics
and pharmacology of the interaction between the spinal
cholinergic, «, and u opioid receptor systems have not
been defined. In the current study, we examined the
antinociceptive properties of two cholinesterase in-
hibitors and sought to characterize their pharmacology.
In addition, systematic studies were carried out to de-
termine the characteristics of the interaction (linear or
nonlinear) between the spinal cholinergic, a, and
receptor systems.

Materials and Methods

The following investigations were carried out under
a protocol approved by the Institutional Animal Care
Committee, University of California, San Diego.

Animal Preparation

Male Sprague-Dawley rats (250-300 g; Harlan In-
dustries, Indianapolis, IN) were housed in group cages
with two or three rats and maintained on a 12 h light/
12 h dark cycle. Animals had free access to food and
water at all times. Chronic intrathecal catheters were
implanted under halothane anesthesia according to a
modification of the method described by Yaksh and
Rudy.? Briefly, after the surgical area was shaved and
blotted with povidone-iodine (Betadine), the atlan-
tooccipital membrane was exposed and a polyethylene-
10 catheter was advanced through an incision in the
membrane to a position 9 cm caudal to the cisterna at
the level of the lumbar enlargement. The catheter was
externalized on the top of the skull and sealed with a
piece of steel wire. The wound was closed with 3-0
silk sutures. Rats showing neurologic deficits postop-
eratively were killed immediately. After implantation
of intrathecal catheters, rats were housed in individual
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stainless steel cages. Intrathecal injection studies were
carried out 5-7 days after surgery and the animals were
used two or three times in an experimental series. To
eliminate the residual effects of the drug, an interval
of 3-5 days was allowed to elapse between studies.

Intratbecal Drugs and Injection

The following drugs were used in the study: neostig-
mine methylsulfate (209.3 Da; International Medica-
tion Systems, South El Monte, CA), edrophonium
chloride (201.7 Da; Sigma Chemical, St. Louis, MO),
morphine sulfate (668.8 Da; Merk & Co., West Point,
PA), clonidine hydrochloride (230.1 Da; Research
Biochemicals, Natick, MA), carbamylcholine chloride
(carbachol) (182.7 Da; Sigma), atropine sulfate (289.4
Da; Sigma), mecamylamine (167.29 Da; Sigma), nal-
oxone hydrochloride (327.37 Da; Du Pont Pharma-
ceuticals, Garden City, NY), and yohimbine (354.43
Da; Sigma). Intrathecal administration of these drugs
was accomplished using a hand-driven, gear-operated
syringe pump. All drugs were injected in a total volume
of 10 ul followed by 10 pl saline to flush the catheter.
Yohimbine was prepared by dissolving it in 5% hy-
droxypropyl-B-cyclodextrin (Research Biochemicals,
Natick, MA). Other drugs were routinely dissolved with
physiological saline.

Nociceptive Threshold

The hind paw thermal nociceptive threshold was
measured with a device similar to that previously re-
ported.?® The rats were placed in a clear plastic cage
(10 ¢cm/20 cm) on an elevated floor of clear glass (2
mm thick). A radiant heat source (halogen projector
lamp CXL/CXP 50W 8V, Ushio, Tokyo, Japan) was
contained in a movable holder placed beneath the glass
floor. The radiant heat source’s aperture was 4 mm in
diameter, and bulb intensity was controlled by a con-
stant voltage source. To reduce the variability, the in-
terior of the box under the animal was prepared with
a heat source such that the under-plate temperature
was regulated to 30°C. The calibration of the thermal
test system was such that the average response latency
in normal untreated rats, measured before the initiation
of an experimental series, was approximately 10 s. To
initiate a test, the rat was placed in the box and allowed
5-10 min for adaptation. The under-floor heat source
was then positioned such that it focused at the plantar
surface of one hind paw where it was in contact with
the glass. Care was taken not to focus the light source
on the skin that was off of the glass plate. The light was
then activated; activation of the light initiated a timing
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circuit. The time interval between the application of
the light beam and the brisk hind paw withdrawal re-
sponse was measured to the nearest 0.1 s. Cut-off time
in the absence of a response was 20 s. This value was
then assigned as the response latency.

Study Paradigm

In all experiments, response latencies were determined
twice for each rat before any drug injection and at 5, 10,
15, 30, 60 and 90 min after intrathecal injection.

Agonist Study. The first series of experiments de-
fined the dose-dependency and time-response curves
of intrathecally administered neostigmine (15, 4.8, 1.4
and 0.5 nmol), edrophonium (500, 185 and 50 nmol),
carbachol (55, 16.4 and 5.5 nmol), morphine (15,
4.5, 1.5 and 0.4 nmol) and clonidine (435, 130, 26,
13 and 4.3 nmol).

Antagonist Study. The effect of the antagonists
(atropine 35 nmol, mecamylamine 60 nmol, naloxone
31 nmol, and yohimbine 28 nmol) was determined for
each agonist. Doses of antagonists were chosen based
on previous studies with respective agents.'**?7% In
these experiments, an antagonist was injected intrathe-
cally, followed 3 min later by the just maximally ef-
fective dose of each agonist, as defined in the imme-
diately preceding study. Response latencies were de-
termined 5 min after the agonist injection.

Isobolographic Analysis. To define the nature of
the interaction between the drug classes, an equal dose
ratio isobolographic analysis was undertaken. In this
method, the dose producing a 50% effect (EDs,) is de-
fined separately for each drug. The respective EDs, val-
ues of each drug are then administered concurrently.
Subsequently, fractions (1/2, 1/4, 1/8, and 1/16) of
this dose combination are delivered, and the fractional
dose combination that produces a 50% effect is deter-
mined. In the current study, the isobolograms were
used to characterize the effect of neostigmine—mor-
phine (u agonist), neostigmine~clonidine («, agonist),
edrophonium~morphine, and edrophonium~clonidine
combinations.

Statistics

From the peak effect of the particular agent, dose~
response curves, plotting percent maximal possible ef-
fect versus log dose, were obtained. In addition, the
time course for the peak effect expressed as the area

¥ Khan 1, Taylor P, Yaksh T: Unpublished observations.

Anesthesiology, V 80, No 6, Jun 1994

under the time-response curve was calculated by a
trapezoidal rule. The percent maximal possible effect
was calculated as ([postdrug latency — baseline la-
tency]/[cutoff time (20 s) — baseline latency]) X 100.

Analyses of the dose-response curves and statistics
were obtained using the pharmacologic software pro-
grams of Tallarida and Murray®® and included calcu-
lation of the EDs, values and their 95% confidence in-
tervals (CI). Other comparisons between groups were
carried out with a one-way analysis of variance and a
Newman-Keul multiple-range test. Differences yield-
ing critical values corresponding to P < 0.05 were
considered statistically significant.

Isobolographic analysis for drug~drug interaction
was conducted according to the procedure of Tal-
larida et al.?® This analysis has the advantage of being
independent of the slopes of the dose-response
curves; Z.e., parallelism does not have to be estab-
lished. The isobolograms were constructed by plot-
ting single-drug EDs, points on the dose coordinates
of the isobologram, and a combined EDs, point in
the dose field. A straight line joining the single-drug
EDs, points is termed the “‘additive line.”’ If the EDs,
of a combination falls on the theoretical additive line,
the effect of the drug mixture is additive. Points to
the left of the theoretical additive line would be con-
sistent with a synergistic interaction, whereas points
to the right of the line would indicate a subadditive
or antagonistic interaction. Cls for each point were
calculated from the variances of each component
alone. The CIs were evaluated for statistical signifi-
cance with a Student’s ¢ test.

To define the type of interaction between the anti-
cholinesterase agent/u (or a;) agonist, an algebraic
(fractional) method of drug interaction (at EDs, level)
was used.”® The algebraic analysis was based on the
expression of the component doses of the two agents
given jointly as fractions of the doses that produce the
same effect when given separately. The sum of the frac-
tional doses, as expressed by the following equation,
indicates the type of interaction:

da/Da + db/Db,

where Da and Db = the EDs, values of agents a and b
given alone, and da and db = the doses of a and b that,
when combined, are equipotent with Da or Db. Values
near 1 indicate additive interaction, values greater than
1 imply an antagonistic interaction and values less than
1 indicate a synergistic interaction.
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Fig. 1. Log dose~response curves for the effects of intrathecally
administered morphine, neostigmine, clonidine, carbachol,
and edrophonium on the thermal nociceptive threshold. The
response is presented as maximal possible effect (¥MPE) versus
log dose in nanomoles. Each point on the graph represents
the mean + standard error of the mean for four to six rats.

Results

Dose-Response Analysis
Intrathecal administration of neostigmine, edrophon-
fum, carbachol, clonidine and morphine resulted in a

dose-dependent increase in the thermal response latency
(fig. 1). The calculated intrathecal EDs, values and its
95% Cls are presented in table 1. The rank order of
potency (and EDsq) was: morphine (1.1 nmol) = neo-
stigmine (1.2 nmol) > clonidine (4.4 nmol) > car-
bachol (15 nmol) >> edrophonium (112 nmol) >> 0.

Time Course

Figure 2 displays the time course of the antinocicep-
tive affects produced by each agent at the maximum
dose examined in the absence of an antagonist. All drugs
displayed the onset of peak effects within 5 (neostig-
mine, edrophonium, carbachol) to 15 (clonidine,
morphine) min. As indicated, the duration of action of
approximately equiactive concentrations was greater
than 90 min for morphine and clonidine, 60 min for
neostigmine and carbachol, and 45 min for edrophon-
ium (fig. 2).

Intratbecal Antagonists

The antinociceptive effects of intrathecal neostigmine
(15 nmol), edrophonium (500 nmol) and carbachol
(55 nmol) were antagonized by pretreatment with

Table 1. EDs, Values and 95% CI for Intrathecally Administered Neostigmine, Edrophonium, Morphine, and Clonidine Alone

and in Combination in a Fixed-Dose Ratio

Edrophonium
Component
Neostigmine Component Morphine Component Clonidine Component
Intrathecal Sum of
Fraction Intrathecal Fraction Dose Fraction Intrathecal Fraction Intrathecal EDgo
Group of EDsq Dose (nmol) of EDgg (nmol) of EDgo Dose (nmol) of EDg Dose (nmol) Fractions
Single-drug study
NEO 1.00 1.2 _ _ 1.00
{0.5-3.0) - - -
ED 1.00 112 _ 1.00
- - (77-162) - - -
MOR 1.00 11
- - - - (0.5-2.0) - - 1.00
CLON 1.00 4.4
- - - - - - (1.4-14) 1.00
Interaction studies
NEO + MOR 0.39 0.46 _ 0.40 0.44 _ _ 0.79
(0.36-0.56) (0.35-0.53) )
NEO + CLON 0.29 0.34 . . _ 0.29 13 0.58
(0.31-0.38) (1.2-1.4) '
ED + MOR _ . 0.29 32 0.32 0.35 _ _ 0.61
(26-40) (0.27-0.42) ’
ED + CLON _ _ 0.08 9 . __ 0.08 0.34 0.16
(7.0-10) (0.29-0.39) '

NEO = neostigmine; ED = edrophonium; MOR = morphing; CLON = clonidine.
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Fig. 2. The time course of the antinociceptive effects (percent
maximal possible effect [%MPE]) of intrathecally administered
neostigmine (15 nmol), carbachol (55 nmol), and edropho-
nium (500 nmol) (f0p) and morphine (15 nmol) and clonidine
(435 nmol) (bottom) in rats. Each point represents the mean
+ standard error of the mean for four to six rats.

atropine (35 nmol) (fig. 3). This dose of atropine had
no effect when administered alone (data not shown).
Pretreatment with the intrathecal nicotinic receptor
antagonist mecamylamine (60 nmol), the p-receptor
antagonist naloxone (31 nmol) or the ay-adrenergic
receptor antagonist yohimbine (28 nmol) did not affect
the thermal latency of neostigmine, edrophonium or
carbachol. Naloxone and yohimbine were effective only
in antagonizing the respective effects of morphine and
clonidine, respectively (fig. 4).

Isobolographic Analysis

Figure 5 represents the neostigmine dose-response
curves with and without the addition of morphine or
clonidine in a fixed ratio of the individual EDs, dose,
the neostigmine-morphine and the neostigmine—clo-
nidine isobolograms. The experimentally determined
mixture EDsq (and CI) was 0.46 (0.36-0.56) nmol for
neostigmine and 0.44 (0.35-0.53) nmol for morphine.
The theoretical additive EDs,, (and CI) was calculated
to be 0.6 (0.4-0.8) nmol for neostigmine and 0.5
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(0.4-0.7) nmol for morphine. Though numerically
less, the ClIs of these points overlap, and the fractional
analysis (0.79) does not differ significantly from ‘1"
(table 1). On the other hand, isobolographic and frac-
tional analyses demonstrated synergistic interaction
between neostigmine and clonidine. The isobolo-
graphic calculations produced a theoretical additive
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Fig. 3. To define the antagonist pharmacology for the agonists
neostigmine ([NEO] 15 nmol; fop), edrophonium ([ED] 500
nmol; middle), and carbachol ([CAR] 55 nmol; bottom), the in-
trathecal antagonists atropine ([A] 35 nmol), mecamylamine
(M} 60 nmol), naloxone ([N] 31 nmol), and yohimbine ([v] 28
nmol) were administered 3 min before the administration of
each agonist. An additional group of rats received both
mecamylamine (60 nmol) and atropine (35 nmol) before the
administration of neostigmine (top). Each bar represents the
mean =+ standard error of the mean for four to six rats, *P <
0.05; P < 0.01.
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Fig. 4. To define the antagonist pharmacology for morphine
([]MOR] 15 nmol; top) and clonidine ([CLON] 435 nmol; bottom),
the intrathecal antagonists atropine ([A] 35 nmol), mecam-
ylamine ({M] 60 nmol), naloxone ([N] 31 nmol), and yohimbine
([Y] 28 nmol) were administered 3 min before the adminis-
tration of each agonist. Each bar represents the mean =+ stan-
dard error of the mean for four to six rats. *P < 0.05; **P <
0.01.

EDs, (and CI) of 0.6 (0.5-0.7) nmol for neostigmine
and 2.2 (1.7-2.6) nmol for clonidine. The experi-
mentally determined EDso was 0.34 (0.31-0.38) nmol
for neostigmine and 1.3 (1.2-1.4) nmol for clonidine.
The CIs of these points do not overlap. Furthermore,
the fractional analysis of this interaction demonstrated
synergism by virtue of the smaller fractional dose
needed for the same effect with combined administra-
tion (P < 0.05, # test; 0.58 vs. 1; table 1).

The experimentally determined EDs, for the anti-
nociceptive response of edrophonium-morphine mix-
ture was 32 (26-40) nmol for edrophonium and 0.35
(0.27-0.42) nmol for morphine. The theoretical ad-
ditive EDs, (and CI) was calculated to be 56 (40-72)
nmol for edrophonium and 0.5 (0.4-0.7) nmol for
morphine (fig. 6). The ClIs of these points do not over-
lap, and the results of a Student’s # test for potency
ratio were significant (P < 0.01). Similarly, the iso-
bolographic calculations for the antinociceptive effects
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of edrophonium-clonidine mixture produce a theo-
retical additive EDs, (and CI) of 56 (46-66) nmol for
edrophonium and 2.2 (1.8-2.6) nmol for clonidine.
100 7
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20 ~—e— NEO + CLON (1:3.6)
0 - r -
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Fig. 5. Intrathecal neostigmine dose-response curves with and
without the addition of morphine or clonidine in a fixed ratio
of the individual dose producing a 50% effect (EDy,) (fop). The
EDs, isobologram for the interaction of the antinociceptive
effect of intrathecal neostigmine-morphine (middle) and
neostigmine-clonidine (bottom) mixtures when coadminis-
tered in a fixed dose ratio. The straight line connecting the
single-drug EDs, points is the theoretical additive line, and the
point on this line is the theoretical additive EDy, point (+ stan-
dard error of the mean). The EDs, of the neostigmine-mor-
phine mixture for the maximal possible effect, though nu-
merically less, could not be statistically distinguished from a
simple additive interaction. The experimental point for neo-
stigmine-clonidine mixture was found to be significantly (P
< 0.001) below the theoretical additive point, indicating syn-
ergistic interaction. Each point on the graph represents the
mean * standard error of the mean.
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Fig. 6. Intrathecal edrophonium dose-response curves with
and without the addition of morphine or clonidine in a fixed
ratio of the individual dose producing a 50% effect (EDs,) (top).
ED,, isobologram for the interaction of the antinociceptive
effect of intrathecal edrophonium-morphine (middle) and
edrophonium-clonidine (botton) mixtures when coadminis-
tered in a fixed dose ratio. The straight line connecting the
single-drug EDs, points is the theoretical additive line, and the
point on this line is the theoretical additive EDy, point (+ stan-
dard error of the mean). Both experimental points for edro-
phonium-morphine and edrophonium-clonidine mixture was
found to be significantly (P < 0.01 and P < 0.0001, respectively)
below the corresponding theoretical additive point, indicating
synergistic interaction. Each point on the graph represents
the mean * standard error of the mean.

The experimentally determined EDsq (and CI) was 9
(7-10) nmol for edrophonium and 0.34 (0.29-0.39)
nmol for clonidine. The CIs of these points do not
overlap (fig. 6), and the results of a Student’s ¢ test for
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potency ratio were significant (P < 0.0001). Thus, the
interaction between edrophonium—morphine and ed-
rophonium-clonidine is uniformly synergistic.

General Observations

No motor impairment was observed in these animals
after intrathecal drug administration. Tail grooming was
observed within 5 min after intrathecal administration
of carbachol, neostigmine, and edrophonium. This ef-
fect was noted in animals that had analgesia and lasted
for approximately 15-20 min. It was blocked by atro-
pine pretreatment, but not by mecamylamine, naloxone
or yohimbine.

Rats that received intrathecal atropine pretreatment
followed by neostigmine showed a behavior syndrome
characterized by irritability, vocalization and truncal
rigidity. This behavior was evoked either spontaneously
or by a variety of nonpainful stimuli such as, for ex-
ample, light touch or blowing of air to any part of the
animal’s body, or by noise. This effect was observed in
about three fourths of the animals within 5 min after
neostigmine injection, and the syndrome persisted for
about 3—-4 h. Pretreatment with mecamylamine (60
nmol) prevented the appearance of agitation otherwise
evoked by atropine (35 nmol) in neostigmine (15
nmol)-treated rats. Approximately 75% of the rats that
received intrathecal atropine pretreatment followed by
edrophonium exhibited a milder form of the behavior
syndrome that was observed with neostigmine. ‘‘Ser-
pentine”” movements of the tail were seen in the latter
group as well.

Intrathecal administration of clonidine induced di-
uresis in all rats. Diuresis was dose-dependent and was
not antagonized by yohimbine. It typically began within
5-10 min after intrathecal clonidine (435 nmol),
peaked by 45 min and lasted for 2 h. However, with
smaller doses of clonidine, the onset of diuresis wis
delayed and the duration was shorter.

Short-lived irritability (5 min) was noted in 50% of
the rats that received intrathecal naloxone pretreatment
followed by either intrathecal neostigmine, edropho-
nium or carbachol.

Discussion

Spinal Cholinergic System and Modulation of

Nociceptive Processing

The results of this study emphasize that two different
cholinesterase inhibitors are able to produce a dose-
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dependent increase in the nociceptive threshold. These
effects were uniformly antagonized by muscarinic and
not by nicotinic antagonists. There are no data sug-
gesting that these agents have direct agonistic activity
at the cholinergic receptor. Previous studies with in-
trathecal neostigmine in the dose ranges used here have
been shown to produce highly significant reductions
in cholinesterase activity in the spinal cord, but not
the medulla, of rats.>' Moreover, pretreatment with in-
trathecal hemicholinium, leading to a reduction in the
releasable pools of acetylcholine, significantly dimin-
ished the antinociceptive effects of intrathecal neostig-
mine.? These observations jointly suggest that these
agents are acting through an alteration in the disposition
of the hydrolysis of acetylcholine. Neostigmine con-
tains a carbamate group that is transferred and chemi-
cally bonded to the esteratic subunit on the acetylcho-
linesterase. Edrophonium, on the other hand, binds
electrostatically to the anionic subunit and by hydrogen
binding to the esteratic site on the enzyme.3? The equi-
librium constant of such a reaction is small.?* There-
fore, it can be predicted that the in vivo activity of
edrophonium should be rapid in onset but short in du-
ration, which could explain the difference in the time
course of the antinociceptive effects produced by neo-
stigmine and edrophonium (fig. 2).

Several lines of evidence suggest that the effects of
cholinesterase inhibitors reflect an action on specific
sites. Both neostigmine and edrophonium inhibit ace-
tylcholinesterase in a reversible fashion. The resultant
increase in acetylcholine concentrations will stimulate
both muscarinic and nicotinic recognition sites.

A finding of particular interest in this study was that
cholinesterase inhibition in the presence of atropine
would result in prominent signs of pain behavior. The
fact that this effect was abolished by mecamylamine
indicates that it was probably mediated via the cholin-
ergic nicotinic receptors. Aversive effects such as
gnawing, vocalization and hyperactivity have been re-
ported after intrathecal administration of nicotinic re-
ceptor agonists (nicotine and cytisine) in the rat.*®
These effects are attenuated by mecamylamine?* and
suggest a stimulatory effect of nicotinic agonists at nic-
otinic receptors® on sensory elements within the dorsal
horn.

Interaction of Spinal Cholinergic Receptor System

with u and o, Receptors

Considerable work has indicated that the spinal de-
livery of u opioid (morphine)>* and a,-adrenoceptor
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agonists (clonidine)' will produce a powerful analgesia
that is antagonized by naloxone and yohimbine, re-
spectively. A previous study has suggested that deple-
tion of spinal noradrenergic systems will attenuate the
effects of cholinergic activation,'? although competi-
tive antagonists have been without effect on spinal
cholinergic antinociception."* With regard to opioids,
atropine fails to antagonize the effects of intrathecal
morphine.* In the current study, neither the opioid
receptor antagonist naloxone nor the a,-adrenergic re-
ceptor antagonist yohimbine had any detectable effect
upon the antinociceptive actions of neostigmine, ed-
rophonium or carbachol. However, others have ob-
served a partial attenuation of the effects of intrathecal
clonidine by atropine.'” Nevertheless, we interpret the
body of data as suggesting that the antinociceptive ef-
fects of muscarinic activation at the spinal level are
mediated by an action largely independent from those
produced by either x opioid or «, adrenoceptor activ-
ity.

Given the apparent independence of these receptor
systems, it was of interest to define the nature of the
interaction between these systems. The isobolographic
analysis demonstrated a prominent dose sparing effect
of the interaction of neostigmine and edrophonium
with both clonidine and morphine. Based on the iso-
bolographic analysis, the reduction in dose was statis-
tically significant for all combinations with the excep-
tion of neostigmine and morphine. The magnitude of
this interaction gave a dose fraction of 0.79, but the
ratio failed to reach statistical significance. The reasons
for this difference are not known. These results are in
accord with the previous findings of Detweiler and
Eisenach?® who have shown a similar potentiating in-
teraction between intrathecal clonidine and neostig-
mine in sheep.

The fact that this interaction was prominent for two
structurally different cholinesterase inhibitors with two
agonists interacting with two separate receptor systems
suggests that these characteristics reflect upon a com-
mon property of the mechanisms of drug action. Re-
cently, a synergy between p, 8, and a, agents and non-
steroidal antiinflammatory drugs has been demon-
strated.*® Though speculative, the common factor in
these interactions has been the observation that the
agents with the ability to define a synergetic interaction
are those that interact with receptors that diminish the
evoked release of peptide transmitters from small pri-
mary afferent nerves (see Hua et al.'® for references).
It has been suggested that such an interaction might
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serve to diminish the gain of the afferent input.3” Re-
duced slopes of the stimulus response curves for single
unit neurons have in fact been shown in physiological
and pharmacological studies.?3-° In this sense, an in-
teraction would relate not to an additive change in
baseline, but a synergistic function of the two slopes.
Such an interaction would by its nature possess a sig-
nificant nonadditive component.

Antinociception Produced by Inbibition of

Transmitter Metabolism

The effects of spinal neostigmine and edrophonium
emphasize the relevance of the release of endogenous
acetylcholine from spinal systems. It is not clear
whether this acetylcholine is released in response to
high threshold afferent stimulation or whether there is
a high tonic level of activity in unstimulated spinal
dorsal horn. Eisenach*' has shown that after spinal clo-
nidine in humans, the levels of acetylcholine in lumbar
cerebrospinal fluid are increased. The presence of a
cholinesterase inhibitor would serve to augment cho-
linergic receptor tone. On the other hand, it should be
stressed that this effect of cholinesterase inhibition is
parallel to that found in studies examining the anti-
nociceptive effects of tricyclic antidepressants that
block amine reuptake*?~** or enkephalinase inhibitors
that prolong the action of endogenous enkephalins.6-4°
Both classes of drugs have been shown to have a spinal
action that is presumed to reflect the presence of ex-
tracellular transmitters released by afferent input. The
current work shows an antinociceptive effect of cho-
linesterase inhibition that equals or exceeds the effects
observed with these other transmitter systems, sug-
gesting that intrinsic spinal cholinergic terminals play
a role in nociceptive processing that is at least as im-
portant as the better-defined modulatory substrates.

We note that intrathecal administration of clonidine
induced diuresis in the rat. Although clonidine was
shown to inhibit the release of antidiuretic hormone
in anesthetized dogs,5° this effect has not been dem-
onstrated in the rat.>! Evidence suggests that clonidine
can block the renal tubular action of antidiuretic
hormone®? and affect the release of atrial natriuretic
factor.>® Whether these effects of intrathecal clonidine
on diuresis reflect a central or peripheral action is not
known.

Mechanisms of Spinal Cholinoceptive Modulation

As reviewed above, histochemical and autoradio-
graphic studies have demonstrated the existence of
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cholinergic terminals and both muscarinic and nico-
tinic cholinergic binding sites in the spinal dorsal
horn.>!'14-17 Lesion studies suggest that muscarinic
receptors in the dorsal horn are located in the nerve
terminals of the primary afferent, because a selective
lesion of the primary afferent leads to a rapid loss of
cholinergic receptors in this area.'' Histochemical
studies on the distribution of choline acetyltransferase
positive cells in the dorsal horn have indicated that
such immunoreactivity is found in dendrites and axons
within the substantia gelatinosa. Immunopositive var-
icosities were found pre- and postsynaptic to the central
varicosities typically associated with large and small
axons. Such observations suggest that primary sensory
fibers can excite cholinergic neurons and that in the
dorsal horn, acetylcholine released by these local neu-
rons may modulate by pre- and postsynaptic mecha-
nisms, the input generated by small afferent nerves.
The association of cholinergic terminals with large af-
ferent systems raises the possibility that effects upon
low threshold (large afferent) input might also be ex-
pected. Intracellular recording from dorsal horn neu-
rons in spinal cord slices has indicated that muscarinic
agonists will produce depolarization in approximately
one third of the neurons examined and hyperpolariza-
tion in another one third.** The fact that muscarinic
agonists may both excite and inhibit different dorsal
horn cell systems raises the possibility that the anti-
nociceptive actions of spinal muscarinic agonists (and
the muscarinically mediated effects of cholinesterase
inhibitors) reflect at least two modulatory mechanisms,
one that excites inhibitory interneurons and one that
hyperpolarizes dorsal horn projection neurons. These
data, in combination with the behavioral data obtained
with increasing intrinsic cholinergic tone (through the
use of cholinesterase inhibitors), suggest that the phys-
iologically dominant mechanism mediated by the mus-
carinic site in this spinal system may be the inhibition
of high threshold afferent input. Importantly, mono-
synaptically driven ventral root reflexes are inhibited
by conditioning input from adjacent dermatomes. This
inhibition is mimicked by muscarinic agonists and fa-
cilitated by cholinesterase inhibitors (edrophonium).>*
Such observations indeed support the likelihood that
afferent input can drive a reflexly evoked inhibition
mediated by a local muscarinic site. Although this event
occurs with a motor response, it offers parallels for
dorsal horn connectivity in which output neurons may
be reflexly regulated by an increased, afferent-driven
cholinoceptive inhibition.
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In conclusion, the current study demonstrates that
spinal cholinergic muscarinic (but not nicotinic) re-
ceptors mediate the antinociceptive effect of intrathe-
cally administered cholinomimetic and acetylcholin-
esterase-inhibiting agents. The synergistic effects ob-
served after the coadministration of cholinesterase
inhibitors and u/a, agonists are suggestive of functional
interactions between different spinal receptor systems
involved in nociceptive processing. An important
question remains to be answered regarding the identity
of the subclasses of muscarinic sites that modulate spi-
nal nociceptive activity.
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