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RANDICH, A. AND W. MAIXNER. [ D-Ala’]-methionine enkephalinamide reflexively induces antinociception by activat-
ing vagal afferents. PHARMACOL BIOCHEM BEHAYV 21(3) 441-448, 1984.—Experiment 1 showed that intravenous
administration of [D-Ala?)-methionine enkephalinamide resulted in dose-dependent inhibition of the tail-flick reflex, mild
hypotension, and bradycardia. The enkephalinamide-induced inhibition of the tail-flick reflex and cardiovascular effects
were eliminated in the bilateral cervical vagotomized anesthetized rat preparation, but were unaffected by either a unilat-
eral right vagotomy or bilateral sinoaortic deafferentation in the conscious rat preparation. Experiment 2 demonstrated that
the antinociceptive and cardiovascular actions of enkephalinamide were eliminated by pretreatment with intravenous
administration of the opioid-receptor antagonist naloxone. These experiments strongly suggest that peripherally circulating
enkephalins could reflexively induce analgesia by activating cardiopulmonary receptors whose afferents travel in the vagi.

Antinociception Vagus Enkephalinamide

ENKEPHALINS and enkephalin-like substances exist in
peripheral tissues. Leucine- and methionine-enkephalin are
stored in cardiac tissue [6] and both of these substances are
contained within vesicles of the chromaffin cells of the ad-
renal medulla [18]. It has also been established that
chromaffin cells synthesize leucine- and methionine-
enkephalin, and that the enkephalins are co-stored and co-
secreted with the catecholamines in the adrenal medulla (for
review see [20]). Finally, enkephalin-like substances are re-
leased into the venous circulation following either physiolog-
ical or pharmacological activation of renal sympathetic
nerves [3,4].

Circulating enkephalins have been demonstrated to play a
physiological role in cardiovascular shock (for review see
[5]), stress-induced analgesia [7], and cardiorespiratory
function [10, 21, 22]. However, it is generally held that cir-
culating enkephalins would be unlikely to produce analgesia,
because these substances do not readily cross the blood
brain barrier and are rapidly degraded [11,17]. For example,
Pert and her colleagues [12] failed to observe any analgesia
following intravenous administration of 50 mg/kg of [D-
Ala?]-methionine-enkephalinamide (DALA), although only
two subjects were used and no specific nociceptive time
sampling data were provided. In contrast, Maixner and
Randich [8] proposed that enkephalins released from periph-
eral sources may stimulate peripheral rather than central
opioid receptors to induce analgesia by reflexively engaging
vagal afferents linked to endogenous pain inhibition systems
of the CNS. In this view, the failure of Pert et al. [12] to

observe analgesia following administration of DALA may
simply reflect an inadequate sampling procedure for detec-
tion of nociceptive changes which would be indicative of a
vagal reflex mechanism. Several lines of evidence are consis-
tent with this proposal and are considered in the following
sections.

First, the activity of vagal afferents arising from receptors
located in the cardiopulmonary region has been established
to modify nociceptive responses to a variety of painful stim-
uli. Indirect evidence supporting this view derives from
studies showing that electrical stimulation of vagal afferents
attenuates the firing of low threshold, wide dynamic range
and high threshold spinothalamic neurons projecting from
laminae I, II, V, and VII of the spinal dorsal horn [1, 2, 19].
Conversely, resection of the right cervical vagal nerve trunk
both reverses the opioid-mediated analgesia manifested by
the Spontaneously Hypertensive Rat (SHR) in the hot-plate
assay of pain sensitivity [9], and attenuates stress-induced
analgesia (SIA) resulting from exposure to 30 min of inter-
mittent foot-shock [8]. Direct evidence supporting a vagal
influence on pain perception derives from recent work show-
ing that activation of vagal afferents by (1) volume expansion
results in long-lasting inhibition of the tail-flick reflex to pain-
ful radiant heat, and this effect is attenuated by right cervical
vagotomy [8], and (2) administration of veratrine induces
antinociception, and this effect is eliminated by bilateral
cervical vagotomy but not by either right or left vagotomy
alone [16]. The outcomes of the vagal resection studies also
strongly suggest that volume expansion and veratrine admin-
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istration activate different cardiopulmonary receptors, but
that both operate through vagal afferents to inhibit responses
to painful stimuli.

Second, peripherally administered enkephalins induce
cardiovascular and respiratory changes by activating periph-
eral opioid receptors that are synthesized by and localized on
vagal afferent fibers [10,23). For example, administration of
[D-Ala?, Met’l-enkephalinamide or [D-Ala®, Leu®]-
enkephalinamide into the right atrium of decerebrate rats
elicits bradycardia, a transient biphasic blood pressure re-
sponse, and apnea within 1-2 sec of administration. These
effects were abolished in animals with bilateral vagotomies
[21]. Similarly, administration of morphine into the right at-
rium of decerebrate rats results in a similar triad of car-
diorespiratory changes and is a consequence of stimulation
of opiate receptors associated with pulmonary C-fibers, e.g.,
J-receptors [22].

In summary, activation of vagal afferents by either vol-
ume expansion or veratrine administration has been shown
to inhibit responses to painful stimuli, while enkephalins
clearly activate peripheral opioid receptors whose afferents
travel in the vagi to induce cardiorespiratory changes. On the
basis of this information, it need only be hypothesized that
enkephalins might also activate peripheral opioid receptors
with vagal afferents to reflexively induce antinociceptive re-
sponses. As noted previously, Maixner and Randich [8] pro-
posed this view based upon differences obtained with both
opioid receptor antagonist and vagal resection manipulations
in volume expansion and SIA paradigms. Specifically, their
data suggested that changes in blood volume and periph-
erally released enkephalins are capable of independently ac-
tivating peripheral receptors (for example, opioid and stretch
receptors), but that the afferents from both receptor types
travel in the vagi and their activation induces antinocicep-
tion.

The purpose of the present experiments was to test the
view that peripherally administered [D-Ala?]-methionine-
enkephalinamide (DALA) is capable of inducing
antinociception by activating cardiopulmonary receptors
with vagal afferents. The term antinociception will be used in
deference to the term analgesia when discussing the data of
the present experiments, since many factors other than
analgesia can produce changes in responding to nociceptive
stimuli, e.g., inhibition of motor activity.

EXPERIMENT 1

In Experiment 1, the nociceptive (tail-flick reflex) and
cardiovascular (arterial blood pressure and heart rate) effects
of intravenously administered DALA were assessed in rats
with sham-operations, unilateral right cervical vagotomies,
bilateral sinoaortic deafferentations (SADs), or bilateral cer-
vical vagotomies. The sham-operation group was used to
establish the control dose-response functions. The unilateral
cervical vagotomy, bilateral SAD, and bilateral cervical va-
gotomy groups were used to determine the potential role of
vagal and sinoaortic afferents in mediating the physiological
actions of DALA. DALA was used since it is a relatively
long-lasting enkephalin analogue that is reasonably well
characterized with respect to permeability of the blood-brain
barrier. For example, the estimated first pass extraction
fraction ((permeability constant X capillary surface area)/
(mean regional blood flow)) is 2.6% which indicates a low
and nonspecific permeability of the blood-brain barrier and
one similar to that observed to other neurotransmitters [11].
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METHOD
Subjects

Twenty-five male Sprague-Dawley rats obtained from
Hormone Assay Laboratories in Chicago served as subjects.
The rats were individually housed in wire-mesh cages under
a 12:12 hr light-dark cycle. Food and water were available on
an ad lib basis.

Apparatus

Nociceptive responses were measured with a tail-flick
apparatus. The radiant heat stimnlus was provided by a 500
W projector bulb housed in a metal casing and focused on the
rats’ tail through a small opening in the metal housing. Onset
and termination of each trial were controlled automatically
by a digital timer. The intensity of the radiant heat stimulus,
which was constant for all subjects, was intended to produce
a tail-flick response of approximately 3—4 sec in a normal rat.

Arterial blood pressure and heart rate were recorded on a
Beckman R11A rectilinear dynagraph from the signal pro-
vided by a Century pressure transducer.

Surgical Techniques

Since the rat cannot withstand bilateral vagotomy for any
substantial period of time, the unilateral vagotomies and
bilateral SADs were carried out at a different time than bilat-
eral vagotomies and under different experimental protocols
with their own controls. Rats in the right vagotomy (N=5)
and sham vagotomy (N=>5) groups were anesthetized with
ether, whereas rats in the bilateral SAD group (N=5) were
anesthetized with pentobarbital sodium (50 mgkg) and
underwent the appropriate surgical treatment four weeks
prior to testing. Rats in the right vagotomy condition re-
ceived a 3-cm midventral incision in the cervical region. Dis-
section continued until the underlying sternocleidomastoid
group was exposed. The right sternomastoid was displaced
laterally and the deeper omohyoid was cut at right angles to
its fiber direction. The right vagus was located and separated
from the right common carotid artery and other surrounding
tissues and nerves. The vagus was then cut and a 1 cm seg-
ment removed inferior to the superior laryngeal nerve. Rats
in the sham vagotomy condition received the procedure de-
scribed above for right vagotomy, but the vagus was not cut.
Rats in the bilateral SAD condition received the same basic
surgical procedure as rats in the right vagotomy group, except
that the superior laryngeal nerves were resected and the sym-
pathetic trunks were resected caudal to the superior cervical
ganglion. Denervation of the carotid sinus baroreceptors was
accomplished by stripping the bifurcation of all fibers and
then painting the region with a solution of 10% phenol in
ethanol. The integrity of the SAD was confirmed following
termination of the experiment. This was accomplished by
administering a bolus injection of phenylephrine sufficient to
produce an increase in arterial blood pressure of approx-
imately 40 mmHg. The failure to observe reflex bradycardia
of greater than 12 beats per min indicated a successful SAD,

Four weeks later, these rats were instrumented with arte-
rial and venous cannulae. Each rat was anesthetized with
pentobarbital sodium (50 mg/kg). An incision was made in
the pectoral region 1 cm to the right of the midventral line
and extending 2 cm craniad from the pectoralis. The external
jugular vein was exposed at its junction with the right sub-
clavian vein and the connective tissue surrounding the area
was cleared. A cannula (Silastic) was inserted caudad
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through the brachiocephalic vein approximately 4 cm. The
cannula was anchored to adjacent tissue,

A 3-cm midventral incision was then made in the cervical
region. Dissection continued until the underlying sterno-
cleidomastoid group was exposed. The left sternomastoid
was reflected laterally and the deeper omohyoid was cut at
right angles to its fiber direction. The left common carotid
artery was then separated from the surrounding tissues and
nerves. A cannula (Microline) was advanced caudad 3-4 cm
and anchored to adjacent muscles. The arterial and venous
cannulae were then drawn subcutaneously around the neck
and exited through a dorsal incision. The cannulae were
anchored to the neck and flushed with a saline-heparin solu-
tion. Twenty-four hr later they were tested in the manner
described in the testing section to follow,

Rats in the bilateral vagotomy (N=35) and sham bilateral
vagotomy (N=15) groups were anesthetized with pentobarbi-
tal sodium (50 mg/kg) and received implantation of the arte-
rial and venous cannulae as described previously. Approx-
imately 40-45 min following the administration of the anes-
thetic, the vagi were resected in the bilateral vagotomy group,
whereas the nerves were merely exposed in the sham bilat-
eral vagotomy group. The rats were then immediately tested
in the lightly anesthetized state using the procedure de-
scribed in the testing section to follow.

Testing

Each rat was placed in a Plexiglas restraining tube and the
cannulae were connected. Tail-flick trials were then adminis-
tered until baseline latencies were between 3-4 sec and re-
mained stable from trial to trial. Following stabilization of
the tail-flick response, each rat received successive bolus
1.V. infusions of isotonic saline, 5 ug/kg, 50 ug/kg, and 500
ug/kg of [D-Ala?]-methionine enkephalinamide (DALA—
Sigma Co.). DALA was dissolved in sterile isotonic saline.
Drug solutions and saline vehicle were infused in a volume 1
ml/kg at a rate of approximately 200 ul/sec. Each saline or
drug administration was followed by a 400 ul saline flush.
Tail-flick trials were administered 0.25-, 1-, 2-, and 3-min
after each drug dose. Arterial blood pressure and heart rate
were continuously recorded. Approximately, 10 min inter-
vened between administration of each successive drug dose,
but trials were never initiated unless baseline tail-flick laten-
cies had returned to normal. A maximum latency of 10 sec
was arbitrarily used to prevent tissue damage to the tail. Rats
tested in the anesthetized preparation (bilateral and sham
bilateral vagotomies) received essentially the same proce-
dure with the following exceptions. First, these rats were
tested within 3 min of resection of the vagi since this opera-
tion results in rapid death in the rat. Second, only the largest
dose of DAL A was administered (500 ug/kg). This was done
to achieve the maximal antinociceptive effect within the lim-
ited time-frame available for testing these animals.

Data Analysis

Each tail-flick latency was converted to a tail-flick index
by the equation ((test trial latency — baseline latency)/(10 sec
— baseline latency) x 100)). The baseline latency was ob-
tained by using the trial immediately preceding drug adminis-
tration. A new baseline value was established following each
drug administration. In addition to the cardiovascular meas-
ures obtained at the 0.25-, 1-, 2-, and 3-min trial points, the
largest change in cardiovascular function manifested prior to
the 0.25-min trial point was recorded and defined as the
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FIG. 1. Mean tail-flick indices for sham, right vagotomy, and bilat-
eral SAD groups following saline or DALA administration.

“‘Peak’’ response. Baseline tail-flick latencies, arterial pres-
sures, and heart rates are presented for comparison pur-
poses. Tailflick indices, percentage change from baseline
blood pressure, and percentage change from baseline heart
rate (where peak responses are also included for cardiovas-
cular measures) were subjected to analysis of variance. In
each analysis in which the overall null hypothesis was re-
jected, Scheffe post-hoc comparisons were performed on the
means. Alpha was set at 0.05.

RESULTS

Mean tail-flick indices are presented in Fig. 1 as a func-
tion of sham operation, right vagotomy, and bilateral SAD in
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FIG. 2. Mean arterial blood pressures expressed as percent change
from baseline for sham, right vagotomy, and bilateral SAD groups
following saline or DALA administration.

the conscious rat preparation. Mean baseline tail-flick laten-
cies obtained by collapsing across all baseline values during
a test session were 3.72, 3.43, and 3.88 sec for groups sham
operation, right vagotomy, and bilateral SAD, respectively.
In general, Fig. 1 reveals that administration of DALA in-
hibits the tail-flick reflex at the 50 and 500 pg/kg doses, and
that there was no major effect of either right vagotomy or
bilateral SAD on tail-flick indices compared to sham con-
trols. This was confirmed by an ANOVA of tail-flick indices
which indicated no significant effect of the operation,
F(2,16)=0.05; a significant effect of drug dose,
F(3,48)=58.29; a significant effect of time, F(3,48)=13.33;
and a significant dose X time interaction, F(9,144)=6.42. All
other effects were not significant. Since the dose X time
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FIG. 3. Mean heart rates expressed as percent change from baseline
for sham, right vagotomy, and bilateral SAD groups following saline
or DALA administration.

interaction was significant, the dose effect was analyzed by
performing individual ANOV As at each of the test trial time
points with appropriate post-hoc analyses of dose means.
The post-ho¢ analyses indicated that the mean tail-flick
index for the 500 ug/kg dose differed significantly from saline
at the 0.25-, 1-, 2-, and 3-min points, F's of 35.17, 22.19, 9.89,
and 2.87, respectively, while the mean tail-flick indices for
the S0 pg/kg dose differed significantly from saline at only
the 0.25-min point, F=3,82. All other comparisons were not
significant.

Figure 2 presents mean arterial blood pressures as a func-
tion of the percentage change from baseline values for the
various operations. Mean baseline arterial pressures ob-
tained by collapsing across all baseline values during a test
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session were 111, 116, and 132 mmHg for groups sham op-
eration, right vagotomy, and bilateral SAD, respectively. In
general, administration of DALA results in little if any
hypotension and analogous to the tail-flick data there was
little effect of either right vagotomy or bilateral SAD on
arterial blood pressure. This was confirmed by an ANOVA
of arterial blood pressures indicating that only the time effect
was significant, F(4,64)=3.66.

Figure 3 presents the mean heart rates as a function of
percentage change from baseline values for the operations.
Mean baseline heart rates obtained by collapsing across all
baseline values during a test session were 489, 512, and 535
BPM for groups sham operation, right vagotomy, and bilat-
eral SAD, respectively. In general, this figure indicates that
DALA induces substantial bradycardia, and this response
was observed within 1-2 sec of drug administration. How-
ever, the magnitude of this effect was not markedly altered
by either right vagotomy or bilateral SAD. This view was
supported by an ANOVA of heart rates which indicated no
significant effect of operation, F(2,16)=0.04; a significant ef-
fect of drug dose, F(3,48)=26.83; a significant effect of
time, F(4,64)=80.40; and a significant interaction of drug
dose X time, F(12,192)=29.52. Since the dose X time in-
teraction was significant, the dose effect was analyzed by
performing individual ANOV As at each of the test trial time
points with appropriate post-hoc analyses of dose means.
The post-hoc analyses indicated that the mean heart rates for
the 500 ug/kg dose differed significantly from saline at the
peak and 0.25-min points, F’s of 34.07 and 5.08. All other
comparisons were not significant.

In contrast to the failure of either right vagotomy or bilat-
eral SAD to affect the antinociception produced by adminis-
tration of DAL A, the top panel of Fig. 4 reveals that bilateral
vagotomy markedly attenuates DAL A-induced inhibition of
the tail-flick reflex in the anesthetized rat preparation. This
was confirmed by an ANOVA of tail-flick indices indicating
significantly greater tail-flick indices in sham-operated com-
pared to bilateral vagotomized rats, F(1,8)=8.23; and a sig-
nificant effect of time, F(3,24)=3.71. Moreover, a follow-up
randomized block ANOVA on tail-flick latencies obtained
both prior to (baseline latency) and during the test trial of
bilateral vagotomized rats was not significant, F(4,16)=2.40,
suggesting that no antinociceptive response occurred in these
rats following DALA administration. The mean baseline
tail-flick latencies were 4.28 and 4.05 sec for groups bilateral
vagotomy and sham vagotomy, respectively.

The middle panel of Fig. 4 presents mean arterial blood
pressures evoked by administration of DALA expressed as
percentage change from baseline values. Clearly, bilateral
vagotomy also abolished the hypotension evoked by DALA.
An ANOVA of changes in arterial blood pressures indicated
significantly greater hypotension in the sham-operated rats,
F(1,8)=8.85; a significant effect of time, F(4,32)=8.56; and a
significant interaction of operation X time, F(4,32)=8.41.
The operation X time interaction suggests that in the absence
of vagal control, DALA administration produces a modest
pressor response. The mean baseline arterial pressures were
132 and 122 mmHg for groups bilateral vagotomy and sham
vagotomy, respectively.

Finally, mean heart rates are presented in the bottom
panel of Fig. 4 expressed as a function of percentage change
from baseline. Again, bilateral vagotomy compietely
abolished the bradycardic action of the drug. This was con-
firmed by an ANOVA of heart rates indicating significantly
lower heart rates in the sham-operated rats, F(1,8)=69.53; a
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FIG. 4. Mean tail-flick index, mean percent change in arterial blood
pressure, and mean percent change in heart rate resulting from
DALA administration (500 pg/kg) in bilateral vagotomized rats and
sham controls.

significant effect of time, F(4,32)=22.25; and a significant
interaction of operation X time, F(4,32)=17.35. Mean base-
line heart rates were 444 and 474 BPM for groups bilateral
vagotomy and sham vagotomy, respectively.

In summary, Experiment 1 demonstrates that the inhibi-
tion of the tail-flick reflex, bradycardia, and hypotension in-
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duced by intravenous administration of DALA is a conse-
quence of activation of peripheral receptors whose afferents
travel in the vagi. Unilateral resection of the right vagal
nerve trunk is not sufficient to alter these effects nor do high
pressure baroreceptors appear to mediate these effects since
bilateral SAD was generally without influence.

EXPERIMENT 2

The purpose of Experiment 2 was to determine whether
administration of the opioid receptor antagonist naloxone
would abolish the antinociception induced by intravenous
administration of DALA. This outcome would indicate that
DALA was producing a relatively specific effect on an opioid
receptor, rather than a non-specific drug action.

METHOD
Subjects

Ten male Sprague-Dawley rats served as subjects. All
other conditions were as described in Experiment 1.

Apparatus
The apparatus was as described in Experiment 1.

Surgical Techniques

All rats received implantation of arterial and venous can-
nulae as described in Experiment 1.

Testing

Twenty-four hr later, all rats were tested in the tail-flick
assay in the conscious state. Five control rats were tested
0.25-, 1-, 2-, and 3-min following successive administration
of isotonic saline and 500 ug/kg of DALA. These data served
as control values. Five experimental rats were tested in a
similar manner following successive administration of saline,
1 mg/kg of naloxone HCI (NIDA), and 500 ug/kg of DALA.
It should be noted that following the naloxone test trial a
supplemental 1 mg/kg dose of naloxone was administered 5 min
prior to the DALA trial. These data allowed determination of
the effect of naloxone alone and its action on nociceptive and
cardiovascular effects of DALA. As in Experiment 1, all
drugs were dissolved in sterile isotonic saline. Drug solutions
and saline vehicle were infused in a volume of 1 ml/kg and at
a rate of approximately 200 ul/sec. The arterial pressure and
heart rate data for one animal in the control condition were
not scorable, and the arterial pressure data for one animal in
the naloxone condition was not scorable. These data were
not analyzed.

RESULTS

Mean tail-flick indices obtained for Experiment 2 are pre-
sented in Fig. 5. The top panel of Fig. 5 shows the typical
antinociceptive action of 500 ug/kg of DALA on the tail-flick
reflex. A separate ANOVA on these data indicated a signifi-
cant antinociceptive action of DALA compared to saline,
F(1,4)=7.65; a significant effect of time, F(3,12)=5.66; but
no significant interaction of drug X time. Mean baseline
tail-flick latencies were 2.89 and 3.28 sec prior to the saline
and DALA trials, respectively. The bottom panel of Fig. §
shows that pretreatment with naloxone completely elimi-
nates the normal antinociceptive action of DALA. This was
confirmed by an ANOVA of tail-flick indices which indi-

RANDICH AND MAIXNER

+100p
B O Saline
X 4+80} H OALA (500 ug/kg)
Q
© =
£
x 160p
Q N
L_L +40p
o -
[
+20p
(4] od 0\0/'4'0\\?
1 i 1
.25 1 2 3
+100r O Saline
B @ Naloxone (1mglkg)
ALA (500 ugik
x +80F W DALA (500 ugikg)
s
o
=
= +60~
-
2 =
W a0
T |
-
+201~
- bﬁ::m
oF — e . .
1 1

.25 1 2 3

Minutes Post - Infusion '
FIG. 5. Mean tail-flick indices following DAL A administration (500
ueg/kg) in either the absence (top panel) or the presence (bottom
panel) of naloxone.

cated only a significant effect of the drug, F(2,8)=5.37.
Post-hoc comparisons of mean tail-flick indices obtained by
collapsing across time indicated that the means of saline and
500 ug/kg of DALA did not differ, F=0.05, but that the
means of saline and 500 ug/kg of DALA combined differed
significantly from 1 mg/kg of naloxone, F=5.31. Thus, tail-
flick indices were smaller following administration of
naloxone compared to either saline or DALA. However, a
follow-up randomized block ANOVA of tail-flick latencies
obtained prior to (baseline latency) and during the naloxone
test trial indicated no significant effect, F(4,16)=0.89,
suggesting that no hyperalgesia resulted from administration
of naloxone alone. Mean baseline tail-flick latencies were
3,06, 3.67, and 2.94 sec prior to the saline, naloxone, and
DALA trials, respectively.

Similar presentations of the arterial blood pressure and
heart rate data are shown in Figs. 6 and 7. In general, DALA
evokes a hypotensive and bradycardic response in the ab-
sence of naloxone, but does not evoke either response in the
presence of naloxone. An ANOVA on arterial blood pres-
sures in the absence of naloxone indicated only a significant
effect of time, ¥(4,12)=6.72; and a significant interaction of
drug X time, ¥(4,12)=18.38. Mean baseline arterial pres-
sures were 129 and 127 mmHg prior to the saline and DALA
trials, respectively. An ANOVA on arterial blood pressures
in the presence of naloxone indicated no significant effects.
Mean baseline arterial pressures were 118, 118, and 118
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FIG. 6. Mean arterial blood pressures expressed as percent change
from baseline following DALA administration (500 ug/kg) in either
the absence (top panel) or the presence (bottom panel) of naloxone.

mmHg prior to the saline, naloxone, and DALA trials, re-
spectively. Similarly, an ANOVA of heart rates in the ab-
sence of naloxone indicated a significant effect of drug,
F(1,3)=12.57; a significant effect of time, F(4,12)=65.61; and
a significant interaction of drug % time, F(4,12)=6.18. Mean
baseline heart rates were 537 and 520 BPM prior to saline
and DALA trials, respectively. However, an ANOVA of
heart rates in the presence of naloxone indicated only a sig-
nificant effect of time, F(4,16)=3.18. Mean baseline heart
rates were 528, 528, and 514 BPM prior to saline, naloxone,
and DALA trials, respectively. In summary, naloxone com-
pletely eliminates the nociceptive and cardiovascular
changes induced by administration of 500 pg/kg of DALA.

GENERAL DISCUSSION

The present findings are consistent with the general view
that cardiopulmonary visceral afferents, which historically
have only been associated with cardiovascular regulation,
are also important regulators of somatosensory function [8,
9, 13, 14, 15]. Specifically, intravenous administration of
DALA induces inhibition of the tail-flick reflex, bradycardia,
and mild hypotension. These nociceptive and cardiovascuiar
changes are most likely a consequence of DALA stimulation
of cardiopulmonary opioid receptors with associated vagal
afferents because they are abolished by either pretreatment
with naloxone or bilateral cervical vagotomy. The observa-
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tion that unilateral cervical vagotomy fails to affect nocicep-
tive and cardiovascular actions of DALA suggests that the
activation of a single vagal nerve trunk is sufficient to sustain
these reflex responses. Moreover, the failure of bilateral
SAD to alter these effects of DALA indicates that sinoaortic
baroreceptors play no significant mediating role in these
phenomena.

All of the cardiovascular findings are comparable to those
reported previously by Willette and Sapru [21,22] who used
different met- and leu-enkephalinamide analogues in the de-
cerebrate rat preparation. That is, the bardycardia and
hypotension appear to be mediated by activation of opioid
receptors in the cardiopulmonary region because these re-
sponses occurred within 1-2 sec of drug infusion and were
abolished by bilateral cervical vagotomy. The implications of
such cardiovascular responses in cardiovascular shock, asth-
matic attacks, and sudden death associated with opioid use
have been considered elsewhere [5, 10,21, 22].

The novel finding that DALA induces a reflex
antinociceptive effect, which depends upon the integrity of
at least one vagal nerve trunk, suggests a potential mech-
anism by which circulating enkephalins could induce
analgesia when released from various peripheral sources. As
noted previously, endogenous opioid-like substances are
synthesized in, stored in, and released from peripheral sites.
There is also good evidence that these substances serve
many physiological roles (for review see [5]). The implica-
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tion of the present data is that circulating opioid-like sub-
stances may induce analgesia by a peripheral vagal reflex
mechanism and/or by an effect on the CNS, where the latter
will depend upon their capacity to pass the blood-brain bar-
rier or to operate at fenestrated areas. In the present experi-
ments, DALA appears only to exert a vagal reflex effect with
little or no direct effect on the CNS within the time param-
eters studied. In agreement with this contention, periph-
erally administered DALA shows little ability to cross the
blood-brain barrier [11]. However, this would not preclude
the capacity of another circulating endogenous opioid-like
substance from producing analgesia either by a central effect
only or by both peripheral and central actions. That is, all
possible combinations of peripheral and central actions are
now plausible, although dependent upon the physical-
chemical properties of the opioid receptor agonist and its’
specificity for the various opioid receptor complexes asso-
ciated with analgesia. It should be emphasized, however,
that the present data do not permit the conclusion that the
observed nociceptive and cardiovascular phenomena neces-
sarily represent endogenous physiological responses, since
relatively large amounts (ug/kg) of DALA were required. On
the other hand, the actual amount that circulates under phys-
iological conditions is unknown becausc these opioid-like
substances appear to be secreted in multiple and protected
forms from both the adrenal medulla and cardiac tissues [3,
4, 5, 6, 20]. Thus, it is possible that the amount available to
peripheral vagal opioid receptors after intra-atrial adminis-
tration may be very comparable to that amount which is
present under physiological conditions. It remains an open

RANDICH AND MAIXNER

issue to what extent circulating pB-endorphin and
B-endorphin-like substances derived from pituitary sources
might also interact with this vagal reflex mechanism.

Finally, Randich and Maixner [15] proposed that periph-
eral and central systems involved in cardiovascular regula-
tion are physiologically linked to systems involved in pain
perception to form a functional network governing the elab-
oration of adaptive responses to physical and psychological
stressors. Although the present study did not demonstrate
that the vagal afferents mediating the cardiopulmonary
baroreceptor reflex are the same afferents as those mediating
inhibition of the tail-flick reflex, we have never been able to
dissociate these two reflexes in our previous work [8, 15, 16]
which is at least indirectly supportive for a common afferent
pathway. Further, this network may be critical for the full
expression of SIA, stimulation-produced analgesia (SPA),
and acupuncture analgesia. Specifically, these experi-
mentally-induced analgesias may result either from the phys-
iological activation of vagal afferents by increases in central
venous pressure or from the resulting secretion of humoral
substances into the circulation, which in turn stimulates
vagal afferents. We feel the observations presented in this
report support such a conceptualization.
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