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Brief interruptions in coronary blood flow precondition the
heart, engage delta-opioid receptor (DOR) mechanisms and
reduce the damage that typically accompanies subsequent
longer coronary occlusions. Repeated short occlusions of the
sinoatrial (SA) node artery progressively raised nodal methio-
nine-enkephalin-arginine-phenylalanine (MEAP) and improved
vagal transmission during subsequent long occlusions in
anesthetized dogs. The DOR type-1 (DOR-1) antagonist, BNTX
reversed the vagotonic effect. Higher doses of enkephalin
interrupted vagal transmission through a DOR-2 mechanism.
The current study tested whether the preconditioning (PC)
protocol, the later occlusion or a combination of both was
required for the vagotonic effect. The study also tested whether
evolving vagotonic effects included withdrawal of competing
DOR-2 vagolytic influences. Vagal transmission progressively
improved during successive SA nodal artery occlusions. The
vagotonic effect was absent in sham animals and after DOR-1
blockade. After completing the PC protocol, exogenously
applied vagolytic doses of MEAP reduced vagal transmission
under both normal and occluded conditions. The magnitude of
these DOR-2 vagolytic effects was small compared to controls
and repeated MEAP challenges rapidly eroded vagolytic re-
sponses further. Prior DOR-1 blockade did not alter the PC
mediated, progressive loss of DOR-2 vagolytic responses. In
conclusion, DOR-1 vagotonic responses evolved from signals
earlier in the PC protocol and erosion of competing DOR-2
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vagolytic responses may have contributed to an unmasking of
vagotonic responses. The data support the hypothesis that PC
and DOR-2 stimulation promote DOR trafficking, and down
regulation of the vagolytic DOR-2 phenotype in favor of the
vagotonic DOR-1 phenotype. DOR-1 blockade may accelerate
the process by sequestering newly emerging receptors. Exp Biol
Med 234:84-94, 2009

Key words: DOR phenotypes; opioids; vagal function

Introduction

Although prevention of heart disease is always a
primary goal, coronary occlusions are common and the
salvage of injured myocardium afterward has been an
important research focus for decades. Much of this research
effort has centered on ischemic preconditioning protocols
(27) and the role of endogenous opioids or their receptors in
the process (18, 33-35). Preconditioning refers to the
process by which short periods of ischemia reduce tissue
damage during later longer periods of ischemia. Although
multiple mediators are likely to participate in cardioprotec-
tion, reports implicate opioids in virtually every form of
cardioprotection including the more recently described
variants, remote conditioning and post-conditioning (13,
18, 30). Opioids share second messenger systems with
another potential mediator, acetylcholine (39), and further-
more, active parasympathetic control of heart rate signifi-
cantly improves the prognosis for survival following
coronary occlusion in patients (23) and experimental
animals (3). Thus, robust parasympathetic systems and
selective opioid receptor stimulation might logically con-
verge to improve cardiovascular outcomes following
coronary occlusion.

The role of opioids in ischemic preconditioning is
largely based on the pharmacological studies in multiple
animal models that demonstrated that opioid antagonists

Downloaded from ebm.sagepub.com at SAGE Publications on November 3, 2014


http://ebm.sagepub.com/

DELTA OPIOID RECEPTOR PLASTICITY IN SA NODE 85

abrogate and added opioids mimic the beneficial effects of
ischemic preconditioning (18, 24, 33-35, 46). The actual
contributions of endogenous opioids are more complex and
much less well understood (21, 28, 40, 41). Changes in
endogenous opioids are, however, consistent with the
cardioprotective thesis in that coronary occlusion increases
available endogenous opioids in the myocardial interstitium
(21, 28).

Endogenous opioid peptides function as neuromodula-
tors in a wide variety of biological systems and commonly
exert acute influences on function by inhibiting neuro-
transmitter release. However, those same opioids can also be
excitatory (22, 31). This dual capacity was evident during
vagal stimulation when enkephalins were introduced
directly into the sinoatrial (SA) node by microdialysis.
Lower enkephalin infusion rates facilitated vagal trans-
mission and lowered heart rate while higher infusion rates
interrupted vagal transmission and raised heart rate (14—17,
20). The delta-opioid receptor type 1 (DOR-1) receptor
antagonist BNTX (29) blocked the vagotonic effect and the
DOR-1 agonist TAN-67 duplicated it (11). In contrast, the
DOR-2 antagonist naltriben blocked the vagolytic effect and
the DOR-2 agonist deltorphin reproduced it (15, 17). Thus,
the same native enkephalin MEAP was observed to produce
dose-dependent results opposing one another in the same
target.

Repeated occlusion of the SA node artery increased the
recovery of endogenous enkephalin from the SA node (19).
Contrary to initial expectations, a clear vagotonic effect
emerged after the preconditioning (PC) protocol but only
during arterial occlusion when interstitial enkephalin in the
SA node was elevated. The facilitory effect of endogenous
enkephalin on vagal transmission was consistent with the
vagotonic effect of exogenous low dose enkephalin cited
above and was likewise blocked by the selective DOR-1
antagonist BNTX (17).

The opposing vagotonic and vagolytic effects of
enkephalin are difficult to reconcile since evidence suggests
that a single known receptor transcript mediates both
responses (1). The functional phenotypes are dynamic and
the local membrane environment around the receptor may
be important for determining the functional phenotype (2, 8,
9, 21, 38). Adding GM-1, a common constituent of
membrane lipid rafts, produced an accelerated decline in
DOR-2 responses (9). DOR-1 stimulation produced a
similar erosion of the vagolytic DOR-2 response (8)
suggesting that the two phenotypes interact. These obser-
vations support a working hypothesis that opposing func-
tional phenotypes of the DOR interact and that DOR-1
stimulation increases available GM-1 and shifts the DOR-1/
DOR-2 balance in favor of the vagotonic DOR-1 phenotype.
Thus, the emergence of DOR-1 stimulation during pre-
conditioning may facilitate parasympathetic transmission by
reducing DOR-2 opposition. These dynamics would be
consistent with the purported role of the DOR-1 in ischemic
preconditioning (33-35).

From a practical standpoint, the nodal artery precondi-
tioning studies described above did not determine whether
the vagotonic effect that followed the PC protocol was the
result of the conditioning stimulus, the subsequent extended
arterial occlusion or a combination of both (21). The status
of opposing DOR-2 activity was likewise undetermined.
The study that follows tested the hypothesis that precondi-
tioning increases DOR-1 activity at the expense of opposing
DOR-2 activity.

Methods

All protocols were approved by the Institutional Animal
Care and Use Committee and were in compliance with the
NIH guide for the Care and Use of Laboratory Animals.

Surgical Preparation. Nineteen mongrel dogs of
either gender weighing 15-25 kg were assigned at random
to various experimental protocols. The animals were
anesthetized with sodium pentobarbital (32.5 mg/kg),
intubated and mechanically ventilated initially at 225 ml/
min/kg with room air. Fluid filled catheters were inserted
into the right femoral artery and vein and advanced into the
descending aorta and inferior vena cava, respectively. The
arterial line was attached to a Statham PD23XL pressure
transducer to monitor heart rate and arterial pressure during
the remainder of the surgical preparation. The venous line
was used to administer supplemental anesthetic. Vital signs
and anesthesia were evaluated every 30 mins and supple-
mental anesthesia (~65 mg/hr) was administered as needed.
After completing protocols, the anesthetized animals were
euthanized by electrically induced, visually verified, cardiac
arrest. The acid-base balance and the blood gases were
determined regularly with an Instrumental Laboratories
Blood Gas Analyzer (Lexington, MA). The PO, (90-120
mmHg), the pH (7.35-7.45) and the PCO, (3040 mmHg)
were adjusted to normal by administering supplemental
oxygen, bicarbonate or modifying the minute volume.

The right and left cervical vagus nerves were isolated
through a ventral midline surgical incision. The nerves were
double ligated with umbilical tape to reduce afferent nerve
traffic during electrical stimulation. The isolated nerves
were then returned to the prevertebral compartment for later
retrieval. Surgical anesthesia was carefully monitored, and a
single dose of succinylcholine (50 pg/kg) was administered
intravenously to temporarily reduce involuntary movements
of the thoracic muscles during the 10—15 mins required for
electrosurgical incision of the chest. The right heart was
exposed through an incision at the third interspace and the
costosternal cartilage for ribs 2-5 were severed to permit
access to the thoracic cavity. The pericardium was opened
and the dorsal pericardial margins were sutured to the body
wall to support the heart. The left femoral artery was
isolated and a high fidelity catheter pressure transducer
(Millar Instruments, Houston, TX) was inserted and
advanced into the abdominal aorta to measure heart rate
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Figure 1. Temporal diagram of parts one and two of the basic experimental protocol. The elapsed time is cumulative and the vertical arrows
indicate the times at which the vagus was stimulated. The abbreviations under perfusion status are OC for occlusion and RP for reperfusion.

and blood pressure continuously thereafter online (ADI
Instruments, Bella Vista NSW, Australia).

The SA node artery was identified as a branch of the
right coronary artery and traced visually to the SA node. A
suture was placed loosely around the SA node artery near its
origin. The suture was secured with a slipknot to permit the
reversible occlusion of the SA node artery as required.

Nodal Microdialysis. The SA node was visualized
at the junction of superior vena cava and the right atrium. A
25 gauge stainless steel needle containing a microdialysis
line was inserted into the center of the sinoatrial node
parallel with the long axis of the node (16, 37). The needle
was removed and the probe was then positioned so that the
dialysate window was completely immersed within the
substance of the sinoatrial node. The microdialysis probe
was constructed of a single 1 cm length of dialysis fiber
from a Clirans TAFO8 (Asahi Medical, Tokyo, Japan)
artificial kidney (200 pm ID, 220 um OD) and hollow 170-
pm OD silica glass fiber inflow and outflow lines (SGE,
Austin TX). The dialysis tubing permits molecules with a
molecular mass of 35,000 kDa or less to cross from the
lumen into the nodal interstitium. This technique allows the
precise introduction of agents directly into the nodal
interstitium for extended periods without provoking com-
plicating systemic reflexes. After placement of the probe in
the SA node, the dialysis line was perfused with saline at a
rate of 5 pl/min for one hour while the preparation was
allowed to equilibrate.

Materials. MEAP (methionine-enkephalin-arginine-
phenylalanine) and BNTX (7-benzylidenaltrexone) were

obtained respectively from American Peptide (Sunnyvale,
CA) and Tocris Bioscience (Ellisville, MO).

Statistical Methods. All data were expressed as
mean and standard error of the mean. Differences within
subjects were evaluated with repeated measures ANOVA
and post hoc analysis was performed with Tukey’s test (GB-
STAT, Dynamic Microsystems, Silver Springs, MD) for
multiple cross comparisons and Dunnett’s test was used for
multiple comparisons to control. Selected comparisons
made between protocols were evaluated with aid of a
simple ANOVA followed again by either Tukey’s or
Dunnett’s test as appropriate. In all cases, differences
determined to occur by chance with a probability <0.05
were deemed statistically significant.

Protocol 1: Preconditioning Protocol (See Fig.
1). After equilibration, the right cervical vagus nerve was
stimulated (Grass S48 stimulator) at a supra-maximal
voltage (15 volts) for 15 secs at 3 Hz. This frequency was
selected to produce a reproducible sub-maximal decline in
heart rate of 3050 bpm. The 15-secs assessment specifi-
cally targets the evaluation of very rapid vagal responses
prior to any potential competition from slower sympathetic
reflexes. After the basal vagal responses, the SA node artery
was temporarily occluded five times for 10 mins each in a
PC protocol. The effect of vagal stimulation on heart rate
was evaluated by stimulating the right cervical vagus again
at the end of the 1st, 3rd, and 5th occlusions just prior to
releasing the slipknot as indicated by the vertical arrows in
the protocol diagram. After each occlusion the slipknot was
released and the artery was perfused normally for 10 mins
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before beginning the next occlusion. The stimulation times
were selected to minimize the total number of stimulations
and to evaluate the effect of occlusion at the beginning,
middle and after the end of the PC protocol. The stimulation
during the 5th occlusion corresponds in time to the
stimulation following the PC protocol at which the
vagotonic effect was first observed in earlier studies (15,
19). Control stimulations were conducted during the 4th and
5th reperfusions. After completing the PC protocol (cycle
five), the effect of exogenous MEAP on vagal transmission
was evaluated three times. MEAP was first added into the
dialysis inflow immediately after completing reperfusion
five and its vagal test. The dose rate and exposure (1 nmole/
min for 5 mins) were based on prior studies (14, 19). The
dose was selected from dose response data to produce a
submaximal vagolytic effect of near 90% of maximal
inhibition and maximize the opportunity to observe a
decrement in the vagolytic effect (15, 17, 20). After washing
out the MEAP, the restoration of basal vagal transmission
was verified. The MEAP infusion was then restarted and a
6th occlusion-reperfusion cycle was conducted during the
exogenous MEAP administration to evaluate the vagolytic
effect in succession during both occlusion and reperfusion.
The vagal-heart rate response was evaluated again before
releasing the occlusion and then again after 10 mins of
reperfusion. The MEAP was discontinued and washed out
for 30 mins. The restoration of basal vagal transmission was
verified after the washout interval.

Protocol 2: Sham Preconditioning Protocol
(Time Control). The purpose of Study 2 was to determine
the potential influence of the duration of the protocol or the
repeated vagal stimulation on the subsequent vagal trans-
mission and/or its response to exogenous MEAP. Protocol 2
was identical to protocol 1 except the suture was not
tightened at the times corresponding to occlusions 1 through
4 creating a sham PC protocol. Two variants of the protocol
were conducted one with and one without an occlusion
during stimulation four (OCS). The MEAP infusions and
subsequent occlusion/reperfusion six were identical to
protocol one.

Protocol 3: DOR-1 Blockade with BNTX Pre-
vents the Preconditioning Effect. The purpose of
Study 3 was to determine the potential role of the DOR-1
in the developing vagotonic response and any subsequent
changes in the vagolytic, DOR-2 response. Protocol 3 was
repeated as described above for protocol 1, except that the
specific DOR-1 antagonist BNTX (I nmole/min) was
introduced into the perfusate before beginning the PC
protocol and was maintained in the dialysis inflow
throughout the remainder of the PC protocol and post-PC
protocol. The dose of BNTX employed was supramaximal
based on the relative efficacy and selectivity of BNTX
versus the vagotonic effect of MEAP in this model system
(15).

Results

Baseline Cardiovascular Indices. Table 1 sum-
marizes the resting heart rate and blood pressure throughout
each of the three protocols. There was no difference in the
initial measure between groups nor was there any change in
either variable during the course of any of the three
protocols. The apparent trend toward a higher heart rate in
the BNTX group was well within historical norms for this
model and was not the result of the DOR-1 blockade.

Study 1(a) PC Protocol. Figure 2 illustrates the
changes in heart rate observed when the right vagus nerve
was stimulated at 3 Hz at the beginning, middle and end of
the PC protocol. As demonstrated earlier (21), the series of
four short nodal artery occlusions and reperfusions
increased the effect of vagal stimulation during the later
5th occlusion. This improvement in nodal vagal trans-
mission clearly required time and/or multiple occlusions to
develop since it was not evident after the 1st occlusion but
had emerged by the end of the 3rd occlusion. Occlusion
alone is thus not sufficient to demonstrate the vagotonic
effect. The vagal response observed during the 4th
reperfusion though numerically higher was not significantly
different from the initial control response. The near
restoration of this control response confirms further that
the vagotonic response was specifically observed when
nodal blood flow is compromised. Contrary to that
observation, the stimulation during reperfusion five (after
the 5th occlusion) persisted longer suggesting a greater
opioid accumulation with successive occlusions (21) and/or
a slower washout. This persistent vagotonic effect in RP5
and subsequent washes could of course be due to the
progressive accumulation of other metabolites during the
sequential occlusions (e.g., adenosine, hydrogen ion) or the
establishment of an effect downstream from the opiate
receptor that outlives the clearance of the local enkephalins.

Study 1(b) Sham PC Protocol. Figures 3a and 3b
illustrate the changes in heart rate in two sham groups in
which the vagus was stimulated sequentially without
conducting any prior nodal arterial occlusions. The apparent
group differences in the initial bradycardia at 3 Hz are not
treatment effects but examples of the normal variation in the
vagal response observed in this model system. The hatched
bars represent stimulations performed at times equivalent to
those conducted during occlusions in the prior study. The
vagally mediated change in heart rate at each sham
occlusion was not different from control stimulations and
thus vagal efficacy was unaltered by time or repeated vagal
stimulation. In the second group (Fig. 3b), a single
occlusion was conducted at a time equivalent to occlusion
five to evaluate the combined effect of repeated stimulation,
elapsed time and occlusion. The vagal efficiency during that
single late occlusion was not different from the preceding or
subsequent sham, non-occluded stimulations. Thus, there
was no vagotonic effect in the absence of preceding
occlusions.
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Figure 3. Changes in heart rate mediated by repeated right vagus
nerve stimulation are illustrated for sham occlusions. Stimulation
intervals correspond to the periods of occlusion and reperfusion in
Figure 2. Figure 3b includes a single occlusion corresponding to
occlusion five. Values are means and standard error of the mean for
five and four subjects, respectively.

nodal artery was occluded for a 6th time and MEAP was
added back to the dialysis inflow, the inhibitory effect on
vagal stimulation was reduced further from 21% to 13% of
the original control. In order to determine whether the
perceived loss of efficacy during occlusion was specific to
the occlusion, the MEAP was continued, the slipknot was
released and the vagus was reevaluated 10 mins later.
Surprisingly, the vagolytic response of MEAP was reduced
further yet from 13% to 0% and the rate of attrition seemed
to have accelerated. The MEAP was discontinued and the
restoration of the vagal response was demonstrated after 10
mins. The percent changes were smaller if calculated from
the post-PC washout; however, the progressive pattern of
attrition was identical.

PC + BNTX

Control [e]03] 0cC3 RP4 0Cs5 RP5
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Vagally Mediated Changes in Heart Rate (bpm)

Figure 4. The figure illustrates the effect of DOR-1 blockade with
BNTX on changes in heart rate mediated by right vagal nerve
stimulation during the PC protocol. Values are means and standard
error of the mean for five subjects.

Study 2(b) Sham IPC Protocol and Exogenous
MEAP. Figures 6a and 6b illustrate the results of the MEAP
evaluations following the sham-PC protocols in the presence
and absence of occlusions during OC5. In the absence of

Post- PC DOR-2 Evaluations
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Figure 5. Figure 5 illustrates the effects of MEAP administered by
microdialysis into the SA node interstitium following completion of the
PC protocol in Figure 2. The resulting changes in heart rate during
right vagal stimulation are illustrated sequentially for MEAP combined
with reperfusion, occlusion and reperfusion. Values are means and
standard error of the mean for five subjects. The symbols (* and **)
indicate the change in the heart rate was significantly different from
control at P < 0.05 and P < 0.01, respectively. The symbol ($)
indicates the change in the heart rate was significantly different from
MEAP (P < 0.05).
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Figure 6. The figures illustrate the effects of MEAP administered by
microdialysis into the SA node interstitium following completion of the
sham PC protocols in Figure 3a and 3b. The resulting changes in
heart rate during right vagal stimulation are illustrated sequentially for
MEAP combined with reperfusion, occlusion and reperfusion. Values
are means and standard error of the mean for five and four subjects,
respectively. The symbols (* and **) indicate the change in the heart
rate was significantly different from control at P < 0.05 and P < 0.01,
respectively. The symbol ($) indicates the change in the heart rate
was significantly different from MEAP at P < 0.05.

prior PC occlusions, MEAP reduced the vagal bradycardia
by 62% similar to the historical effect of MEAP in non-
occluded animals. The vagal response was fully restored
following washout. When the MEAP was reintroduced in
combination with an initial occlusion, the magnitude of the

PC + BNTX
‘é‘ Control  RP5 MEAP Wash OC6+ RP6+ Wash
a MEAP MEAP
g o
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Figure 7. Figure 7 illustrates the effects of DOR-1 blockade with
BNTX on MEAP administered by microdialysis into the SA node
interstitium following completion of the PC protocol in Figure 4. The
resulting changes in heart rate during right vagal stimulation are
illustrated sequentially for MEAP and BNTX combined with reperfu-
sion, occlusion and reperfusion. Values are means and standard
error of the mean for five subjects. The symbols (* and **) indicate the
change in the heart rate was significantly different from control at P <
0.05 and P < 0.01, respectively. The symbol ($$) indicates the
change in the heart rate during RP6 + MEAP was significantly
different from MEAP administered after RP5 (P < 0.01).

vagolytic effect was again reduced, in this case from 62% to
47%. The MEAP was continued and the nodal artery
occlusion was released. The subsequent vagal stimulation
after 10 mins reperfusion with continued MEAP revealed a
continued erosion of the vagolytic response from 47% to
39%. Once again washout fully restored the control vagal
response. Although the declining vagolytic effects were less
complete following the sham-PC protocol, the pattern of
attrition was very similar to that after PC.

In order to evaluate the effects of prior occlusion on the
vagolytic response of MEAP, the post-PC protocol was also
conducted in the 5th occlusion shams. Following the single
occlusion at interval five, MEAP reduced the vagal
bradycardia by 45% as compared to 62% in the absence
of that one prior occlusion. The vagolytic effect of MEAP
declined still further to 23% during the subsequent (second)
occlusion suggesting an interaction between the number of
occlusions and MEAP. Following the release of the
occlusion temporally equivalent to RP6, the MEAP
response was reduced further (13% vs 39%) compared to
the post-PC sham with only one occlusion. These
observations support further an interaction between the
number of occlusions and MEAP to down regulate the
DOR-2 response.

Study 2(c) PC, DOR-1 Blockade and MEAP.
Figure 7 illustrates the results of the MEAP evaluations
following the PC protocol in the presence of DOR-1
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blockade throughout the protocol. The post-PC vagolytic
effect of MEAP was very weak, similar to that observed
after PC in the absence of BNTX. Following PC + BNTX,
MEAP reduced the vagally mediated decline in heart rate by
only 19%. This value was quite comparable to that observed
after PC alone (21%). Washing out the MEAP once again
restored the vagally mediated bradycardia to control
conditions. Reintroducing MEAP during nodal artery
occlusion reduced the vagolytic influence of MEAP from
19% to 8%. When rechecked again 10 mins later during
reperfusion, the vagolytic influence of MEAP was nearly
eliminated at 3%. After washing out the MEAP, vagal
stimulation produced a decline in heart rate that was again
not different from control.

Study 2(d) Vagolytic Effects, Cross Study
Comparisons. The initial 62% inhibition of vagally
mediated bradycardia by MEAP in the sham was consistent
with the 60—75% inhibition typically observed (6, 9, 11, 14—
17, 21) indicating that time or repeated stimulation does not
erode the vagolytic response. The 21-34% inhibition by
MEAP observed after completing the PC protocol suggests
that MEAP was now less effective compared with the
Sham-PC (21% vs 62%, P < 0.05). MEAP remained
inhibitory when administered during the occlusion in all
three studies though the magnitude of that effect was less in
the two PC studies during occlusion (47% vs 13% vs 8%, P
< 0.05) and again during the subsequent reperfusion (39%
vs 0% vs 3%, P < 0.05). Occlusion itself also may reduce
the efficacy of MEAP.

Discussion

Individuals with strong parasympathetic control of the
heart generally have better prognoses following adverse
cardiovascular events. Those who recover vagally mediated
heart rate variability quickly after myocardial infarction are
much more likely to survive (23). Carotid massage acutely
increases efferent parasympathetic traffic and is routinely
employed to modify selected cardiac arrhythmias. Exercise
training chronically increases parasympathetic influences on
heart rhythms and reduces both myocardial damage and the
incidence of ventricular fibrillation after coronary occlusion
(3-5, 12, 13). In contrast, ventricular parasympathetic
activity can extend the refractory period and facilitate the
genesis of abnormal rhythms (42). Thus, the nuances of
vagal transmission and the factors that modulate its
plasticity are important targets for investigation.

Cardiac enkephalins (19, 25, 36) and the associated
DORs are capable of dramatically modifying parasympa-
thetic transmission at the vagal, myocardial interface.
Although the opioids are traditionally viewed as exerting
their influence by inhibition of neurotransmitter release,
excitatory effects of opioids are routinely observed in many
systems (22, 31). Nanomolar doses of MEAP administered
by dialysis into the interstitium of the SA node interrupted
vagal transmission. The DOR-2 antagonist naltriben selec-

tively blocked that vagolytic influence. Femtomolar doses of
MEAP in contrast increased the efficacy of vagal stim-
ulation (17). Applying a PC protocol to the nodal artery
produced similar femtomolar increases in MEAP in the
nodal interstitium (21). An improved vagal transmission
was observed afterward only during subsequent occlusions
when MEAP was elevated. Both of these vagotonic effects
were abrogated by sub-femtomolar infusions of the DOR-1
antagonist BNTX. The original four-cycle PC studies did
not test whether the late occlusion alone, the prior PC
protocol or both were both required to demonstrate the
vagotonic effect.

Aim 1, Repeated Occlusion Improves the DOR-
1 Response. The results obtained in the current study
suggest that occlusion alone was not sufficient to produce an
immediate vagotonic effect since no change in vagal
efficacy was observed during the Ist occlusion. Graded
improvements in vagal transmission were observed during
the 3rd and Sth occlusions suggesting that the capability
evolves over time. Whether the vagotonic response requires
multiple occlusions or simply a single trigger occlusion to
initiate the process followed by sufficient time for the
vagotonic response to evolve remains unclear. However, the
late occlusion performed during sham experiments clearly
demonstrated that there was no improvement in the vagal
function following an extended protocol and a single late
occlusion.

The prior pharmacologic studies of DOR interactions in
the canine SA node have suggested that the proportion of
functioning DOR-1 and DOR-2 phenotypes can be fluid (9,
11) and the sum of their opposing influences are proposed to
determine the net effect observed at any point in time (7).
The PC mediated emergence of the vagotonic phenotype
during the later occlusions in the PC protocol might thus
represent an increase in DOR-1 influence and/or a reduction
in the DOR-2 influence. The emerging vagotonic effect was
clearly DOR-1 mediated throughout the five-occlusion
protocol since DOR-1 blockade with BNTX eliminated
the improved vagal transmission.

Aim 2, Repeated Occlusion Facilitates the Loss
of DOR-2 Responses. The PC protocol also reduced the
DOR-2 mediated vagolytic influence of added MEAP
during both perfusion and occlusion. Historically, MEAP
inhibits vagal transmission by 60-75% as observed in the
time controls from this study. The initial 21-34% inhibition
of vagal transmission observed after PC was lower than the
expected 60—80% observed historically (15-16) and in this
study in time controls during normal perfusion. The
vagolytic effect of added MEAP declined progressively
during the subsequent occlusion and reperfusion nearly
disappearing during the final evaluation. The PC protocol
clearly contributes to the DOR-2 decline which was much
less complete in time controls. MEAP alone did not
dramatically reduce its own vagolytic response even when
repeatedly applied for two hours during normal perfusion
(14). Thus, the decline in the DOR-2 response appears to be
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more complicated than simple homologous desensitization.
Repeated arterial occlusion appears to mediate a change in
the receptor environment that favors agonist mediated down
regulation of the DOR-2 response.

Summary. The studies discussed above sought to test
the primary hypothesis that PC was responsible for the
appearance of vagotonic effects. The second aim sought to
test the hypothesis that PC reduced competing vagolytic
effects. The analyses above suggest that both are correct; PC
improves DOR-1 mediated vagotonic responses and accel-
erates the disappearance of DOR-2 mediated vagolytic
responses. The hypothesis was formulated from previous
studies that showed repeated SA node arterial occlusions
raised endogenous opioids and produced corresponding
improvement in the vagal function (17, 21). Whether these
DOR mediated interactions with vagal transmission are an
integral part of cardioprotective mechanisms or a convenient
bioassay of DOR status remains open for discussion. Very
little is known about the preconditioning effects on the right
side of the heart or whether the changes observed in the SA
node generalize to the remainder of the heart. However, a
functional shift of DOR-2 to DOR-1 mediated responses
would presumably be beneficial since the DOR-1 is the
putative cardioprotective phenotype (24, 33, 34).

Aim 3, DOR-1 Blockade Accelerates DOR-2
Losses. The third experiment was designed to verify the
DOR-1 character of the evolving vagotonic response and to
test the hypothesis that PC mediated DOR-1 stimulation was
responsible for the subsequent erosion and elimination of
the DOR-2 vagolytic effect. BNTX completely prevented
the PC mediated vagotonic effect indicating its mediation by
DOR-1 receptors. This dose of BNTX was previously
determined as ineffective against DOR-2 mediated re-
sponses (17). Contrary to the hypothesis, the subsequent
challenges with added MEAP produced very weak vagolytic
responses that quickly disappeared during sequential
exposures to the same agonist. The rate of attrition in the
response was nearly identical to the pattern observed after
PC alone. PC appears to facilitate the loss of the vagolytic
response perhaps independently of DOR-1 receptor stim-
ulation. This is inconsistent with prior results in which
DOR-1 stimulation with the selective DOR-1 agonist TAN-
67 increased the rate of decline in DOR-2 responses (11).
These conflicting observations would be compatible if the
extended exposure to BNTX alters receptor trafficking (2, 8,
38). Thus, the PC mediated vagotonic response itself is
DOR-1 mediated but the role of that DOR-1 stimulation in
the subsequent PC mediated DOR-2 decline remains
unresolved.

Sympathetic Participation. One might reasonably
attribute increases and decreases in vagal influence to
compensatory adjustments in the reciprocal activity of
sympathetic innervation. Although sympathetic participa-
tion does not influence the specific questions addressed by
the current study, a sympathetic role in the underlying
mechanism is difficult to rule out completely. However,

Figure 8. Figure 8 illustrates the proposed relationship between
indifferent DORs within the sublemmal pool and DOR-1 and DOR-2
phenotypes on the cell surface.

several factors suggest that the observations reported here
are the results of direct opioid/vagal adjustments. First, the
vagal evaluations were conducted during the immediate
response to nerve stimulation when vagal effects predom-
inate prior to the emergence of potential sympathetic
compensation. The vagolytic effect of MEAP is unaltered
by prior adrenergic blockade (6) and nodal MEAP has no
influence on sympathetically mediated tachycardia (44).
Similarly, NE did not reduce the vagolytic effect of intra-
nodal enkephalin delivered by dialysis and thus could not
explain the progressive erosion of the vagolytic response
(45). Finally, the DORs in the SA node and right atria co-
localize almost exclusively with parasympathetic nerve
endings and their isolated synaptosomes (10).

Proposed Mechanisms. Integrating the current
findings with prior work supports a unifying hypothesis
that intermittent metabolic stress increases local myocardial
enkephalin production that then easily activates the more
sensitive DOR-1 receptors on nearby vagal processes (10,
15, 17). The DOR-1 receptor stimulates adenylylcyclase
activity in the prejunctional terminals through a GM-1, Gg,-
dependent coupling mechanism that increases calcium
influx, vesicular transport and acetylcholine release (7, 22,
31). DOR-1 mediated increases in protein kinase A (PKA)
increase GM-1 synthesis. The increased plasma membrane
GM-1 completes a positive feedback loop by recruiting
indifferent DORs into the DOR-1 phenotype as they emerge
into the plasma membrane from the sublemmal compart-
ment, #1 Figure 8. Thus, GM-1 increases the probability
that emerging DORs assume the DOR-1 configuration. The
hypothesis proposes further that Gj, and the inhibition of
adenylylcyclase activity mediate the vagolytic action of
DOR-2 stimulation (14, 26, 31). DOR-2 stimulation also
dramatically increases the exchange of receptor between
surface and cytoplasm, #2 Figure 8 (2, 8-10, 38). When
GM-1 is available, the DOR-2 stimulated trafficking of

Downloaded from ebm.sagepub.com at SAGE Publications on November 3, 2014


http://ebm.sagepub.com/

DELTA OPIOID RECEPTOR PLASTICITY IN SA NODE 93

receptors into the cytoplasm of the nerve terminal favors the
exchange of existing DOR-2 receptors for newly emerging
DOR-1 receptors. This is consistent with both the DOR-1
and GM-1 mediated erosion of DOR-2 responses reported
previously (9, 11).

The loss of the DOR-2 response following extended
exposure to BNTX would be consistent with the trafficking
hypothesis if BNTX sequesters the emerging receptors on
the surface and removes them from the exchangeable
circulating pool, #3 Figure 8. The declining pool of
receptors would quickly deplete those available for either
phenotype. Thus, the extended DOR-1 blockade eliminates
all vagotonic influences directly and rapidly depletes the
recycling pool of indifferent receptors available to mediate
DOR-2 vagolytic responses. The relatively slow time course
for the DOR-2 erosion during BNTX is far more compatible
with down-regulation than competitive inhibition. A similar
BNTX mediated loss of ganglionic DOR-2 responses
occurred during the evaluation of enkephalin effects on
hindlimb blood flow (43) suggesting a commonality among
cholinergic junctions.

Experimental cardiac preconditioning often employs
transient arterial occlusions or added opioids active at the
DOR-1 receptor. Thus, understanding how to manipulate
the proportion of DOR-1 and DOR-2 receptors could be
valuable for inducing a cardioprotective phenotype with a
favorable mixture of DORs.

In conclusion, the vagotonic result observed during
arterial occlusion requires preconditioning for complete
expression and could result in part from reduced competi-
tion from opposing vagolytic effects. BNTX abolished the
vagotonic effects of preconditioning confirming DOR-1
participation. BNTX, however, failed to prevent the PC
mediated erosion of the DOR-2 vagolytic responses. This
conflicts with earlier observations that DOR-1 stimulation
reduces DOR-2 responses (9, 11) and supports the
suggestion that BNTX alters DOR trafficking independent
of its blockade of DOR-1 signaling.

Significance. These rapid changes in apparent DOR
phenotypes represent a potentially important clinical target
for modifying autonomic balance. DOR-1 predominance
combined with an improved vagal transmission should
represent an inherently cardioprotective phenotype. The
rapid plasticity of these responses suggests the real prospect
that one might be able to moderate the system for instance
behaviorally through diet, physiologically through exercise
or pharmacologically through designer opioids.
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