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Abstract

H-Dmt-d-Arg-Phe-Lys-NH2 ([Dmt1]DALDA, dDAL), a highly selective mu-opioid peptide, produces potent analgesia without

respiratory depression after intrathecal administration. Despite carrying 3+ net charge, dDAL is also a potent analgesic after systemic

administration. We compared the respiratory effects of dDAL and morphine after subcutaneous administration in mice using whole body

plethysmography. Analgesic doses of 3 and 10 times ED50 were examined. Both drugs dose-dependently decreased respiratory frequency and

minute volume in room air. Tidal volume was increased by the lower dose of morphine, while it was decreased by the higher dose of dDAL.

The decrease in minute volume by dDAL and morphine was completely reversed by naloxone. No difference in ventilatory response to CO2

was observed between dDAL and morphine at three times ED50. Ventilatory response to hypoxia was significantly diminished by dDAL

compared to morphine and saline, and this effect of dDAL was naloxone-irreversible. Thus dDAL likely reduces the sensitivity of the

peripheral chemoreflex loop through a non-opioid action.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Opioids are potent analgesics widely used clinically but

present side effects, the most serious being respiratory

depression (O’Mahony et al., 2001; McNicol et al., 2003).

Respiratory effects of opioids have been documented

clinically and have also been demonstrated in basic studies

(Morin-Surun et al., 1984; Stott and Pleuvry, 1991). Opioids

are known to depress the respiratory center in the brain via

the activation of mu and delta receptors (Santiago and

Edelman, 1985; Kozaki et al., 2000). It has been reported

that opioid receptors exist in rhythmogenic neurons in the
0014-2999/$ - see front matter D 2005 Elsevier B.V. All rights reserved.
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pre-Botzinger complex of the ventrolateral medulla, which

has been proposed to be the respiratory center (Gray et al.,

1999). Morphine, although the most commonly used opioid,

can produce early respiratory depression after systemic

administration and late respiratory depression after intra-

thecal administration (O’Mahony et al., 2001; McNicol et

al., 2003; Etches et al., 1989; Bailey et al., 1993). H-Dmt-d-

Arg-Phe-Lys-NH2 ([Dmt1]DALDA, dDAL), a dermorphin

analog, is an opioid peptide highly selective to the mu

receptor (Schiller et al., 2000). We showed that dDAL given

spinally produces markedly less late respiratory depression

compared to morphine in the rat at equipotent doses

(Shimoyama et al., 2001). This was probably because its

spinal analgesic effects were partially attributed to mecha-

nisms other than mu receptor activation, such as norepi-
logy 511 (2005) 199–206
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nephrine reuptake inhibition and dynorphin release in the

spinal cord, which likely acted synergistically with mu

receptor activation to produce analgesia (Shimoyama et al.,

2001; Szeto et al., 2003). Because dDAL has a low

propensity to produce respiratory depression after intra-

thecal administration, it may be a candidate for a safe spinal

opioid in patients.

dDAL is highly polar because it carries a 3+ net charge at

physiologic pH (Schiller et al., 2000), and was not expected

to cross the blood–brain barrier. However, we found that after

subcutaneous (s.c.) administration, dDAL produced potent

and long-lasting antinociceptive effects, and the effects were

largely attributed to its effects in the central nervous system

(Zhao et al., 2002). Furthermore, recent studies have shown

that dDAL is readily cell-permeable (Zhao et al., 2003a) and

rapidly crosses the blood–brain barrier after intravenous

administration (unpublished results). The present study was

designed to compare the respiratory effects of dDAL and

morphine after subcutaneous administration. We utilized

flow-through whole body plethysmography in order to

continuously record respiratory variables in awake, unre-

strained mice. In addition to recording ventilation of mice

breathing room air, we compared the effects of dDAL and

morphine on respiratory responses to hypoxia and hyper-

capnia. Surprisingly, we found a significant difference

between the ventilatory effects of dDAL and morphine.

Although there was no difference between the effects of

dDAL and morphine on ventilatory response in room air or in

response to hypercapnia, only dDAL inhibited ventilatory

response to hypoxia. Furthermore, we found that the effect of

dDAL on hypoxic respiratory response was not antagonized

by the opioid antagonist, naloxone.
2. Materials and methods

Experiments adhered to the European Community guide-

lines for the use of experimental animals and were approved

by the Institutional Animal Use Committee of Chiba

University Graduate School of Medicine.

2.1. Animals and drugs

Adult male C57B/6 mice (25–30 g) were obtained from

Charles River Japan. dDAL was synthesized by methods

described elsewhere (Schiller et al., 2000). Morphine

hydrochloride and naloxone hydrochloride were obtained

from Takeda Pharmaceuticals (Osaka, Japan) and Sigma (St.

Louis, MO, USA), respectively. All drugs were dissolved in

saline. Drugs or saline were delivered s.c. at a volume of 0.1

ml/10 g mouse weight.

2.2. Whole body plethysmography

For respiratory measurement, we used double-chamber,

flow-through whole body plethysmography as previously
described (Onodera et al., 1997; Nakamura et al., 2003).

This allowed continuous flow of fresh gas into the system.

Thus continuous measurement of respiratory variables was

possible in unanesthesized unrestrained mice without

unintended decrease in oxygen or accumulation of carbon

dioxide inside the chamber. Experiments were conducted

at room temperature of 24–25 8C. Chamber temperature

and humidity and ambient pressure were recorded during

the experiment. Rectal temperature of each animal was

measured at the end of the experiment. Plethysmographic

signals were recorded as changes in pressure difference

between the barometric chamber and the reference

chamber. The signals were amplified and fed into a

computer, and the amplitude and frequency (respiratory

frequency) of the signals were analyzed using the Chart

software (AD Instruments, Colorado Springs, USA). Tidal

volume was calculated according to the equation proposed

by Epstein et al. (1980). Minute volume was defined as

the product of respiratory frequency and tidal volume.

Active movements of the mouse (e.g., exploring behav-

iors) inside the chamber resulted in artifacts in the

plethysmographic signals (active periods); thus periods

without movement artifacts (quiet periods) were analyzed

(see below). We have shown that data obtained by this

method were consistent with data obtained by direct

plethysmography and pneumotachography (Onodera et

al., 1997).

2.3. Study 1: time course of respiratory effects

Each mouse was allowed a 1-h acclimatization period

inside the barometric chamber prior to the study. Air was

used as the fresh gas that was delivered into the chamber.

At the end of the acclimatization period, prior to

administration of any drug, baseline plethysmographic

recordings were made for 10 min. Following baseline

recordings, the mouse was taken out of the chamber and

dDAL at a dose of 0.48 or 1.6 Amol/kg (3 or 10 times

ED50 value for analgesia, respectively), morphine at a

dose of 17.0 or 56.6 Amol/kg (3 or 10 times ED50 for

analgesia, respectively), or saline was administered s.c.

The analgesic ED50 values for both drugs were obtained

in a previous study in mice (Zhao et al., 2002). The

mouse was returned to the chamber and continuous

recordings were made for the next 12.5 h. Recordings

were analyzed at each hour post-injection. A period

between 5 min prior to the hour and 5 min after the

hour (total of 10 min) was set as the analysis period of

the hour. Since only quiet states could be analyzed (see

above), three 20-s quiet periods immediately following

active periods within the 10-min analysis period were

analyzed. The average respiratory frequency, tidal volume,

and minute volume of each 20-s quiet period were

calculated, and the means of the three values obtained

for each parameter were designated as the respiratory

frequency, tidal volume, and minute volume values of the
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hour. When more than three 20-s quiet periods existed

within an analysis period, the three closest to the hour

were analyzed. Baseline values were obtained by the

analyses of the last three quiet periods during baseline

recording. Post-injection values were expressed as per-

centage of baseline values.

2.4. Study 2: effect on body temperature

Since measurement of rectal temperature of a mouse

during the above experiment would excite the mouse,

resulting in changes in ventilation and continuous active

movement, we only measured the temperature of the mouse

at the end of the experiment and used the data in the

calculation of tidal volume. However, at this time point, the

effect of the administered drugs had already disappeared.

Systemic administration of opioids may cause decrease in

body temperature, which will result in calculated tidal

volumes of smaller values than the actual tidal volumes.

Thus, to examine the possibility of change in body

temperature and to determine the extent of its effect, in a

separate study, we measured the changes in body temper-

ature after the administration of dDAL and morphine. Rectal

temperature was measured prior to and after the admin-

istration of dDAL or morphine (10 times ED50) at the time

of peak effect of each drug (2 h and 1 h post-injection,

respectively) determined from the above study. In the saline

group, post-administration temperature was measured at

both time points. The experiment was conducted at room

temperature of 24–25 8C.

2.5. Study 3: effects on respiratory responses to hypercapnia

and hypoxia

Effects of dDAL and morphine at three times ED50 on

respiratory responses to hypercapnic (5% CO2) and

hypoxic (15% O2) challenges were examined. Following

acclimatization and baseline recording, dDAL, morphine,

or saline was administered s.c. and recording was

restarted. The start of a testing period was set at 2 h

after drug administration for dDAL and 1 h for morphine.

These time points were determined from the peak effects

of the drugs obtained in study 1. The first 10-min period

of the testing period was designated as the pre-hyper-

capnic challenge period. At the end of this period, the

fresh gas flow was switched from air to a gas mixture of

5% CO2/21% O2 in N2 base. Five minutes were allowed

for the gas in the chamber to be completely displaced.

The next 5 min was designated as the hypercapnic

challenge period. Following the hypercapnic challenge,

fresh gas flow was switched back to air and 20 min was

allowed to pass. The latter 10 min of this period was

designated as the pre-hypoxic challenge period. Next, the

fresh gas flow was switched to a gas mixture of 15% O2

and 85% N2. Following a 5-min period for displacement,

a hypoxic challenge period was recorded for the next 5
min. Last three quiet periods during the pre-challenge

periods were analyzed in the same manner as in the study

above. Since the animals were not actively moving during

challenge periods, the first 20 s of the first, second, and

third 1-min periods of each challenge period were

analyzed. The mean of the three minute volume values

of the pre-challenge period and that of the challenge

period were calculated.

2.6. Study 4: effects of naloxone

Effects of dDAL and morphine at 10 times ED50 on

respiratory response to hypoxic challenge (10% O2) in the

presence of naloxone were examined. Mice were assigned

to one of four groups. Following acclimatization and

baseline recordings, mice of one group were given dDAL,

those of another group were given morphine, and those of

the remaining two groups were given saline. Each mouse

was returned to the barometric chamber and recording was

restarted. Mice that had been given morphine received an

injection of naloxone at 10 mg/kg, s.c. at 1 h after the first

injection (MOR–NAL group). Mice that had received

dDAL and those in one of the groups that had received

saline were given naloxone at 10 mg/kg, s.c. (dDAL–NAL

group and SAL–NAL group, respectively) at 2 h after the

first injection. Mice of the remaining group that had

received saline were given saline again at 2 h after the first

injection (SAL–SAL group). A 10-min period prior to the

second injection was designated as the post-first drug

analysis period. Again, each mouse was returned to the

barometric chamber and recording was restarted. Twenty

minutes after the second injection, a hypoxic challenge

was initiated by switching the fresh gas flow from air to a

gas mixture of 10% O2 and 90% N2. A 10-min period

prior to the challenge was designated as the post-second

drug (pre-challenge) analysis period. Five minutes were

allowed for the gas in the chamber to be completely

displaced. The next 5 min were designated as the hypoxic

challenge period. The timeline of the experiment was

determined by a preliminary study that showed that the

depressant effects of the same doses of morphine and

dDAL on minute volume were completely reversed by 10

mg/kg naloxone during a period of 10–30 min post-

injection. Three 20-s quiet periods during baseline record-

ing, the post-first drug, and post-second drug (pre-

challenge) periods, and the hypoxic challenge period were

analyzed as above. The mean of the three minute volume

values for each period was calculated.

2.7. Statistical analysis

Data were analyzed using one-way or two-way analysis

of variance (ANOVA) for repeated measures and post-hoc

analysis by Student–Newman Keuls test, unless stated

otherwise. A P value less than 0.05 was considered

significant.
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Fig. 1. Time courses of the effects of dDAL and morphine at equipotent analgesic doses (3 or 10 times ED50) or saline on respiratory frequency, tidal volume,

and minute volume in mice breathing room air. All values are expressed as percentage of baseline values and are shown as meanFS.E. *Significantly different

from saline control.
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3. Results

3.1. Time course of respiratory effects of dDAL and

morphine

Respiratory frequency after dDAL administration was

significantly and dose-dependently decreased compared to

saline administration (Fig. 1A-a). The effect peaked at 2–3 h

after administration and lasted 9 h with the higher dose.

Tidal volume was significantly decreased only after the

higher dose of dDAL (Fig. 1B-a). Minute volume was dose-

dependently decreased by dDAL (Fig. 1C-a). Morphine also

dose-dependently decreased respiratory frequency (Fig. 1A-

b), with the effect peaking at 1 h after administration and

lasting 3 h. On the other hand, morphine at the lower dose

did not decrease tidal volume, but rather, tidal volume was

increased during the first 2 h when the decrease of

respiratory frequency was the most prominent (Fig. 1B-b).

At the higher dose, no significant change in tidal volume

was observed. Minute volume was significantly decreased

by morphine at the higher dose but not by the lower dose

(Fig. 1C-b). The minute volume values at peak effect after

the administration of three times ED50 of dDAL (2 h post-

injection) and morphine (1 h post-injection) were not

significantly different from each other. Similarly, minute

volume values at peak effect after the administration of 10

times ED50 of dDAL (3 h post-injection) and morphine (0.5

h post-injection) were not significantly different from each

other. These comparisons were made by Student’s t tests.

3.2. Effects of dDAL and morphine on body temperature

No significant decrease in rectal temperature resulted

from the administration of dDAL and morphine at doses of

10 times ED50 (Table 1).

3.3. Effects of dDAL and morphine on hypercapnic and

hypoxic respiratory responses

Minute volume increased in response to a 5% CO2

challenge in mice given saline or three times the ED50 doses

of dDAL or morphine. The minute volume values during

hypercapnic challenges were not different among the three

groups (Fig. 2A). In response to 15% O2, minute volume

increased in mice given saline or morphine (three times
Table 1

Effect of dDAL and morphine on rectal temperature

Baseline (8C) 1 h (8C) 2 h (8C)

Saline (n=6) 37.0F0.23 36.6F0.16 36.7F0.13

dDAL (n=6) 37.3F0.19 – 37.1F0.23

Morphine (n=6) 36.9F0.34 36.7F0.43 –

Data are shown as meanFS.E. No significant difference was present

between the saline group and the dDAL group at baseline and 2 h post-

injection, and between the saline group and the morphine group at baseline

and 1 h post-injection.
ED50). In contrast, mice given dDAL (three times ED50)

showed no increase in minute volume in response to 15%

O2 (Fig. 2B). The minute volume of the dDAL group during

hypoxic challenge was significantly smaller than those of

the saline and morphine groups.

3.4. Non-opioid effects of dDAL on hypoxic respiratory

response

In room air, minute volume values of mice given dDAL

or morphine at 10 times ED50 were significantly decreased

compared to those given saline but were not different from

each other (Table 2). After the injection of naloxone, minute

volumes of both groups (dDAL–NAL and MOR–NAL

groups) were not different from saline control (SAL–SAL

group). This indicated that the respiratory depressant effects

of dDAL and morphine under room air condition were

completely reversed by naloxone. Naloxone by itself (SAL–

NAL group) did not affect minute volume in room air or the



Table 2

Minute volume of mice given saline, dDAL, morphine, and/or naloxone in room air or 10% oxygen

First drug–second drug Baseline (ml/min) Post-first drug (ml/min) Post-second drug (ml/min) 10% O2 (ml/min)

SAL–SAL group (n=6) 34.9F1.4 34.1F1.2 35.4F1.7 65.7F5.7

SAL–NAL group (n=6) 33.2F2.1 32.1F1.5 32.4F1.6 63.1F4.8

dDAL–NAL group (n=7) 32.6F1.5 13.6F1.4a 34.6F1.8 48.7F2.5b

MOR–NAL group (n=6) 34.4F1.8 15.8F0.7a 34.7F1.3 64.4F3.8

SAL=saline; dDAL=[Dmt1]DALDA; MOR=morphine; NAL=naloxone. [Dmt1]DALDA and morphine were given at equipotent doses of 10 times analgesic

ED50. Minute volumes are shown as meanFS.E.
a Significantly different from SAL–SAL and SAL–NAL groups.
b Significantly different from SAL–SAL, SAL–NAL, and MOR–NAL groups.
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hypoxic response. The hypoxic response in the MOR–NAL

group was not different from control groups (SAL–SAL and

SAL–NAL groups). In contrast, mice in the dDAL–NAL

group had a significantly lower response to hypoxia as

compared to the control groups.
4. Discussion

In the present study, we examined the respiratory effects

of equipotent analgesic doses (3 times ED50 and 10 times

ED50) of dDAL and morphine after subcutaneous admin-

istration. We demonstrated that dDAL dose-dependently

decreased respiratory frequency and, at the higher dose, also

decreased the tidal volume of unanesthesized, unrestrained

mice. The result was a decrease of approximately 60% in

minute volume at the higher dose. Decrease in body

temperature was unlikely a factor since rectal temperature

did not change at peak effect of the drug (Table 1). The

duration of the respiratory depression was 8–9 h and

reflected the prolonged action of dDAL after s.c. admin-

istration as previously reported (Zhao et al., 2002).

Morphine at equipotent doses similarly decreased respira-

tory frequency in a dose-dependent manner. However, in

contrast to the action of dDAL on tidal volume, we observed

an increase in tidal volume at the lower dose of morphine.

This increase in tidal volume was likely a compensatory

effect to preserve minute ventilation and/or prevent hypo-

xemia, and was lost at the higher dose of morphine. Minute

volume at peak effect of either dose of morphine was not

different from the equipotent dose of dDAL, although the

onset and duration of effect were much shorter with

morphine than with dDAL. We have shown that the

elimination half-life of dDAL is four times longer compared

to morphine (Szeto et al., 2001).

We previously reported that dDAL administered intra-

thecally showed a lower propensity to produce late

respiratory depression compared to morphine in rats

(Shimoyama et al., 2001). This was likely due to the very

low dose of dDAL required to produce equipotent analgesia.

In fact, the potency of spinal dDAL was 3000 times that of

spinal morphine (Shimoyama et al., 2001), while the affinity

to the mu receptor was only 34.6 times that of morphine

(Zhao et al., 2003b). The extraordinary high potency of

dDAL was likely a result of other actions of dDAL such as
norepinephrine reuptake inhibition and the release of

dynorphin that enhanced the mu analgesic effect in the

spinal cord (Shimoyama et al., 2001; Szeto et al., 2003).

Thus the proportion of direct mu opioid effect contributing

to the analgesic effect was markedly smaller for dDAL than

morphine, and thus spinal dDAL produced less opioid

respiratory depression than morphine at equipotent doses. In

the present study, we found that systemic administration of

dDAL produced a similar decrease in minute volume as

morphine at equipotent doses in mice breathing room air.

This respiratory depression by dDAL observed in room air

was due to opioid activity, since it was completely reversed

by naloxone (Table 2). These findings imply that the

analgesic effect of systemic dDAL is largely attributed to

actions via opioid receptors and that enhancement by non-

opioid systems that was suggested to occur in spinal dDAL

analgesia seems to play a negligible role.

On the other hand, results of the hypercapnic and

hypoxic challenge tests revealed a specific difference

between dDAL and morphine. After the administration of

dDAL or morphine at the dose of three times ED50, the

minute volume values prior to hypercapnic or hypoxic

challenge were not significantly different from each other or

from that of saline. Minute volume increased in response to

5% CO2 in all three groups and was not different among the

groups. In contrast, in response to hypoxia of 15% O2,

minute volume was significantly lower in mice given dDAL

than those given morphine, which was not different from

saline control. These data indicated that dDAL specifically

suppressed the response to hypoxia at this lower dose.

Effects of the higher doses (10 times ED50) of the opioids

were not examined because, at these doses, there was a

marked decrease in minute volume compared to saline,

which would likely have resulted in hypercapnia and

hypoxemia prior to the challenge tests confounding the

results.

Such specificity made us suspect that the decrease in

hypoxic response we observed after dDAL administration

was not due to depressant opioid actions of dDAL on the

respiratory center in the brain, since the respiratory center

was responsive to CO2 challenge under the influence of

dDAL at the lower dose. To test whether the effect of dDAL

on hypoxic response was due to a non-opioid action, we

examined the effect of the opioids on hypoxic response in

the presence of naloxone. A higher dose (10 times ED50) of



M. Shimoyama et al. / European Journal of Pharmacology 511 (2005) 199–206 205
dDAL or morphine and a higher level of hypoxia than in

study 2 were used to make the possible effect clearer. After

the administration of dDAL or morphine at the dose of 10

times ED50, the minute volume values prior to the

administration of naloxone were not significantly different

from each other but were significantly lower than those after

saline. The administration of naloxone increased the minute

volume values of mice given dDAL (dDAL+naloxone) or

morphine (morphine+naloxone) back to baseline level so

that they were not different from saline control. However,

the respiratory response to 10% O2 assessed by increase in

minute volume in mice given dDAL+naloxone was sig-

nificantly diminished, while the response in mice given

morphine+naloxone was not different from control. These

results indicate that the depressant effect of dDAL on

hypoxic response was due to a non-opioid action that was

not present in morphine.

A likely site of this non-opioid action of dDAL would be

the carotid body, which responds to hypoxia by stimulating

ventilation. The mechanism by which dDAL may inhibit

carotid body response to hypoxia is not known. We have

shown that dDAL inhibits norepinephrine uptake (Shi-

moyama et al., 2001). Dopamine and norepinephrine are

released from the carotid body glomus cells in response to

hypoxia (Gonzalez et al., 1994; Fidone et al., 1997;

Eyzaguirre and Abudara, 1999), but their definite roles in

the sensory discharges of the carotid sinus nerve remain

unclear. Catecholamines also act at receptors on glomus

cells and inhibit chemical secretion (Benot and Lopez-

Barneo, 1990; Almaraz et al., 1997). Thus one possible

mechanism by which dDAL may produce suppressive

effects on the carotid body is through its inhibitory effects

on norepinephrine reuptake. Although there are multiple

theories of how the carotid body senses hypoxia, the

mitochondria in glomus cells may play a central role in

oxygen sensing. Hypoxia, which affects oxidative phos-

phorylation, causes mitochondrial depolarization (Duchen

and Biscoe, 1992a,b; Roy et al., 2002). By inhibiting the

activity of cytochrome oxidase (cyt aa3), hypoxia also leads

to increased mitochondrial generation of reactive oxygen

species (ROS) (Semenza, 1999). These conditions favor the

opening of the permeability transition pore in mitochondria,

with release of mitochondrial Ca2+ (Hunter et al., 1976).

This release of intracellular Ca2+ stores can lead to influx of

Ca2+, and the rapid rise in cytoplasmic Ca2+ concentration

will result in neurosecretion and sensory excitation. We

recently reported that dDAL targets mitochondria, sca-

venges ROS, and is very effective in preventing perme-

ability transition (Zhao et al., 2004). The suppressive action

of dDAL on mitochondrial permeability transition, if

exerted on carotid body cells, may result in the attenuation

of the carotid body response to hypoxia. Such effects of

dDAL on the mitochondria are also likely to be protective

against hypoxic damage to cells. dDAL has been shown to

have significant cardioprotective actions against reperfusion

injury (Wu et al., 2002).
In summary, systemic administration of dDAL resulted

in opioid receptor-mediated dose-dependent depression of

ventilation. Although the effect was long-lasting compared

to morphine, this reflected the duration of action of the

drug, since the analgesic effect of dDAL is four times

longer compared to morphine. Similar precautions regard-

ing respiratory depression should therefore be taken with

the systemic use of dDAL as with any other opioid

analgesic. In addition, dDAL attenuated the ventilatory

response to hypoxia through a non-opioid action. The

inhibition of the peripheral chemoreflex does not appear to

have a significant impact on the respiratory effect of dDAL

under normal conditions since the reduced minute volume

observed in animals breathing room air was completely

reversed by naloxone. Nonetheless, it does have signifi-

cance in hypoxic conditions and may be of concern in

such clinical situations. The relationship between dDAL’s

protective effects on the mitochondria and the suppressive

effect on hypoxic respiratory response is very much

unclear, and further studies are needed to determine the

overall effects of dDAL during hypoxia. On the other

hand, reduced sensitivity of the peripheral chemoreflex

loop may have a stabilizing influence on ventilation, and

this may have clinical significance in the treatment of sleep

apneas, particularly in those cases that are associated with

an increased ventilatory sensitivity to oxygen (Khoo et al.,

1991; Longobardo et al., 1982). The decrease in hypoxic

sensitivity by acetazolamide, mediated by an inhibitory

effect on the carotid bodies, has been associated with

beneficial effects in some patients with sleep-disordered

breathing (Teppema and Dahan, 2004; Younes et al.,

2001). Thus dDAL and preferably dDAL analogs that lack

opioid activity may have beneficial effects in patients with

sleep-disordered breathing.
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