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Abstract

We determined whether pretreatment with (1) the p-/3-opioid receptor (U-/5-OR) antagonist,
naloxone, (2) the 81 ,-OR antagonist, naltrindole, or (3) the peroxynitrite scavenger, D-
penicillamine, affects the development of tolerance to the ventilatory depressant effects of
morphine in rats. The injection of morphine in vehicle-pretreated rats decreased minute ventilation
predominantly via decreases in tidal volume. Pretreatment with naloxone blunted the responses to
morphine whereas pretreatment with naltrindole or D-penicillamine did not. A second injection of
morphine, given one day later, elicited markedly smaller responses in vehicle rats whereas it
elicited pronounced ventilatory depression in rats that were pretreated with naloxone, naltrindole
or D-penicillamine (prior to morphine) the day before. Moreover, the ventilatory responses
elicited by subsequent exposure to a hypoxic-hypercapnic challenge were markedly depressed in
naloxone- or D-penicillamine-pretreated rats compared to vehicle-pretreated rats. These findings
suggest that activation of - and 8-ORs causes tolerance to the ventilatory depressant effects of
morphine at least partly via the generation of peroxynitrite.
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1. Introduction

The analgesic and ventilatory depressant effects of morphine involve activation of p-opioid
receptors (U-ORs) and 8-ORs (Kilpatrick and Smith, 2005; Trescot et al., 2008; Dahan et al.,
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2010). In addition, the activation of central or peripheral u-ORs blunts the hypoxic
ventilatory response (Zhang et al., 2009), and opioids inhibit carotid body chemoafferent
activity and depress the responses of these afferents to hypoxic and hypercapnic challenges
(McQueen and Ribeiro, 1980; Kirby and McQueen, 1986; Mayer et al., 1989). The analgesic
(Bailey and Conner, 2005; Salvemini and Neumann, 2009) and ventilatory-depressant
(Bowen et al., 1979; Hepburn et al., 1997; Freye and Latasch, 2003) actions of morphine are
subject to tolerance upon chronic administration. The development of tolerance to the
analgesic actions of opioids involves down-regulation and/or desensitization of pu-ORs
(Connor et al., 2004; Bailey and Connor, 2005; Raehal and Bohn, 2005; Ueda and Ueda,
2009) by numerous effectors (Raith and Hochhaus, 2004; Bailey et al., 2009; Salvemini and
Neumann, 2009) and alterations in gene expression (Ammon-Treiber and Hollt, 2005). The
mechanisms by which tolerance develops to the ventilatory depressant effects of morphine
may be similar to those responsible for tolerance to morphine analgesia. However, there is
evidence that whereas 5-OR antagonists diminish tolerance to the analgesic actions of p-OR
agonists (Hepburn et al., 1997; Ananthan, 2006), they do not prevent tolerance to the
ventilatory depression (Hepburn et al., 1997). As such, 8-OR antagonists represent a
potential therapy that allows for the maintenance of opioid analgesia while allowing
tolerance to the negative ventilatory effects (Hepburn et al., 1997).

The generation of the potent oxidant/nitrating agent, peroxynitrite, is a key factor in the
development of tolerance to opioid-induced analgesia (Salvemini, 2009; Salvemini and
Neumann, 2009). It is unknown whether peroxynitrite is involved in tolerance to opioid-
induced ventilatory depression and whether peroxynitrite is generated via stimulation of p-
and/or 8-ORs. Moreover, the question arises as to whether tolerance to the ventilatory
actions of opioids also translates into lesser suppression of the responses to hypoxic and/or
hypercapnic challenges and whether this involves the generation of peroxynitrite. As such,
we determined whether (1) the p-/6-OR antagonist, naloxone (DeHaven-Hudkins and Dolle,
2004; Ananthan, 2006), (2) the 81 2-OR antagonist, naltrindole (Portoghese, 1993; Ananthan,
2006), or (3) the peroxynitrite scavenger, D-penicillamine (D-PEN) (Singh et al., 2007),
modulate the development of tolerance to the ventilatory depressant effects of morphine in
conscious rats. We also determined whether tolerance to morphine is associated with
diminished suppression of the ventilatory responses to hypoxic-hypercapnic (H-H)
challenge, and whether the initial activation of p- and/or 3-ORs, and the generation of
peroxynitrite, is involved in the altered responses to the H-H challenge. The present studies
provide evidence that similar to the development of tolerance to the analgesic actions of
opioids (Salvemini, 2009; Salvemini and Neumann, 2009), peroxynitrite may be a key
player in the development of tolerance to the ventilatory actions of morphine.

2. Methods

2.1. Rats and surgeries

All studies were carried out in accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals (NIH Publication No. 80-23) revised in 1996. The
protocols were approved by the Animal Care and Use Committee of the University of
Virginia. Adult male Sprague-Dawley rats (Harlan, Madison, W1, USA) were implanted
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with jugular vein catheters under 2% isoflurane anesthesia. The rats were allowed a
minimum of 4 days to recover from surgery before use. All catheters were flushed with
sterile isotonic saline at least 4h before commencement of experiments. All of the studies
were performed in a quiet laboratory with relative humidity of 51 + 2% and room
temperature of 21.2 + 0.2 °C.

2.2. Ventilatory parameters

Ventilatory parameters were continuously recorded in conscious rats using a whole-body 12-
chamber plethysmography system (PLY 3223; BUXCO Inc., Wilmington, NC, USA), as
described previously (Kanbar et al., 2010). The parameters were frequency of breathing (fg),
tidal volume (V7), and minute ventilation (V = fr x V7). Specialized software provided by
BUXCO Inc., constantly corrected digitized values for changes in chamber temperature and
humidity and a rejection algorithm excluded motion-induced artifacts.

2.3. Protocols for ventilation studies

On each experimental day, 12 rats (6 vehicle-treated and 6 drug-treated rats) were placed in
the chambers and allowed 45-60 min to acclimatize before commencing the protocols (see
below). Data was continuously recorded (i.e., breath by breath) throughout the
acclimatization and experimental periods. There were a total six rats in each experimental

group.

2.3.1 Naloxone study—One group of rats received an injection of vehicle (saline, i.v.).
Another group received naloxone (1.5 mg/kg, i.v.). After 15 min, all rats received morphine
(10 mg/kg, i.v.). On day 2, the rats were placed in the chambers and after acclimatization,
they received morphine (10 mg/kg, i.v.). Beginning 45 min after the injection of morphine,
all rats were exposed to a H-H challenge for 30 min via the re-breathing method (Hayashi et
al., 1982). Air-flow to the chambers was stopped allowing the rats to re-breathe their own air
(inbuilt soft-ware adjusted flow-derived values for increases in chamber temperature and
humidity). A major benefit of this model is that the rats breathe chamber air which becomes
progressively more hypoxic and hypercapnic, thereby mimicking clinical scenarios (Lévy et
al., 2009; Dempsey et al., 2010). Moreover, hypercapnia is a potent arousal stimulus when
delivered rapidly, and as such, a gradual increase in environmental CO, limits the degree of
arousal (Fewell and Konduri, 1988). A group of naive rats also underwent a H-H challenge
for 30 min.

2.3.1 Naltrindole study—Day 1: One group of rats received a bolus injection of vehicle
(saline, i.v.) whereas the second group received an injection of naltrindole (1.5 mg/kg, i.v.).
After 15 min, all rats received a bolus injection of morphine (10 mg/kg, i.v.). Day 2: All rats
received an injection of vehicle and 15 min later an injection of morphine (10 mg/kg, i.v.).

2.3.1 D-penicillamine study—Day 1: One group of rats received an injection of vehicle
(saline, i.v.). Another group received DPEN (1 mmol/kg, i.v.). After 15 min, all rats received
an injection of morphine (10 mg/kg, i.v.). Day 2: Rats were a placed in the chambers and
after acclimatization, they received morphine (10 mg/kg, i.v.). Beginning 45 min after the
injection of morphine, all rats were exposed to a H-H challenge for 30 min. The use of D-
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PEN was based on our studies showing that similar to L-PEN (Graves et al., 2006), D-PEN
is an effective peroxynitrite scavenger when given systemically (Lewis et al., unpublished
observations) and that D-PEN does not have the toxicities associated with systemically
administered L-PEN (Walshe, 2011).

Injectable (liquid) form of (+)-morphine sulfate (10 mg/ml) was obtained from Baxter
Healthcare Corporation (Deerfield, IL, USA). Naloxone hydrochloride dihydrate, naltrindole
hydrochloride and D-PEN were obtained from Sigma-Aldrich (St. Louis, MO, USA). The
dosages for naloxone and naltrindole are expressed in terms of the salt.

2.5. Statistics

Results

The recorded data (collected into 1 min bins) and derived Response Areas (cumulative
percent changes from pre-values) were taken for statistical analyses. The data are presented
as mean + SEM and were analyzed by one-way or two-way analysis of variance followed by
Student's modified t test with Bonferroni corrections for multiple comparisons between
means (Wallenstein et al., 1980). A value of P < 0.05 was taken to denote statistical
significance.

3.1. Effects of test drugs on resting ventilatory parameters — Day 1

Resting ventilatory parameters were similar between all groups of rats on Day 1 and the
values recorded on Day 2 were similar to those on Day 1 with one exception (Table 1).
Specifically, in the naloxone study, resting fr recorded on Day 2 was higher than on Day 1
in the rats that received vehicle and in those that received naloxone. The injection of vehicle
elicited transient changes in ventilatory parameters that had fully subsided by the time
morphine was injected (Figs 1-3, left-hand columns; Table 2). Naloxone elicited a
substantial and sustained increase in fg that was accompanied by a sustained decrease in V1
(Fig. 1, Table 2). As such, naloxone elicited a relatively transient increase in V (Fig. 1,
Table 2). Naltrindole elicited a substantial increase in fr that was accompanied by a
decrease in V1 (Fig. 2, Table 2). These responses had largely subsided by the time morphine
was injected. As such, naltrindole elicited an increase in V of about 5 min in duration (Fig.
2, Table 2). The injection of D-PEN elicited an increase in fg of 7-8 min in duration (Fig. 3,
Table 2). There were minimal changes in V1. As such, the increases in V 'paraIIeIed the
increases in fg (Fig. 3, Table 2).

3.2. Effects of test drugs on the ventilatory responses to morphine — Day 1

In the naloxone study, morphine elicited transient fluctuations in fg in vehicle-treated
(vehicle) rats that were accompanied by sustained decreases in V1 and therefore V (Fig. 1,
left-hand panels; Fig. 4). Morphine elicited prompt and sustained increases in fg in
naloxone-treated (naloxone) rats that were accompanied by sustained decreases in V-t that
except for the first few minutes were similar to those in vehicle rats (Fig. 1, left-hand panel;
Fig. 4). As such, morphine elicited a transient increase in V in naloxone rats (Fig. 1, left-
hand panel; Fig. 4). Neither naltrindole (Fig. 2, left-hand panels; Fig. 5) nor D-PEN (Fig. 3,
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left-hand panels; Fig. 6) affected the morphine-induced transient changes in fg or the
sustained decreases in V1 and V

3.3. Effects of morphine on Day 2

Effects of naloxone—The injection of morphine in vehicle rats on Day 2 (i.e., those that
received vehicle plus morphine on Day 1) elicited similar initial changes in fg, V1 and V as
on Day 1 (Fig. 1, right-hand panels; Fig. 4). However, the duration of the decreases in V-t
and V on Day 2 were substantially shorter than on Day 1 (note that comparisons are valid
until 45 min) (Figs. 1 and 4). The depressant affects of morphine on V-, and to a lesser
degree V,'were of longer duration in the rats that received naloxone plus morphine on Day 1
(Fig. 1, right-hand panels; Fig. 4). Effects of naltrindole: The injection of morphine in
vehicle rats on Day 2 elicited smaller reductions in V1 and V than on Day 1, and indeed
steady increases in fg and V1 resulted in a substantial increase in V (Fig. 2, right-hand
panels; Fig. 5). The injection of morphine in the naltrindole rats on Day 2 elicited changes in
fr, VTand V that were similar to those on Day 1. Effects of D-PEN: the injection of
morphine in vehicle rats on Day 2 elicited smaller reductions in fg, V1 and V than on Day 1
(Fig. 3, right-hand panels; Fig. 6). The injection of morphine in the D-PEN rats on Day 2
elicited changes in fg, Vt and V that were virtually identical to those on Day 1.

3.4. Ventilatory responses elicited by exposure to H-H challenge

In the naloxone study, H-H challenge elicited increases in fg, V1 and V -(Fig. 1, right-hand
panel) in the vehicle rats but markedly smaller responses in the naloxone rats. In the D-
penicillamine study, H-H challenge elicited increases in fg, VT, V.(Fig. 3, right-hand panel)
in vehicle rats but minimal responses in D-PEN rats. The cumulative responses during H-H
challenge were substantially smaller in the naloxone or D-PEN rats than in the respective
vehicle rats (Fig. 7). Note, the ventilatory responses in vehicle-treated rats that received
morphine were substantially smaller than in a naive group of rats (see legend of Fig. 7).

4. Discussion

The key findings of this study were that development of tolerance to the ventilatory
depressant effects of morphine was attenuated by naloxone, naltrindole, and D-PEN. This is
consistent with the concept that the co-activation of p- and 3-ORs triggers the production of
peroxynitrite, which directly down-regulates - and 5-ORs and/or their intracellular
signaling mechanisms (Salvemini, 2009; Salvemini and Neumann, 2009).

4.1. Effects of test agents on ventilatory parameters

Naloxone readily enters the brain (DeHaven-Hudkins and Dolle, 2004; Ananthan, 2006;
Dahan et al., 2010) and is an antagonist of y-, 8- and x-ORs. Naloxone has twice the affinity
for u-ORs than for 8-ORs and 15 times greater affinity for p-ORs than x-ORs
(Lewanowitsch and Irvine, 2003; Janecka et al., 2004). Naloxone increased V via increases
in fg, consistent with evidence that it exerts ventilatory excitant effects in conscious (Isom
and Elshowihy, 1982a,b) and in anesthetized (Mauser and Chapman, 1987) rats. The 61 »-
OR antagonist, naltrindole (Portoghese, 1993; Ananthan, 2006) also increased V via
increases in fg, consistent with evidence that activation of 5-ORs depresses ventilation
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(Shook et al., 1990; Chen et al., 1991; Haji et al., 2000) and genioglossus muscle activity
(Hajiha et al., 2009). The responses elicited by naloxone and naltrindole suggest that
endogenous opioid peptides (e.g., enkaphalins, endomorphins) with activity at y- and/or 8-
ORs (Shook et al., 1990; Keresztes et al., 2010) play a tonic role in the control of breathing
(Dahan et al., 2010). To our knowledge, the effects of D-PEN on ventilatory parameters
have not been reported. D-PEN elicited increases in V via increases in fr rather than Vr,
which may involve its redox properties (Graves et al., 2006). We presume that the effects of
naloxone and naltrindole on ventilatory parameters are due to their actions in the brain
although actions in peripheral structures such as the carotid bodies cannot be discounted.

4.2. Effects of morphine on Day 1

Morphine elicited a transient increase in fg at 1 min in vehicle rats that was associated with
a decrease in V1 and therefore a minimal change in V. Lower systemic doses or central
injections of morphine stimulate ventilation via activation of p-ORs (Szeto et al., 1991,
Cheng et al., 1993). Since these excitatory responses were rapidly followed by ventilatory
depression, transient increase in fgr may have been due to initially lower concentrations of
morphine activating p-ORs in the brain, and as the tissue levels of morphine increased, the
ventilatory depressant effects of morphine and/or its major metabolite, morphine-3-
glucurodide (Hasegawa et al., 2010) began to dominate. The transient decreases in fg
elicited by morphine were accompanied by sustained decreases in V1 and therefore V,.
consistent with findings from other laboratories (van den Hoogen and Colpaert, 1986;
Czapla et al., 2000). The ventilatory responses elicited by morphine were markedly affected
by pretreatment with naloxone but not naltrindole or D-PEN. Specifically, morphine elicited
robust and long-lasting increases in fg in the naloxone rats whereas, except for the first few
minutes, the morphine-induced decreases in V1 were minimally affected. The lack of effects
of naloxone (1.5 mg/kg) on the morphine (10 mg/kg)-induced decrease in V1 may simply be
due to insufficient blockade of p-ORs since the same dose of the selective 11-OR receptor
antagonist, naloxonazine, markedly attenuated morphine-induced suppression of V1 (Lewis
et al., unpublished findings). Since the ventilatory excitant effects of morphine in naloxone
rats did not occur in naltrindole rats, it is possible that they involve activation of k-ORs
(Kilpatrick and Smith, 2005; Yamada et al., 2006).

4.3. Effects of morphine on Day 2 in naloxone or naltrindole rats

The ventilatory depressant responses elicited by morphine on Day 2 in vehicle rats were
much less than on Day 1 confirming that the actions of morphine are subject to tolerance
(McGilliard and Takemori, 1978; Bowen et al., 1979; Roerig et al., 1987; Hepburn et al.,
1997; Freye and Latasch, 2003). Roerig et al. (1987) determined that mice implanted
subcutaneously with morphine pellets developed tolerance to the central effects of this
opioid by demonstrating that the ventilatory depressant effects elicited by subsequent bolus
injections of morphine given subcutaneously or intracerebroventricularly elicited markedly
smaller responses than in naive mice. Moreover, McGilliard and Takemori (1978)
demonstrated that the ability of naloxone to affect the analgesic and ventilatory depressant
effects of subcutaneously administered morphine in mice changed with the duration of
subcutaneous morphine treatment providing evidence that narcotic-induced respiratory
depression and analgesia may be mediated by different receptor interactions.
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Since tolerance was less in naloxone-pretreated rats it is likely that p-OR activation is
involved in the down-regulation of the mechanisms mediating the ventilatory depressant
effects of morphine. Although naloxone did not markedly attenuate the morphine-induced
falls in VT, it prevented the development of tolerance. Our findings with naltrindole, suggest
that the ability of naloxone to block 3-ORs (DeHaven-Hudkins and Dolle, 2004; Ananthan,
2006) may have been the key to preventing tolerance. Despite the inability of naltrindole or
D-PEN to blunt the responses to morphine, both markedly attenuated the development of
tolerance. This suggests that activation of &; »-ORs generates peroxynitrite, causing the
down-regulation of the G protein-coupled -/81 ,-ORs that mediate the ventilatory
depressant effects of morphine. Our findings support evidence that peroxynitrite is a key
factor in the development of tolerance to opioid-induced analgesia (Salvemini and
Neumann, 2009) and that peroxynitrite elicits the down-regulation of a variety of G protein-
coupled receptors (Benkusky et al., 1998, 1999), ion-channels (Graves et al., 2005a) and S-
nitrosothiol recognition sites (Graves et al., 2005b; Lewis et al., 2005). Our data contrast
with evidence that tolerance to the ventilatory depressant effects of morphine occurs in
naltrindole-treated rats or that tolerance to respiratory depression reflects actions
independent of u-/6-ORs populations (Hepburn et al., 1997). There may be several reasons
for the discrepancy in these findings including the different effects of morphine. For
example, in our study, morphine had transient effects on fg (although it decreased V)
whereas in the study of Hepburn et al (1997), morphine induced a sustained depression of fg
(no other parameters were recorded). To our knowledge, the use of 85 »-OR antagonists to
prevent tolerance to the analgesic actions of opioids while allowing for tolerance to develop
to the respiratory depression has not progressed as a viable clinical approach (Ananthan,
2006).

4.4. Effects of morphine on Day 2 in D-penicillamine rats

L-PEN (Althaus et al., 1994, 1995) and D-PEN (Singh et al., 2007) scavenge peroxynitrite
in vitro. The reaction of peroxynitrite with PEN yields a single S-nitro-PEN adduct (Althaus
et al., 1994). Similar to L-PEN (Graves et al,. 2006), D-PEN is an effective peroxynitrite
scavenger when given systemically (Lewis, unpublished observations). Oral administration
of D-PEN results in detectable amounts of this thiol in blood and plasma (Abounassif and
Jefferies, 1983). It is feasible that D-PEN prevents tolerance to the effects of morphine on
peripheral structures such as the carotid bodies and neuromuscular elements in the chest wall
and diaphragm as well as brain structures devoid of a blood-brain barrier (Duvernoy and
Risold, 2007), which would be readily accessible to naloxone, naltrindole and D-PEN.
These circumventricular organs express neuronal -, 8-and k-ORs (Atweh and Kuhar, 1977;
Snyder and Pasternak, 2003), and direct injections of OR agonists into these structures elicit
physiological responses (Bhandari et al., 1992; Fregoneze and Antunes-Rodrigues, 1992).
Although the effects of direct injections of opioids into these brain structures on ventilatory
parameters are not known, these structures are involved in ventilatory control (Gatti et al.,
1985; Ferguson et al., 1989). In addition, D-PEN may enter the cerebrospinal fluid and brain
tissue, since intravenous D-PEN improves neurological recovery in mice after traumatic
brain injury, a condition characterized by the generation and deleterious effects of
peroxynitrite (Hall et al., 1999). Accordingly, D-PEN may prevent tolerance to the effects of

Respir Physiol Neurobiol. Author manuscript; available in PMC 2015 June 02.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Young et al. Page 8

morphine on brain neurons involved in ventilatory control (Kilpatrick and Smith, 2005;
Trescot et al., 2008; Dahan et al., 2010).

4.5. Ventilatory responses to H-H challenge — day 2

The ventilatory responses elicited by H-H challenge in vehicle rats that received morphine
were diminished compared to naive rats. This is consistent with evidence that morphine
suppresses ventilatory responses to hypoxia and hypercapnia by actions in the brain and
carotid bodies (McQueen and Ribeiro, 1980; Kirby and McQueen, 1986; Mayer et al., 1989;
Zhang et al., 2009). Despite development of tolerance to the ventilatory depressant effects of
morphine per se (and that parameters were at pre-morphine levels when the H-H challenge
was delivered), morphine still was able to suppress the responses to H-H challenge. These
insidious effects of morphine are consistent with evidence that the morphine metabolite/
opiate-receptor agonist, morphine-6-glucurodide, blunts ventilatory response to hypercapnia
challenge although it minimally affects resting ventilation (Peat et al., 1991). The ventilatory
responses elicited by H-H challenge were suppressed in naloxone or D-PEN rats, suggesting
that blockade of p-ORs and (to a lesser degree) §-ORs by naloxone prevents peroxynitrite-
induced down-regulation and/or desensitization of the receptors that depress the responses to
H-H challenge.

4.6. Conclusions

Our studies show that the activation of p- and 6-ORs plays a major role in the development
of tolerance to the ventilatory depressant actions of morphine. Similar to analgesic tolerance
(Salvemini, 2009; Salvemini and Neumann, 2009), our studies with D-PEN suggest that
peroxynitrite may be a major player in tolerance development to morphine-induced
ventilatory depression. The ability of D-PEN to chelate metals (Aposhian, 1961; Levine,
1975), thereby diminishing peroxynitrite-induced oxidation and nitration reactions
(Ischiropoulos et al., 1992), may also be involved. The mechanisms by which activation of
u- and 6-ORs leads to the generation of peroxynitrite, which requires the interaction of nitric
oxide and superoxide anion, have received substantial attention (Salvemini, 2009; Salvemini
and Neumann, 2009). It remains to be determined whether the generation of peroxynitrite in
the brain and/or peripheral structures participates in the development of tolerance to the
ventilatory depressant effects of morphine.
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Fig. 3.
Left-hand panels: Changes in frequency of breathing, tidal volume and minute ventilation

elicited by injection of vehicle or D-penicillamine (D-PEN, 1 mmol/kg, i.v.) and subsequent
injection of morphine (10 mg/kg, i.v.) in conscious rats. Right-hand panels. Changes in
frequency of breathing, tidal volume and minute ventilation elicited by injection of
morphine (10 mg/kg i.v.) and subsequent exposure to hypoxic-hypercapnic challenge on
Day 2 in rats that received vehicle plus morphine or D-PEN plus morphine, 1 day earlier.
Data are mean £ SEM. There were 6 rats in each group.
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Fig. 4.

Cl?mulative percent changes in frequency of breathing (top panel), tidal volume (middle
panel) and minute ventilation (bottom panel) elicited by morphine (10 mg/kg, i.v.) in
conscious rats pretreated with vehicle (VEH) or naloxone (NLX, 1.5 mg/kg, i.v.) on Day 1,
and again on Day 2 in these rats. Data are mean + SEM. There were six rats in each group.
*P < 0.05, significant cumulative response. TP < 0.05, NLX-treated versus vehicle-treated
rats. *P < 0.05, Day 2 versus Day 1.

Respir Physiol Neurobiol. Author manuscript; available in PMC 2015 June 02.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Young et al.

Page 18

DAY 1 DAY 2
20
*t o
— *
& 15 A *,1 o x4
z
£ 10 % % *
3
T
£ 5]
v
2
£ 0
E
3 %
* x * OVEH mNTD
10 -
0-15 0-30 0-60 0-15 0-30 0-60
min min min min min min
15 1 DAY 1 DAY 2
_ i *,1
g 10 .
° 54 0O VEH mNTD
£ I
3 °7 I
> 5
-‘—g - k3
F -10 A
o
= - -
g " *t
E -20 - *
%* * 1-
3 oc 4 ,
S 25 * ¥ * * *,1
230 -
0-15 0-30 0-60 0-15 0-30 0-60
min min min min min min
30 - DAY 1 DAY 2
g %1
5 20
= OVEH mNTD *,f
£ 10 A
J S
i
- 0 - 2
£
2
10 A
z T
k- 20 *
s -20 |
E * * * *:T *:T
© 30d % *
0-15 0-30 0-60 0-15 0-30 0-60
min min min min min min

Fig. 5.

Cl?mulative percent changes in frequency of breathing (top panel), tidal volume (middle
panel) and minute ventilation (bottom panel) elicited by morphine (10 mg/kg, i.v.) in
conscious rats pretreated with vehicle (VEH) or naltrindole (NTD, 1.5 mg/kg, i.v.) on Day 1,
and again on Day 2 in these rats. Data are mean + SEM. There were six rats in each group.
*P < 0.05, significant cumulative response. TP < 0.05, NTD-treated versus vehicle-treated
rats. *P < 0.05, Day 2 versus Day 1.
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Fig. 6.

Cl?mulative percent changes in frequency of breathing (top panel), tidal volume (middle
panel) and minute ventilation (bottom panel) elicited by morphine (10 mg/kg, i.v.) in
conscious rats pretreated with vehicle (VEH) or D-penicillamine (D-PEN, 1 mmol/kg, i.v.)
on Day 1, and again on Day 2 in these rats. Data are mean + SEM. There were six rats in
each group. *P < 0.05, significant cumulative response. TP < 0.05, NTD-treated versus
vehicle-treated rats. ¥P < 0.05, Day 2 versus Day 1.
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Fig. 7.

Cumulative percent changes in frequency of breathing (Freq), tidal volume (TV), and
minute ventilation (MV) during hypoxic-hypercapnic challenge following injection of
morphine (10 mg/kg, i.v.) in conscious rats on Day 2. These rats were pretreated with (a)
vehicle plus morphine, or naloxone (NLX, 1.5 mg/kg, i.v.) plus morphine, on Day 1 (upper
panel), or (b) vehicle plus morphine, or D-penicillamine (D-PEN, 1 mmol/kg, i.v.) plus
morphine, on Day 1 (lower panel). Data are mean + S.E.M. There were six rats in each
group. *P < 0.05, significant cumulative response. TP < 0.05, naloxone-treated or D-PEN-
treated rats versus vehicle-treated rats. The “control” values under each panel represent the
responses elicited by the hypoxichypercapnic challenge in a naive group of rats (n=6, 288 +
2 g). The asterisks on the control values denote significance (P < 0.05) from the responses in

vehicle + morphine-treated rats.
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Table 1

Resting ventilatory parameters and body weights in the two groups of rats

Vehicle Drug
Study Parameter DAY 1 DAY 2 DAY 1 DAY 2
Naloxone Body Weights, grams 294 +3 290 £ 2 291+3 288+ 2
Frequency, breaths/min 93+5 104 + 6* 99+4 114 + 3*
Tidal Volume, mls 213+012 191+0.15 203010 192+0.13
Minute Ventilation, mls/min 197 +8 195+13 198 +8 216 +9
Naltrindole Body Weights, grams 287+3 283+3 288+ 4 286+4
Frequency, breaths/min 97+5 105+8 92+3 100+ 7
Tidal Volume, mls 263+0.14 254+0.08 253+0.18 2.28+0.07
Minute Ventilation, mls/min 253+ 13 273+ 26 243+ 8 228 +20
D-penicillamine  Body Weights, grams 290+ 3 287+3 293+3 294 +3
Frequency, breaths/min 9+7 101+6 1077 105+ 8
Tidal Volume, mls 223+012 220+0.11 226+0.12 224+0.11
Minute Ventilation, mls/min 223+13 221+ 14 233 £13 236 £ 14

The data are presented as mean = SEM. There were six rats in each group.

*
P <0.05, Day 2 versus Day 1.
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Table 2

Effects of bolus injection of vehicle or test drugs on resting ventilatory parameters

Peak Response, %

Cumulative Response, %

Study Parameter Vehicle Drug Vehicle Drug
Naloxone Frequency, breaths/min +4+4 71+ 19*,T -2+2 +36 + 6*,T
Tidal Volume, mls -9+9 +1+4 -2+1 15+ 3*’T
Minute Ventilation, mis/min -~ +6+8 ., 11*,T —4+2 15+ 4*’1‘
Naltrindole Frequency, breaths/min 5248 477413 +7+3 439+ 4*’T
Tidal Volume, mls 16+3 1543 +3+1 g+ 2*’T
Minute Ventilation, misimin —_,0 o g0 7T 910" 042"
D-penicillamine  Frequency, breaths/min +10+6 +48 + 6 +3+4 T+ 4*,T
Tidal Volume, mls +1+3 +6+4 +1+3 +1+4
Minute Ventilation, mls/min ~ +6 + 4 143+ 7*’T +3+2 +18+ 5*’T

The data are presented as mean + SEM. There were six rats in each group.

*
P < 0.05, significant response.

+

P < 0.05, drug-treated versus vehicle-treated rats.
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