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Abstract

Background/Objectives: We examined the role of muscarinic cholinergic receptors in
the ventilatory depressant effects of morphine in male Sprague Dawley rats, and in
responses elicited by a hypoxic-hypercapnic gas (HH) challenge and upon return to room
air. Methods: Ventilatory parameters were measured in freely moving rats by whole body
plethysmography that continuously recorded these parameters. Results: The injection
of morphine (10 mg/kg, IV) elicited a relatively pronounced depression of breathing,
including sustained decreases in tidal volume, minute ventilation, peak inspiratory flow,
and inspiratory and expiratory drives that were associated with marked increases in
end inspiratory pause (EIP), expiratory flow at 50% expired tidal volume (EF5(), and the
rate of achieving peak expiratory flow (Rpef). Subsequent injection of the muscarinic
receptor antagonist, atropine (1 mg/kg, IV), in morphine-treated rats did not affect the
frequency of breathing, tidal volume, minute ventilation, inspiratory and expiratory
times, end expiratory pause, peak inspiratory and expiratory flows, relaxation time,
expiratory delay, apneic pause, inspiratory and expiratory drives, and the non-eupneic
breathing index (p > 0.05 for all comparisons). In contrast, atropine dramatically reduced
the morphine-induced increases in EIP, Rpef and EFs (p < 0.05, for all comparisons). In
addition, the changes in many ventilatory parameters (e.g., frequency of breathing, tidal
volume and minute ventilation) that occurred during a subsequent HH-challenge and
upon the return to room air were markedly reduced in atropine-treated rats (p < 0.05, for
all comparisons). Conclusions: These findings suggest that muscarinic receptors play
a limited, but important role, in the expression of the ventilatory effects of morphine
in male rats and a substantial role in the expression of responses elicited during and
following HH-challenge.
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1. Introduction

The adverse effects of opioids on breathing and alveolar gas exchange complicates
their clinical use [1-4]. Mechanisms responsible for opioid-induced respiratory depres-
sion (OIRD) are multifactorial and, as seen in Supplemental Table S1, many therapeutic
modalities have been tried to elicit effective reversal of OIRD. The process underlying
OIRD and/or the reversal of this phenomenon appear to involve alterations in the activi-
ties of (a) glutamatergic receptor-linked signaling cascades including NMDA receptors [5]
and AMPA receptors [6,7], (b) 5-HTa-, 5-HT14-/5-HT7- and 5-HTy-receptor signaling
cascades [8,9], (c) xp-adrenoceptor-initiated cell-signaling events [10] and (d) dopamine
D1 receptor agonists [11-13]. Roles of plasma-membrane ion-channels and intracel-
lular signaling molecules pertain to (a) K*-channels [14], such as large conductance
Ca?*-activated K* (BK) channels [15-17], KCNQ voltage-gated K*-channels [18] and G
protein-gated inwardly rectifying K* channels [19], (b) adenylate cyclases [20], (c) pro-
tein kinase A [11], and (d) phosphodiesterase [20,21]. Other entities include microglial
inhibitors [22], glycyl-glutamine [23], thyrotropin releasing hormone and analogs [24], ni-
tric oxide synthase [25], S-nitrosothiols [26] and, as summarized in Supplemental Table S1,
thiols and L- and D-thiolesters [27,28].

Cholinergic mechanisms are involved in the expression of OIRD with acetyl-
cholinesterase inhibitors [29-31] and nicotinic receptor agonists [32,33] showing efficacy
in relieving some of the adverse effects of opioids. Cholinergic neurotransmission and
cholinergic receptors (nicotinic and muscarinic) within the brain [34-38] and carotid
bodies [39-42] have complex roles in the regulation of breathing and processing of chemore-
ceptor input. To date, potential roles of central or peripheral muscarinic receptors in the ex-
pression of OIRD in freely moving rats have not been explored. Our companion manuscript
provides evidence that the ability of L-cysteine ethyl ester (L-CYSee) to overcome ventila-
tory depression to morphine is blunted by the co-administration of atropine [43], which
is a peripherally/centrally acting antagonist of M1-M5 muscarinic receptors [44]. These
M1-MS5 receptors differ in their distribution and expression level in respiratory control
centers in the brain [45-48] and carotid bodies [49-53] and the signal transduction pro-
cesses they recruit. M1, M3 and M5 receptors are Gq/11 protein-linked and mainly located
post-synaptically, and their activation stimulates phospholipase C-mediated increases in
intracellular Ca®* [45,48,52,53]. M2 and M4 receptors are Go/i protein-coupled recep-
tors that are located pre- and post-synaptically, and upon activation they lower cellular
concentrations of cAMP via inhibition of adenylyl cyclase [48,53].

The objective of the present study was to determine the role of muscarinic receptors in
the ventilatory responses elicited by intravenous injection of morphine in unanesthetized
adult male Sprague Dawley rats and in the subsequent ventilatory responses elicited by a
hypoxic-hypercapnic (HH) challenge (rebreathing method), which are adversely impacted
by morphine [54]. Two sets of rats were given morphine (10 mg/kg, IV) and after 15 min,
one group received an injection of vehicle (saline) and the other a standard dose (1.0 mg/kg,
IV) of atropine [55-57]. After 45 min, both groups of rats were subjected to a HH-challenge
for 60 min followed by the return to room air for 30 min. Our findings demonstrate
that muscarinic receptors play a limited role in the expression of the effects of morphine
on ventilatory parameters in these rats whereas they have a more substantial role in the
expression of the ventilatory responses elicited during and following HH-challenge.
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2. Results
2.1. Baseline Ventilatory Values

The ages and body weights and baseline (pre) ventilatory parameters before injection
of morphine in rats that then received an injection of vehicle (saline) or atropine are shown
in Supplemental Table S3. There were no between-group differences for any parameter
(p > 0.05, for all comparisons).

2.2. Ventilatory Studies
2.2.1. Frequency of Breathing (Frequency), Tidal Volume (TV) and Minute Ventilation (MV)

As can be seen in Figure 1, the injection of morphine (10 mg/kg, IV) produced a
transient increase in Frequency (panel A) but a substantial and sustained decrease in TV
(Panel B) and therefore MV (Panel C). The subsequent injection of atropine (1 mg/kg, IV)
did not affect these ventilatory actions of morphine. In contrast, the subsequent increases
in Freq, TV and MV that occurred during the HH-challenge and upon return to room air
were markedly diminished in atropine-treated rats compared to the vehicle-treated rats.
Summaries of the total changes in Freq, TV and MV during each phase of the protocol
(panels D-F, respectively) highlight the impact of atropine on the TV and MV responses
that occurred during HH-challenge and upon return to room air.
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Figure 1. Cont.
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Figure 1. Values recorded for frequency of breathing (A), tidal volume (B), and minute ventilation
(C) before (Pre), after injection of morphine (10 mg/kg, IV), and then subsequent injection of vehicle
(VEH) or atropine (1 mg/kg, IV) followed by a hypoxic-hypercapnic gas challenge (AIR OFF) and
return to room air (AIR ON). A summary of the total changes in frequency, tidal volume, and minute
ventilation during each phase of the study are presented in (D-F), respectively (ATR, atropine; HH,
hypoxic-hypercapnic gas challenge; RA, return to room air). The data are presented as mean + SEM.
There were 6 rats in each group. * p < 0.05, significant change from Pre-values. * p < 0.05, atropine
versus vehicle.

2.2.2. Inspiratory Time (Ti), Expiratory Time (Te) and Ti/Te

As seen in Figure 2, morphine elicited a transient decrease followed by a sustained
increase in Ti (panel A), a transient decrease followed by a sustained decrease in Te (Panel
B), and therefore a sustained increase in Ti/TE (Panel C). The subsequent injection of
atropine minimally affected these parameters. The subsequent changes in Ti, Te and TI/Te
that occurred during the HH-challenge and upon return to room air were similar in the
atropine-treated and the vehicle-treated rats. Summaries of the total changes in Ti, Te and
Ti/Te during each phase of the protocol (panels D-F, respectively) highlight the impact of
atropine on the Ti responses that occurred upon return to room air.
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Figure 2. Values recorded for inspiratory time (A), expiratory time (B), and inspiratory time/
expiratory time (Ti/Te) (C), before (Pre), after injection of morphine (10 mg/kg, IV), and then
subsequent injection of vehicle (VEH) or atropine (1 mg/kg, IV) followed by a hypoxic-hypercapnic
gas challenge (AIR OFF) and return to room air (AIR ON). A summary of the total changes in Ti, Te
and Ti/Te during each phase of the study are presented in (D-F), respectively (ATR, atropine; HH,
hypoxic-hypercapnic gas challenge; RA, return to room air). Data are presented as mean + SEM.
There were 6 rats in each group. * p < 0.05, significant change from Pre-values. ' p < 0.05, atropine
versus vehicle.

2.2.3. End Inspiratory Pause (EIP) and End Expiratory Pause (EEP)

As seen in Figure 3, morphine produced a substantial increase in EIP that was sustained
throughout the protocol (panel A). Subsequent injection of atropine produced a prompt
and sustained reduction in the morphine-induced increase in EIP (see panel C). In contrast,
morphine elicited a substantial initial increase in EEP followed by a sustained fall to below
baseline values of similar magnitude in both groups of rats (Panels B and D).

2.2.4. Peak Inspiratory Flow (PIF), Peak Expiratory Flow (PEF) and PIF/PEF

As seen in Figure 4, morphine produced a sustained decrease in PIF that was not
affected by the subsequent injection of atropine (panel A). The increases in PIF that occurred
during the subsequent HH-challenge and upon return to room air were markedly dimin-
ished in the atropine-treated rats compared to the vehicle-treated rats. In contrast, neither
morphine nor atropine exerted discernible effects on PEF (panel B). However, the increases
in PEF during subsequent HH-challenge and upon return to room air were markedly
diminished in atropine-treated rats compared to vehicle-treated rats. These changes in
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PIF and PEF resulted in substantial reductions in PIF/PEF throughout the protocol with
the marked difference in PIF/PEF between the groups occurring upon return to room air.
Summaries of the total changes in PIF, PEF and PIF/PEF (Panels B, D, F) highlight the
atropine-mediated effects during the HH-challenge and upon return to room air.
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Figure 3. Values recorded for end inspiratory pause (End Insp Pause, EIP) (A) and end expiratory
pause (End Exp Pause, EEP) (B) before (Pre), after injection of morphine (10 mg/kg, IV), and then
subsequent injection of vehicle (VEH) or atropine (1 mg/kg, IV) followed by a hypoxic-hypercapnic
gas challenge (AIR OFF) and return to room air (AIR ON). A summary of the total changes in EIP
and EEP during each phase of the study are presented in (C,D), respectively (ATR, atropine; HH,
hypoxic-hypercapnic gas challenge; RA, return to room air). Data are presented as mean + SEM.
There were 6 rats in each group. * p < 0.05, significant change from Pre-values. * p < 0.05, atropine

versus vehicle.

2.2.5. Rate of Achieving PEF (Rpef) and Expiratory Flow at 50% Expired TV (EFs)

As seen in Figure 5, morphine produced a substantial increase in EIP that was sustained
throughout the protocol (panel A). Subsequent injection of atropine produced a prompt and
sustained reduction in this effect of morphine (see panel C). Morphine elicited a substantial
increase in EFs that was further increased during the HH-challenge and maintained upon
return to room air (Panels B and D). Atropine elicited a sustained reduction in this effect of
morphine and EF50 values remained lower in atropine-treated compared to vehicle-treated
rats throughout the protocol (Panels B and D).
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Figure 4. Values recorded for peak inspiratory flow (Peak Insp Flow, PIF) (A), peak expiratory flow
(Peak Exp Flow, PEF) (B) and peak inspiratory flow /peak expiratory flow (PIF/PEF) (C) before (Pre),
after injection of morphine (10 mg/kg, IV), and then subsequent injection of vehicle (VEH) or atropine

(1 mg/kg, IV) followed by a hypoxic-hypercapnic gas challenge (AIR OFF) and return to room air
(AIR ON). A summary of the total changes in PIF, PEF and PIF/PEF during each phase of the study
are presented in (D-F), respectively (ATR, atropine; HH, hypoxic-hypercapnic gas challenge; RA,

return to room air). Data are presented as mean + SEM. There were 6 rats in each group. * p < 0.05,

significant change from Pre-values.

t p < 0.05, atropine versus vehicle.
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Figure 5. Values recorded for Rpef (A) and EFs; (B) before (Pre), after injection of morphine
(10 mg/kg, IV), and then subsequent injection of vehicle (VEH) or atropine (1 mg/kg, IV) followed
by a hypoxic-hypercapnic gas challenge (AIR OFF) and return to room air (AIR ON). A summary of
the total changes in Rpef and EF5 during each phase of the study are presented in (C,D), respectively
(ATR, atropine; HH, hypoxic-hypercapnic gas challenge; RA, return to room air). The data are
presented as mean + SEM. There were 6 rats in each group. * p < 0.05, significant change from
Pre-values. T p < 0.05, atropine versus vehicle.

2.2.6. Relaxation Time (RT), Expiratory Delay (Te-RT) and Apneic Pause [(Te/RT)-1]

As seen in Figure 6, morphine produced a substantial decrease in RT that was sustained
throughout the protocol with similar changes seen in the vehicle-treated and atropine-
treated rats (panels A and D). Morphine produced a transient initial increase in Te-RT and
these expiratory delay values remained slightly higher following the injection of vehicle
and fell slightly below baseline values during HH-challenge and upon return to room air
(panels B and D). Atropine blunted these falls in Te-RT during the HH-challenge and return
to room air. Morphine produced sustained increases in apneic pause that were maintained
during the HH-challenge and return to room air (panels C and F). Atropine had negligible
effects on the morphine-induced increase in apneic pause and the apneic pause values
recorded during the HH-challenge and return to room air (panels C and F).
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Figure 6. Values recorded for relaxation time (RT) (A), expiratory time—relaxation time (Te-RT) (B)
and apneic pause (C) before (Pre), after injection of morphine (10 mg/kg, IV), and then subsequent
injection of vehicle (VEH) or atropine (1 mg/kg, IV) followed by a hypoxic-hypercapnic gas challenge
(AIR OFF) and return to room air (AIR ON). A summary of the total changes in RT, Te-RT and
apneic pause during each phase of the study are presented in (D-F), respectively (ATR, atropine; HH,
hypoxic-hypercapnic gas challenge; RA, return to room air). Data are presented as mean + SEM.
There were 6 rats in each group. * p < 0.05, significant change from Pre-values. t p < 0.05, atropine

versus vehicle.

2.2.7. Inspiratory Drive (TV/Ti) and Expiratory Drive (TV/Te)

As seen in Figure 7, morphine produced a sustained decrease in inspiratory drive
that was not affected by the injection of atropine (panel A). The subsequent increases in
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inspiratory drive that occurred during HH-challenge and upon return to room air were
diminished in atropine-treated rats compared to vehicle-treated rats. Morphine produced a
relatively transient fall in expiratory drive and atropine produced minimal effects on this
parameter (panel B). The increases in expiratory drive during subsequent HH-challenge
and upon return to room air were markedly diminished in atropine-treated rats. Summaries
of the total changes in inspiratory drive (Panel C) and expiratory drive (Panel D) highlight
that atropine-markedly diminished the increases in these parameters during exposure to
the HH-challenge and upon return to room air.
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R __ 75, Inspiratory Drive *
[$] ) .
o g Morphi .
8 20 orphine g 50/ @ Vehicle
E . 5 B Atropine
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[ e 251
2 Atropine AIR OFF =
[a) i@ @
> 10 1 ‘ @ o J—-
o 1 o
® & 25
.g 5 & § .
E i E 501
| E
0 ! (o]
= 75l
0 15 30 45 60 75 90 105 120 135 150 MOR VEH,'ATR HH RA
Pre Time after injection of morphine (min)
(A) ©
25 1 o Vehicle e Atropine AIR ON
— | __ 210, Expiratory Drive
g 20 A1 Morphine i % *
° l = 1751 @ Vehicle *
E ‘ s . ;
= 5 | Vehicle or S 14041 @ Atropine
E Atropine AIR OFF = 105/
a b
> 10 ‘ @ 70
o : o
B i s A g § 35
g ° © O
u | s 35
0 : i o
= 70l
0 15 30 45 60 75 90 105 120 135 150 MOR VEH/ATR HH RA
Pre Time after injection of morphine (min)

(D)

(B)

Figure 7. Values recorded for inspiratory drive (A) and expiratory drive (B) before (Pre), injection
of morphine (10 mg/kg, IV), and then subsequent injection of vehicle (VEH) or atropine (1 mg/kg,
IV) followed by a hypoxic-hypercapnic gas challenge (AIR OFF) and return to room air (AIR ON). A
summary of the total changes in inspiratory drive and expiratory drive during each phase of the study
are presented in (C,D), respectively (ATR, atropine; HH, hypoxic-hypercapnic gas challenge; RA,
return to room air). Data are presented as mean £ SEM. There were 6 rats in each group. * p < 0.05,

significant change from Pre-values. t p < 0.05, atropine versus vehicle.

2.2.8. Non-Eupneic Breathing Index (NEBI) and NEBI Corrected for Freq (NEBI/Freq)

As seen in Figure 8, morphine produced a transient increase followed by substantial
and sustained decrease in NEBI and NEBI/Freq that was not affected by the injection of
atropine or the HH-challenge (panels A and B). The marked and sustained increases in
NEBI and NEBI/Freq upon return to room air were absent in the atropine-treated rats.
Summaries of the total changes in NEBI (Panel C) and NEBI/Freq (Panel D) highlight that
atropine markedly eliminated the increases in these parameters upon return to room air
(i.e., these values remained suppressed).
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Figure 8. Values recorded for non-eupneic breathing index (NEBI) (A) and NEBI/Frequency of
breathing (NEBI/Freq) (B) before (Pre), after injection of morphine (10 mg/kg, IV), and then subse-
quent injection of vehicle (VEH) or atropine (1 mg/kg, IV) followed by a hypoxic-hypercapnic gas
challenge (AIR OFF) and return to room air (AIR ON). A summary of the total changes in NEBI and
NEBI/Freq during each phase of the study are presented in (C,D), respectively (ATR, atropine; HH,
hypoxic-hypercapnic gas challenge; RA, return to room air). Data are presented as mean + SEM.
There were 6 rats in each group. * p < 0.05, significant change from Pre-values. ' p < 0.05, atropine
versus vehicle.

2.3. Righting Reflex

The loss of righting reflex took 73.1 £ 6.2 min to recover following the injection
of morphine (10 mg/kg, IV) in vehicle-treated rats. The righting reflex in morphine-
treated rats that received an injection of atropine (1 mg/kg, IV) recovered more quickly
(45.6 & 4.4 min) than in vehicle-treated rats (p < 0.05). All rats returned to normal grooming
activities and no other (unusual) behavioral differences were observed between the groups.

3. Discussion
3.1. Ventilatory Responses Elicited by Morphine

The present study demonstrates that the intravenous injection of morphine (10 mg/kg,
IV) produced an array of ventilatory responses in adult male Sprague Dawley rats that were
consistent with those we have reported previously [49-56]. In brief, this dose of morphine
had minimal effects of Freq but pronounced and sustained effects on tidal volume (and
therefore minute ventilation). However, the lack of effect of morphine on frequency of
breathing belies the fact that the opioid markedly elevated inspiratory time and EIP while
decreasing expiratory time and EEP. As such, despite minimal effects of morphine on
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frequency of breathing per se, it is evident that the opioid has pronounced and opposing
effects on processes controlling inspiratory and expiratory timing. The inhibitory effect
of morphine on PIF was also in stark contrast to the observed increases in PEF, Rpef and
EFs elicited by the opioid. This clearly shows that morphine is also able to differentially
affect the processes involved in the neural/musculoskeletal control of inspiration and
expiration [28]. The morphine-induced enhancement of expiratory delay and apneic pause
highlights that this opioid is similar to fentanyl in its ability to adversely affect upper airway
dynamics [25-28]. Finally, the finding that morphine elicited a substantial initial increase
in NEBI and NEBI/Freq is consistent with opioids destabilizing eupneic breathing [56]
whereas the dramatic subsequent fall in these indices would unexpectedly suggest that
morphine actually eliminates non-eupneic events, which in these rats, are most commonly
apneas and disordered breaths [25-28].

3.2. Ventilatory Responses Elicited by Atropine in Morphine-Treated Rats

Subsequent injection of atropine (1 mg/kg, IV) in the morphine-treated rats dramat-
ically reduced the morphine-induced increases in EIP, Rpef and EF5), whereas atropine
did not affect frequency of breathing, tidal volume, minute ventilation, inspiratory and
expiratory times, end expiratory pause, peak inspiratory or expiratory flows, relaxation
time, expiratory delay, apneic pause, inspiratory and expiratory drives and non-eupneic
breathing index. It appears that muscarinic receptor mechanisms are vital in the ability
of morphine to lengthen the pause before expiration (i.e., the increase in EIP), noting that
(a) cholinergic muscarinic transmission contributes to excitation of parafacial respiratory
group (pFRG) neurons and promotes both active recruitment of abdominal muscles and
active expiratory flow [36], (b) pontine cholinergic mechanisms play vital roles in respi-
ratory regulation [58], (c) the transition from inspiration to expiration is a phenomenon
depending on active interplay between intrinsic neural networks in the pons and input from
slowly adapting pulmonary stretch receptors [59], and (d) these systems are influenced
by the intermediate reticular nucleus that helps to co-ordinate post-inspiratory activity,
swallowing, and respiratory-sympathetic coupling [60]. It also appears that cholinergic
mechanisms are vital to the yet-to-be-defined processes by which morphine causes a more
rapid attaining of PEF (i.e., Rpef) while not enhancing PEF per se [61]. Our companion
manuscript [43] reports that atropine (1 mg/kg, IV) elicits profound effects on ventilatory
parameters in naive adult male Sprague Dawley rats. Supplemental Table S4 provides
a qualitative comparison of the effects of atropine in these naive rats and those of the
present study. It is evident that morphine dramatically reduces the impact of atropine
on ventilatory parameters by mechanisms in ways not necessarily due to complications
related to changes in baseline values. For example, atropine causes a pronounced increase
in the frequency of breathing in naive rats, whereas it has no effect on morphine-treated
rats, noting that morphine did not change baseline frequency values. It would therefore
seem that morphine must curtail cholinergic signaling in neural circuits that control the
frequency of breathing. The general lack of effect of atropine on the morphine-induced
changes in ventilatory parameters in freely moving rats are not consistent with evidence
of the activation of muscarinic receptor-dependent mechanisms in the medulla oblongata
reverse fentanyl-induced respiratory depression in isoflurane-anesthetized rats [62]. From
these latter findings, it would follow that blockade of muscarinic receptors would augment
the ventilatory depressant effects of opioids including morphine.

3.3. Ventilatory Responses During Exposure to a HH-Challenge

The mechanisms responsible for the ventilatory responses to HH-challenges [63] in-
volve carotid body and brainstem signal transduction processes [64,65] and the interplay
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between these two stimuli has received attention [66—68]. There is no information at
present regarding potential roles of cholinergic neuronal-muscarinic receptor systems in
expression of ventilatory responses to HH-challenge. However, Lydic et al. [69] reported
that cholinergic mechanisms in the medial prefrontal cortex influence state-dependent
ventilatory response to hypercapnia in cats via muscarinic receptor activation. Based on
elegant electrophysiological recordings of neurons in the brainstem respiratory chemosen-
sitive area of chloralose-urethane anesthetized cats, Trouth et al. [70] suggested that the
endogenous opiates are involved in the central regulation of respiration by interactions
with CO;-sensitive cholinergic structures located at the caudal ventral medullary surface.
As expected, HH-challenge elicited robust changes in ventilatory parameters [63]. A key
finding was that many of these responses were substantially affected by atropine whereas
others were not, whereas HH-challenge-induced increase in TV was markedly reduced in
atropine-treated rats the corresponding increases in Freq (and associated changes in Ti and
Te) were not affected by the muscarinic receptor antagonist. In addition, the increases in
PIF, PEF, EFsy, inspiratory drive and expiratory drive were markedly reduced by atropine
whereas changes in relaxation time, expiratory delay and NEBI were not affected with
pronounced effects of morphine and atropine on Rpef, making the interpretation of the lack
of effects of the HH-challenge difficult to interpret. To our knowledge this is the first clear
example of a study in which a differing role for muscarinic receptor signaling processes in
ventilatory signaling responses to HH-challenge has been suggested. The involvement of
brain and carotid body cholinergic mechanisms in these HH-challenge responses remain to
be determined.

3.4. Ventilatory Responses Following Return to Room Air

The neurophysiological and neurochemical mechanisms responsible for the ventilatory
responses that occur upon return to room air following hypoxic, hypercapnic and HH-
challenges have received some attention, and it has been established that the carotid
body-carotid sinus nerve complex is vital and that redox status and nitric oxide synthase
and S-nitrosothiols also play important roles [71]. Atropine had dramatic effects on some of
the ventilatory responses that occurred upon return to room air after the HH-challenge. In
particular, the changes in Freq (and Ti), TV, MV, PIE, PEF, Rpef, inspiratory and expiratory
drives observed in vehicle-treated rats were markedly reduced in the atropine-treated rats.
Notably, the substantial increase in non-eupneic breathing index (NEBI) was absent in
atropine-treated rats. The increase in NEBI was likely due to increases in apneic episodes
and frequency of disordered breaths, in particular [71], and as such it is evident that
cholinergic signaling via muscarinic receptors plays a major role in the destabilization
of breathing during the return to room air phase following HH-challenge. Whether this
increase in NEBI involves the destabilization of neurotransmission within the carotid bodies
and or respiratory control centers in the brain remains to be established.

3.5. Role of Muscarinic Receptors in Morphine-Induced Effects on Righting Reflex

Our studies show that atropine markedly reduced the time for the morphine-treated
rats to regain their righting reflex. These findings are not necessarily easy to interpret since
it would be expected that if the sedative effects of morphine were simply due to the neural
release of acetylcholine and subsequent activation of muscarinic receptors, then the injec-
tion of atropine would be expected to arouse the rats more or less immediately rather than
shortening the duration of sedation from 73.1 £ 6.2 min to 45.6 & 4.4 min. It appears that
the activation of muscarinic receptors becomes increasingly important to the maintenance
rather than the initiation of morphine-induced sedation. The ability of atropine to amelio-
rate the sedative actions of morphine in rats is consistent with evidence that (a) atropine
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ameliorates morphine plus nicotine-induced catalepsy in mice [72], (b) muscarinic receptor
mechanisms within the basolateral amygdala are involved in the acquisition of morphine-
induced place preference in rats [73], (c) muscarinic receptors within the hippocampus [74]
and the ventral tegmentum [75] are involved in mediating the rewarding effects of mor-
phine in rats, (d) codeine produces muscarinic receptor-mediated analeptic effect in rats
and rabbits [76], and (e) fentanyl produces muscarinic receptor-mediated analeptic and
EEG arousal effects in rats [77].

3.6. Conclusions

The primary conclusions of this study are that (a) atropine affects specific aspects
of the effects of morphine on ventilatory parameters (EIP, Rpef, EF5) while not affecting
core ventilatory parameters such as Freq, TV or MV, (b) atropine has substantial effects on
the ventilatory responses, including TV, that occur during and following a HH-challenge,
and (c) atropine reduces the sedative actions of morphine. Regarding the recovery of
the righting reflex following morphine administration, it is important to note the vehicle
group required 73.1 &+ 6.2 min to recover their righting reflex, whereas this recovery
time was shortened to 45.6 + 4.4 min in the atropine group. Since the HH-challenge
commenced 60 min after morphine administration, it appears that the rats in the vehicle
group were in a deeper state of sedation at the onset of the HH-challenge than those in
the atropine group, which were likely closer to a full recovery of alertness. The mitigation
of morphine sedation by atropine would, in theory, enhance the ventilatory responses
to HH-challenges. However, our findings that the increases in TV, MV, PIF, PEF, and
inspiratory and expiratory drives during the HH-challenges and subsequent return to
room air phase were diminished in atropine-treated rats suggests that the activation of
muscarinic receptors play a direct role in the expression of the ventilatory effects of HH-
challenge and that these effects countermand any influence of the lower degree of sedation.
Major limitations of this study pertain to (a) the need to perform studies to determine to
which of the five muscarinic receptors (M1-M5) blocked by atropine are involved in the
responses described above, (b) the necessity to study female rats because of sex differences
in neurobiological /neurochemical processes controlling breathing, and (c) the need to
study a peripherally restricted muscarinic receptor antagonist, such as methyl-atropine [78]
to determine to what extent peripheral (e.g., carotid bodies) and central muscarinic receptor
systems are involved in the effects described above. The findings of the present study
help to clarify the role of muscarinic receptors in the ability of L-CYSee to overcome the
ventilatory depressant effects of morphine in freely moving rats [43]. Future studies will
focus on understanding the role of peripheral and central M1-M5 muscarinic receptors
in the respiratory depressant effects of morphine in male and in female rats. Our studies
demonstrating the focused role of muscarinic receptors in aspects morphine-induced
OIRD will lead to more expansive studies to understand their involvement in the roles
of endoplasmic reticulum stress [79] and glutamate receptors [80] in the development
of morphine tolerance and in neural [81] and hepatic injuries [82]. A limitation of our
present study and companion manuscript [43] is that atropine was administered after
morphine, and follow-up studies will determine the effects of pretreatment with atropine
on the ventilatory responses to morphine to help further address the role of muscarinic
receptors in the actions of morphine and influences such as behavioral state or depth
of sedation. While the HH-challenge allows the observation of ventilatory phenotypes
under physiological stress (increasingly hypoxic and hypercapnic environment), time-
series recordings of ventilatory parameters alone cannot directly substantiate alterations
in central or peripheral chemoreflex sensitivity. A more rigorous analysis of respiratory
physiology would correlate the ventilatory response with the intensity of the CO,/O,
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stimulus, for instance, by calculating the slope of the hypercapnic or hypoxic ventilatory
response rather than just comparing mean values or percentage changes between the
“AIR OFF” and “AIR ON” phases. As such, our data only support the conclusion that
systemic atropine altered plethysmographic ventilatory responses during and after the
HH rebreathing protocol. To address these issues, we are currently performing studies
in which we are concomitantly recording plethysmography chamber concentrations of
O, and CO, and ventilatory parameters to establish the direct relationships between the
changes chamber O, /CO; and each ventilatory parameter during the HH-challenge with
and without morphine or atropine. Finally, the strengths and limitations of the whole
body plethysmography techniques used in the present study should be recognized and
have been reviewed in great detail by others such as Stephenson and Gucciardi [83] and
Zysman-Colman and Lands [84].

4. Materials and Methods
4.1. Permissions, Rats, Surgical Procedures

All studies were carried out in strict accordance with the NIH Guide for Care and Use
of Laboratory Animals (NIH Publication No. 80-23) revised in 1996, and in strict compliance
with the ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines (https:
/ /www.inotiv.com/, accessed on 10 December 1997). All experimental protocols were
approved by the Animal Care and Use Committees of the University of Virginia, Galleon
Pharmaceuticals, Inc., and Case Western Reserve University. Adult male Sprague Dawley
rats from Harlan Industries (Madison, WI, USA) were given 6 days of recovery from
transportation and then implanted with jugular vein catheters under 2-3% isoflurane
anesthesia [44—48]. The catheters were flushed with 0.3 mL of phosphate-buffered saline
(0.1 M, pH 7.4) 34 h before starting the protocol. Morphine sulfate was from Baxter
Healthcare Corporation (Deerfield, IL, USA) and provided to us by our Animal Resources
Centers. Atropine sulfate hydrate (A0257-5G) was from Sigma-Aldrich (St. Louis, MO,
USA). The doses of morphine sulfate (10 mg/kg, IV) and atropine sulfate hydrate (1 mg/kg,
IV) are expressed in terms of base compound (morphine and atropine, respectively). The
experiments were performed in a quiet room with relative humidity of 49 £+ 2% and
temperature of 21.3 & 0.2 °C. Plethysmography sessions were done by an investigator
who administered the vehicle and test drugs. The syringes with vehicle or test drug
were made up by another investigator so that the person doing the study was blinded
to the protocol. Data files from each experiment were collated and analyzed by another
investigator. These studies were performed in 2 separate cohorts of vehicle-treated (3 and
3 rats) or atropine-treated rats (3 and 3 rats) done 4 months apart.

4.2. Protocols for Measurement of Ventilatory Parameters

Ventilatory parameters were recorded continuously in unrestrained freely moving rats
via whole body plethysmography system (PLY3223; Data Sciences International, St. Paul,
MN, USA) as detailed previously [25-28]. Directly recorded and derived parameters are
defined in Supplemental Table S2. These parameters are: Freq, frequency of breathing;
TV, tidal volume; MV, minute ventilation; Ti, inspiratory time; Te, expiratory time; Te/Ti
(respiratory quotient); EIP, end inspiratory pause; EEP, end expiratory pause; PIF, peak
inspiratory flow; PEF, peak expiratory flow; PEF/PIF (flow balance); Rpef, rate of achieving
PEF; EFs, expiratory flow at 50% expired TV; RT, relaxation time; expiratory delay, Te-RT;
AP, apneic pause, (Te/RT)-1; TV/TI, inspiratory drive; TV /Te, expiratory drive; NEBI,
non-eupneic breathing index; and NEBI/Freq, NEBI corrected for the frequency of breath-
ing. A diagram of the relationships between directly recorded parameters and, especially,
the relationship between Te and RT are provided in Supplemental Figure S1 [25-28]. On
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the day of the study, each rat was placed in an individual plethysmography chamber and
allowed at least 60 min to acclimatize so that resting (baseline, pre) ventilatory parameters
were accurately defined. Protocol: Two groups of rats received an injection of morphine
(10 mg/kg, IV) and after 15 min, one group received an injection of vehicle (saline) and
the other received an injection of atropine (1.0 mg/kg, IV). Forty-five min later, all rats
were exposed to a hypoxic-hypercapnic (HH) challenge (rebreathing method) as described
previously [54] and then re-exposed to room air for 30 min. The body weights of the
two groups of rats were similar to one another (Supplemental Table S3) and so volume
parameters (e.g., TV, PIE, PEF, EF5y) were not corrected for body weight. FinePointe (DSI)
software constantly corrected digitized ventilatory values originating from raw wave-
forms for alterations in chamber humidity and temperature. Pressure changes associated
with respiratory waveforms were converted to volumes (e.g., TV, PIF, PEF, EF5)) using
proprietary software algorithms. Factoring in chamber humidity and temperature, cycle
analyzers filtered the acquired signals, and FinePointe algorithms generated box flow data
that identified a waveform segment as an acceptable breath. From that data, maximum
and minimum values were then determined. Flows at this time were box flow signals and
from these, maximum and minimum and box flow values were determined and multiplied
by a compensation factor provided by the selected algorithm to produce TV, PIF, PEF and
EF5p values used to determine non-eupneic breathing events expressed as non-eupneic
breathing index (NEBI) and expressed as percentage of non-eupneic breathing events per
recording epoch [25-28].

4.3. Righting Reflex as an Index of Morphine-Induced Sedation

Adult male Sprague Dawley rats were used to evaluate the effects of atropine on the
duration of the loss of the righting reflex (i.e., inability to stand on all 4 legs) elicited by
morphine [25-28]. The rats were put into individual open plastic chambers to determine the
length of time they took to recover from the morphine-induced loss of the righting reflex.
The jugular vein catheter was connected to tubing connected to a syringe to inject drugs.
The rats were given 90 min to acclimatize. The time when the rat stood on all four paws for
at least 12 s after injection of morphine was taken as the time of recovery of the righting
reflex [25-28]. One group of rats (n =9, 337 &+ 2 g) received morphine (10 mg/kg, IV) and
after 15 min they received an injection of vehicle (saline). A second group (n=9, 336 + 3 g)
received morphine (10 mg/kg, IV), and an injection of atropine (1.0 mg/kg, IV) 15 min later.
Recovery of the righting reflex was determined by two observers blind to the protocols.

4.4. Data Analyses

All data are presented as mean &= SEM and were analyzed by one-way and two-way
ANOVA and Bonferroni corrections for multiple comparisons between means using the
error mean square terms generated by ANOVA analyses [25-28]. A p < 0.05 value was the
initial level of significance that was modified according to the number of between-mean
comparisons [25-28]. The modified t-statistic for 2 groups for instance is t = (mean group 1
— mean group 2)/[s x (1/nq + 1/ny)'/2] where s> = mean square within groups term from
the ANOVA and n; and n; are the number of rats in each group being compared. Statistics
were done with GraphPad Prism (version 9.5.1) software (GraphPad Software, Inc., La Jolla,
CA, USA).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph19071101/s1 Table S1: Updated list of the different classes of
drugs that provide potential mechanisms of action in reversing opioid-induced respiratory depression
(OIRD) and show promise in providing effective therapeutics for OIRD, Table S2: Definition of
ventilatory parameters. Table S3: Baseline ventilatory parameters. Table S4: Comparison of the effects
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of atropine in naive and morphine-treated rats. Figure S1: Relationships between peak inspiratory
flow (PIF), peak expiratory flow (PEF), relaxation time (RT) and expiratory time (Te).
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OIRD, opioid-induced respiratory depression; NMDA, N-methyl-D-aspartate; AMPA o-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; HH, hypoxic-hypercapnic; Freq, frequency
of breathing; TV, tidal volume; MV, minute ventilation; Ti, inspiratory time; Te, expiratory time; Te/Ti
(respiratory quotient); EIP, end inspiratory pause; EEP, end expiratory pause; PIF, peak inspiratory
flow; PEF, peak expiratory flow; PEF/PIF (flow balance); Rpef, rate of achieving PEF; EF5, expiratory
flow at 50% expired TV; RT, relaxation time; expiratory delay, Te-RT; AP, apneic pause, (Te/RT)-
1; TV/TI, inspiratory drive; TV /Te, expiratory drive; NEBI, non-eupneic breathing index; and
NEBI/Freq, NEBI corrected for the frequency of breathing. L-CYSee, L-cysteine ethyl ester.
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