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Abstract

Background/Objectives: Opioids inhibit breathing that can lead to fatal overdose, high-
lighting the need for testing effective countermeasure agents and potential mechanisms
of action. Here we examined the role muscarinic cholinergic receptors play in the ability
of L-cysteine ethyl ester (L-CYSee) to overcome the deleterious effects of morphine on
ventilatory parameters in male Sprague Dawley rats and the ventilatory responses during
a subsequent hypoxic-hypercapnic (HH) challenge. Methods: Ventilatory parameters
were measured by whole body plethysmography. Results: The injection of the muscarinic
receptor antagonist, atropine (1.0 mg/kg, IV), elicited an array of ventilatory responses
(e.g., an increase in frequency of breathing coupled with a fall in tidal volume). Injection
of morphine (10 mg/kg, IV) to vehicle-treated rats elicited a depression of breathing, in-
cluding sustained decreases in tidal volume, minute ventilation, peak inspiratory flow,
and peak inspiratory and expiratory drives, which were associated with marked increases
in end inspiratory pause (EIP) and end expiratory pause (EEP), expiratory flow at 50%
expired tidal volume (EFs0), and rate of achieving peak expiratory flow (Rpef). Most ef-
fects of morphine (10 mg/kg, IV) were not altered in atropine-treated rats, except that in-
creases in EIP, EEP and Rpef were reduced. Subsequent injections of L-CYSee (2 x 500
umol/kg, IV given 15 min apart) overcame the adverse actions of morphine on ventilatory
parameters in vehicle-treated rats. The effects of L-CYSee, such as reversal of the effects
of morphine on frequency of breathing, tidal volume and minute ventilation, were mark-
edly reduced in atropine-treated rats. The ability of L-CYSee to reverse the adverse effects
of morphine to a HH gas challenge was markedly diminished in atropine-treated rats.
Conclusions: These findings demonstrate that muscarinic receptors play a vital role in the
ability of L-CYSee to overcome the deleterious effects of morphine.
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1. Introduction

The adverse effects of opioids on breathing limit their usefulness as analgesics [1-3].
Opioid receptor antagonists such as naloxone (Narcan®) can overcome opioid-induced
respiratory depression (OIRD) but they block analgesia and often elicit life-threatening
withdrawal in opioid-dependent subjects [1-3]. Several drug classes without opioid re-
ceptor antagonist efficacy have been tested for efficacy against OIRD although none have
attained clinical efficacy (see Table S1 in Getsy et al. [4]). Developing a unifying hypothesis
as to how opioids cause OIRD would drive the development of drugs that reverse OIRD
while preserving analgesia. Trivedi et al. [5] established that morphine elicits cell-signal-
ing cascades that block excitatory amino acid transporter type 3 (EAA3)-mediated active
transport of L-cysteine into neurons. Trivedi and Deth [6] proposed that the resulting
changes in redox status of neurons and glia to a more oxidative state as well as decreased
participation of L-cysteine in cell-signaling pathways, drive the development of addiction
to opioids. The work of Trivedi and colleagues [5,6] and others [7-12] led us to consider
whether a loss of L-cysteine entry into cells may be involved in the expression of OIRD
and whether membrane-permeable analogues of L-cysteine may overcome OIRD. We
tested cell-permeable ethyl esters and methyl esters of L-cysteine (ester linkage to carboxyl
moiety) and found that L-cysteine ethyl ester (L-CYSee) and L-cysteine methyl ester (L-
CYSme) overcome the adverse effects of morphine on ventilatory parameters, alveolar
gas-exchange and arterial blood-gas chemistry (pH, pCOz, pO2, sO2) in male Sprague-
Dawley rats while preserving morphine analgesia [13,14].

It is not clear whether L-CYSee to overcomes OIRD by its redox effects or whether it
elicits cell-signaling cascades via the activation of receptors, ion channels, and/or en-
zymes. The inability of potent redox regulators such as N-acetyl-L-cysteine methyl ester
(L-NACme) and L-serine ethyl ester (L-SERee, oxygen atom instead of cysteine atom as in
L-CYSee) to overcome OIRD elicited by bolus injections of opioids [13,14] suggests a two-
step process by which L-CYSee overcomes OIRD, namely (1) restoration of the redox sta-
tus of cells thereby restoring proper function of all signaling cascades (including opioid
receptor signaling), and (2) L-CYSee binding to signaling elements (e.g., plasma mem-
brane receptors) that L-NACme or L-SERee do not. Cholinergic receptors (nicotinic and
muscarinic) within the brain [15-19] and the carotid bodies [20-23] play complex roles in
the control of breathing and the processing of chemoreceptor input from the carotid bod-
ies. Moreover, acetylcholinesterase inhibitors [24-26] and nicotinic receptor agonists
[27,28] overcome some of the adverse effects of opioids. To date, the potential roles of
central or peripheral muscarinic receptors in the expression of OIRD in freely moving rats
have not been explored. However, our companion manuscript [29] reports that the effects
of morphine on some ventilatory parameters were overcome by atropine, a periph-
eral/central-acting M1-M5 muscarinic receptor antagonist [30]. Distribution/expression
levels of M1-M5 receptors differ in central ventilatory control centers [31-34] and carotid
body structures, including primary glomus cells [35-39], as do the signal transduction
processes activated by these receptors [30-34,40]. M1, M3, and M5 receptors are Gg/11
protein-linked receptors found mostly post-synaptically, and their stimulation initiates
phospholipase C-mediated increases in intracellular Ca?* [31-34,40]. M2 and M4 receptors
are Go/i protein-coupled receptors that exist pre- and post-synaptically and cause a de-
crease in intracellular cAMP via inhibition of adenylyl cyclase [40].
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The use of whole-body plethysmography allows for detailed analyses of the effects
of drugs such as morphine and atropine and manipulations such as hypoxic-hypercapnic
(H-H) challenges on ventilatory parameters in unanesthetized freely moving (unre-
strained) rats [4,13,14]. This plethysmography system provides real-time data pertaining
to the temporal changes in ventilatory parameters during the designated manipulations
within a particular protocol, allowing, in the present instance, analyses of the efficacy of
atropine in modulating the ability of L-CYSee to overcome the actions of morphine on
ventilatory parameters.

The major objectives of the present study were to determine the role of muscarinic
receptors in L-CYSee’s ability to overcome the deleterious effects of morphine on ventila-
tory parameters and the responses elicited by H-H challenge [41]. One group of rats re-
ceived a standard dose (1.0 mg/kg, IV) of atropine [42—44] followed by an injection of mor-
phine (10 mg/kg, IV) and then two injections of L-CYSee (500 pmol/kg, IV) with all injec-
tions given 15 min apart. Thirty min after the second injection of L-CYSee, the rats received
a rebreathing HH-challenge of 60 min followed by return to room air for 30 min. A second
group of rats underwent the same protocol but received an injection of vehicle rather than
atropine. Our findings suggest that muscarinic receptors play a vital role in the ability of
L-CYSee to overcome the adverse effects of morphine on ventilatory parameters per se and
the ventilatory responses elicited during and following H-H challenge.

2. Results

2.1. Baseline Parameters

The ages, body weights and ventilatory values recorded prior to injection of vehicle
(saline) in one group of rats or atropine in another group are provided in Table S2. There
were no between-group differences for any parameter (p > 0.05, for all comparisons). Note
that definitions of the ventilatory parameters to be discussed below are provided in Table
S1.

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

This section describes our findings regarding the frequency of breathing (Freq), the
depth of breathing (tidal volume, TV), and the total volume of air breathed in per minute
(Freq x TV = minute ventilation, MV). As seen in Figure 1, the injection of atropine (1.0
mg/kg, IV) elicited a pronounced and sustained increase in Freq (Panel A) but a sustained
decrease in TV (Panel B) that together caused a sustained increase in MV (Panel C). The
vehicle injection elicited minor responses. Subsequent injection of morphine elicited a mi-
nor fall in Freq, accompanied by a pronounced and sustained decrease in TV in vehicle-
treated rats that together produced a sustained decrease in MV. The injection of morphine
(10 mg/kg, IV) elicited a prompt reversal of the atropine-induced increase in Freq, with
values returning to pre-atropine levels. Morphine did not further lower TV in atropine-
treated rats, such that the fall in MV was smaller in atropine-treated rats than in vehicle-
treated rats.

The two injections of L-CYSee (500 umol/kg, IV) produced substantial increases in
Freq, TV and MV in vehicle-treated rats. The responses elicited by the injections of L-
CYSee (and in particular, injection 2) were markedly smaller in atropine-treated rats. The
subsequent HH-challenge did not alter Freq in vehicle-treated rats, whereas it elicited a
pronounced increase in TV and, consequently, MV. The peak increases in TV and MV
were markedly smaller in atropine-treated rats, noting that the temporal responses
tracked in parallel fashion. The return to room air responses (recovery toward baselines)

https://doi.org/10.3390/ph19071125



Pharmaceuticals 2026, 19, 1125

4 of 22

were similar in both groups. A summary of the total changes in Freq, TV and MV during
each phase of the protocol is shown in Panels D-F, respectively (VEH—vehicle; ATR—
atropine; MOR—morphine; HH—hypoxic-hypercapnic challenge; RA—return to room
air). These summaries confirm that (a) atropine caused a pronounced increase in Freq ac-
companied by a less pronounced decrease in TV, resulting in an increase in MV, and (b)
atropine markedly blunts the responses elicited by the second injection of L-CYSee, with
the HH-challenge-induced changes in TV and MV being substantially blunted by atro-
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Figure 1. Frequency of breathing (Panel (A)), tidal volume (Panel (B)), and minute ventilation (Panel
(C)) before (Pre), after injection of vehicle (VEH) or atropine (1 mg/kg, IV), then injection of mor-
phine (10 mg/kg, IV), and finally subsequent injections of L-cysteine ethyl ester (L-CYSee, 2 x 500
umol/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 dur-
ing each phase of the study is presented in Panels ((D)—(F)), respectively (ATR —atropine; HH—
hypoxic-hypercapnic gas challenge; RA—return to room-air). The data are presented as mean +
SEM. There were six rats in each group. * p < 0.05, significant change from Pre-values. * p < 0.05,

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

This section describes our findings regarding the duration of inspiration (inspiratory
time, Ti), the duration of expiration (expiratory time, Te) and inspiratory quotient Ti/Te).
As seen in Figure 2, the injection of atropine elicited pronounced and sustained decreases
in Ti (Panel A) and Te (Panel B) that together increased Ti/Te (Panel C). Morphine elicited
a substantial increase in Ti in vehicle-treated rats, accompanied by a greater fall in Te such
that Ti/Te rose. The injection of morphine elicited smaller peak increases in Ti and slightly
less pronounced decreases in Te in atropine-treated rats than in saline-treated rats, such
that Ti/Te rose less in atropine-treated rats. Atropine diminished the ability of L-CYSee to
lower Ti and Te and associated increase in Ti/Te. The HH-challenge elicited minimal
changes in Ti, Te, and Ti/Te in saline-treated rats, and these values in both groups reached
similar levels by the end of the HH-challenge. The return-to-room-air responses were sim-
ilar in both groups of rats. As summarized in Panels D-F, atropine elicited substantial
decreases in Ti and Te, summing to an increase in Ti/Te. The summary data confirm that
the changes in Ti and Te elicited by L-CYSee injections were markedly attenuated by at-
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Figure 2. Inspiratory time (Ti) (Panel (A)), expiratory time (Te) (Panel (B)), and inspiratory time/ex-
piratory time (Ti/Te) (Panel (C)) before (Pre), after injection of vehicle (VEH) or atropine (1 mg/kg,
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IV), then injection of morphine (10 mg/kg, IV), and finally subsequent injections of L-cysteine ethyl
ester (L-CYSee, 2 x 500 umol/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 time, expiratory
time, and Ti/Te during each phase of the study is presented in Panels (D)—(F), respectively (ATR —
atropine; HH—hypoxic-hypercapnic gas challenge; RA —return to room-air). Data are presented as
mean + SEM. There were six rats in each group. * p < 0.05, significant change from Pre-values. f p <

0.05, atropine versus vehicle.

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

This section describes our findings regarding the pause between the end of inspira-
tion and the start of expiration (end-inspiratory pause, EIP), and the pause between the
end of expiration and the start of inspiration (end-expiratory pause, EIP). As seen in Fig-
ure 3, atropine elicited minor increases in EIP (Panel A) but a profound fall in EEP (Panel
B). The morphine-induced increases in EIP and EEP seen in vehicle-treated rats were
markedly reduced in the atropine-treated rats. Each dose of L-CYSee had minor effects on
EIP and EEP, with the effects on EIP being slightly lower in the atropine-treated rats. There
were minor between-group differences during the HH-challenge. A major observation
was that the return to room air elicited a substantial and sustained increase in EEP in
atropine-treated rats. As summarized in Panels D and E, atropine elicited substantial falls
in EEP, with the key finding being the increase in EEP upon return to room air in atropine-
treated rats.
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Figure 3. Values recorded for end inspiratory pause (End Insp Pause, EIP) (Panel (A)) and end ex-
piratory pause (End Exp Pause, EEP) (Panel (B)) before (Pre), after injection of vehicle (VEH) or
atropine (1 mg/kg, IV), then injection of morphine (10 mg/kg, IV), and finally subsequent injections
of L-cysteine ethyl ester (L-CYSee, 2 x 500 pmol/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 end in-
spiratory pause and end expiratory pause during each phase of the study is shown in (Panels (C,D)),

respectively (ATR —atropine; HH—hypoxic-hypercapnic gas challenge; RA —return to room-air).
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The data are presented as mean + SEM. There were six rats in each group. * p < 0.05, significant

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

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

This section describes our findings regarding the peak values attained for inspiratory
flows (PIF) and expiratory flows (PEF), and the balance (ratio) of these flows (PIF/PEF).
As seen in Figure 4, atropine elicited pronounced and sustained increases in PIF (Panel A)
and PEF (Panel B) that together produced minimal changes in PIF/PEF (Panel C). The sub-
sequent injection of morphine elicited a more profound decrease in PIF than PEF in saline-
treated rats, resulting in a decrease in PIF/PEF. The ability of L-CYSee to increase PIF and
PEF was reduced in atropine-treated rats. The increases in PIF and PEF elicited by a sub-
sequent HH-challenge occurred in parallel in both groups, and return to room air re-
sponses were minimally different between the groups. As seen in Panels D-F, atropine
elicited substantial increases in PIF and PEF, with the major finding being that the L-
CYSee-induced increases in PIF and PEF were markedly reduced in atropine-treated rats.
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Figure 4. Values recorded for peak inspiratory flow (Peak Insp Flow, PIF) (Panel (A)), peak expira-
tory flow (Peak Exp Flow, PEF) (Panel (B)), and peak inspiratory flow/peak expiratory flow (PIF/PEF)
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(Panel (C)) before (Pre), after injection of vehicle (VEH) or atropine (1 mg/kg, IV), then injection of
morphine (10 mg/kg, IV), and finally subsequent injections of L-cysteine ethyl ester (L-CYSee, 2 x
500 umol/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 is presented in Panels (D)—(F), respectively (ATR—atropine; HH—hypoxic-hypercapnic gas
challenge; RA —return to room-air). The data are presented as mean + SEM. There were six rats in

each group. * p < 0.05, significant change from Pre-values. * p < 0.05, atropine versus vehicle.

2.2.5. Expiratory Flow at 50% Expired Tidal Volume (EFs0) and Rate of Achieving
PEF (Rpef)

This section describes our findings regarding the peak expiratory flow at 50% expired
tidal volume (EFs0) and the rate of achieving peak expiratory flow (Rpef). As seen in Figure
5, atropine elicited substantial and sustained increases in EFso (Panel A) and Rpef (Panel
B). Morphine elicited profound falls in EFso and Rpef, with plateau levels of Rpef in atro-
pine-treated rats being below those in vehicle-treated rats. The L-CYSee-induced increases
in EFs and Rpef were markedly reduced in atropine-treated rats. The increases in EFso
elicited by HH-challenge occurred in parallel in the two groups, whereas the increases in
Rpef were minimal in the atropine-treated rats. A major observation was that the return
to room air elicited a substantial and sustained increase in Rpef in atropine-treated rats.
As summarized in Panels D and E, atropine elicited substantial increases in EFs0 and Rpef,
with the major observations being that the L-CYSee-induced increases in these parameters
were markedly reduced by atropine, whereas there was a marked increase in Rpef upon
return to room air in atropine-treated rats.
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Figure 5. Values recorded for expiratory flow at 50% expired tidal volume (EFs0) (Panel (A)) and
rate of achieving peak expiratory flow (Rpef) (Panel (B))before (Pre), after injection of vehicle (VEH)
or atropine (1 mg/kg, IV), then injection of morphine (10 mg/kg, IV), and finally subsequent injec-
tions of L-cysteine ethyl ester (L-CYSee, 2 x 500 umol/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 EFso
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and Rpef during each phase of the study is presented in (Panels (C,D)), respectively (ATR—atropine;
HH —hypoxic-hypercapnic gas challenge; RA —return to room-air). The data are presented as mean
+ SEM. There were six rats in each group. * p < 0.05, significant change from Pre-values. * p < 0.05,

atropine versus vehicle.

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

This section describes our findings regarding changes in relaxation time (RT) defined
as the time taken for expiration to decay to 36% maximum; expiratory delay (Te-RT) which
is the difference in duration of expiratory time and relaxation time, and apneic pause (AP),
defined as the fraction that relaxation time is of expiratory time [(Te/RT)-1]. As seen in
Figure 6, atropine elicited pronounced and sustained decreases in RT (Panel A), expira-
tory delay (Panel B) and apneic pause (Panel C). Morphine elicited a pronounced decrease
in RT and expiratory delay but minimal changes in apneic pause in vehicle-treated rats.
Plateau levels of these parameters were similar in atropine-treated rats. The injections of
L-CYSee elicited minor responses in both groups, although resting levels of expiratory
delay and apneic pause stayed higher in atropine-treated rats. RT, expiratory delay and
apneic pause reached similar values by the end of the HH-challenge in both groups, and
the return to room air caused minimal responses in both groups. As summarized in Panels
D-F, atropine elicited substantial decreases in all three parameters, with major observa-
tions being that L-CYSee-induced changes in expiratory delay and apneic pause, but not
RT were markedly altered by atropine.
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Figure 6. Values recorded for relaxation time (RT) (Panel (A)), expiratory time-relaxation time (Te-
RT) (Panel (B)), and apneic pause ((Te/RT)-1) (Panel (C)) before (Pre), after injection of vehicle (VEH)
or atropine (1 mg/kg, IV), then morphine (10 mg/kg, IV), and finally subsequent injections of L-
cysteine ethyl ester (L-CYSee, 2 x 500 umol/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 relaxation time, Te-
RT, and apneic pause during each phase of the study is shown in Panels (D)—(F), respectively
(ATR —atropine; HH—hypoxic-hypercapnic gas challenge; RA—return to room-air). The data are
presented as mean + SEM. There were six rats in each group. * p < 0.05, significant change from Pre-

values. * p < 0.05, atropine versus vehicle.

2.2.7. Inspiratory Drive (InspD) and Expiratory Drive (ExpD)

This section describes our findings regarding changes in inspiratory drive, defined
as the central urge to inhale calculated by the ratio of tidal volume and inspiratory dura-
tion (TV/Ti), and the changes in expiratory drive defined as the central urge to exhale as
calculated by the ratio of tidal volume and expiratory duration (TV/Te). As seen in Figure
7, the injection of atropine elicited substantial and sustained increases in InspD (Panel A)
and ExpD (Panel B). The morphine-induced decreases in InspD and ExpD seen in vehicle-
treated rats were markedly reduced in the atropine-treated rats. Each dose of L-CYSee
elicited substantial increases in InspD and ExpD in saline-treated rats. The responses elic-
ited by the second injection were markedly diminished in atropine-treated rats. The HH-
induced increases in InspD and ExpD occurred in parallel in the two groups, and the
lower plateau levels reached upon return to room air were similar in both groups. As
summarized in Panels D and E, atropine elicited substantial increases in InspD and ExpD
with the major observation being that the L-CYSee-induced changes in InspD and ExpD
were markedly diminished in the atropine-treated rats.
©
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Figure 7. Values recorded for inspiratory drive (Panel (A)) and expiratory drive (Panel (B)) before
(Pre), after injection of vehicle (VEH) or atropine (1 mg/kg, IV), then injection of morphine (10 mg/kg,
IV), and finally subsequent injections of L-cysteine ethyl ester (L-CYSee, 2 x 500 umol/kg, IV) fol-
lowed by a hypoxic-hypercapnic gas challenge (AIR OFF) and return to room-air (AIR ON). A sum-
mary of the total changes in inspiratory drive and expiratory drive during each phase of the study
is presented in (Panels (C,D)), respectively (ATR—atropine; HH—hypoxic-hypercapnic gas chal-
lenge; RA —return to room-air). The data are presented as mean + SEM. There were six rats in each

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

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

This section describes our findings regarding changes in the non-eupneic breathing
index (NEBI), defined as the percentage of non-eupneic breaths in each 1 min recording
period, and NEBI corrected for breathing frequency in each epoch (NEBI/Freq) to deter-
mine whether breathing rate affects NEBI. As seen in Figure 8, atropine elicited substantial
and sustained increases in NEBI (Panel A) and NEBI/Freq (Panel B). Morphine induced
substantial decreases in NEBI and NEBI/Freq, and neither the L-CYSee injections or HH-
challenge affected these changes. The return to room air elicited marked increases in NEBI
and NEBI/Freq that were similar in both groups. As summarized in Panels D and E, atro-
pine elicited marked increases in NEBI and NEBI/Freq, with major observations being that
the morphine-induced changes in these parameters were exacerbated by atropine.
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Figure 8. Values recorded for non-eupneic breathing index (NEBI) (Panel (A)) and NEBI corrected
for frequency of breathing (NEBI/Freq) (Panel (B)) before (Pre), after injection of vehicle (VEH) or
atropine (1 mg/kg, IV), then morphine (10 mg/kg, IV), and finally subsequent injections of L-cysteine
ethyl ester (L-CYSee, 2 x 500 pmol/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 is presented in Panels (C,D), respectively (ATR —atropine; HH—
hypoxic-hypercapnic gas challenge; RA —return to room-air). The data are presented as mean + SEM.
There were six rats in each group. * p < 0.05, significant change from Pre-values.  p < 0.05, atropine

versus vehicle.

2.3. Righting Reflex Studies

The sedation times (return of the righting reflex in the four treatment groups are pre-
sented in Table 1. The morphine induced loss of righting reflex in vehicle-treated rats re-
covered in 79.1 + 4.4 min, mean + SEM). This recovery time was shortened to 39.6 min =+
2.9 by atropine. L-CYSee did not affect the morphine-induced loss of righting reflex (69.4
+ 11.6 min). However, the recovery of the righting reflex was shortest (16.8 = 1.5 min) in
the morphine group of rats that received atropine and L-CYSee.

Table 1. Sedation times in the morphine-injected groups.

Treatment Group Actual Values (min) Mean = SD + SEM
Vehicle + morphine + vehicle 63, 65, 65, 78, 81, 84, 88, 96, 92 79.1+123+4.4
Atropine + morphine + vehicle 30, 31, 31, 37, 42, 43, 43, 44, 55 39.6+82+29*%
Vehicle + morphine + L-CYSee 56, 57,59, 61, 69, 75, 81, 82, 85 694+41+11.6
Atropine + morphine + L-CYSee 17,11, 15,22,18, 12,13, 21, 22 16.8+43+1.5%*t
ANOVA p value
Fs32=78.4 <0.0001

Vehicle + morphine + vehicle versus Atropine + morphine + vehicle <0.0001

Vehicle + morphine + vehicle versus Vehicle + morphine + L-CYSee =0.17

Vehicle + morphine + vehicle versus Atropine + morphine + L-CYSee =0.0001
Atropine + morphine + vehicle versus Vehicle + morphine + L-CYSee <0.00001
Atropine + morphine + vehicle versus Atropine + morphine + L-CYSee =0.0001

Vehicle + morphine + L-CYSee versus Atropine + morphine + L-CYSee <0.0001

* significant difference from Vehicle + morphine + vehicle. * Atropine + morphine + L-CYSee versus

Atropine + morphine + vehicle.

3. Discussion
3.1. Ventilatory Responses Elicited by Atropine

The injection of atropine (1.0 mg/kg, IV) elicited an array of changes in ventilatory
parameters in naive adult male Sprague-Dawley rats. A summary of the changes elicited
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by atropine in naive rats (present studies) and in those that received a prior injection of
morphine [29] is given in Supplemental Table S4. In naive rats, atropine elicited a substan-
tial and sustained increase in Freq and a lesser, but sustained, decrease in TV, such that
MV rose appreciably. This novel finding may be due to cholinergic receptor mechanisms
having opposite effects in neural pathways regulating Freq and TV, although we have not
found published evidence to support this possibility. The atropine-induced tachypnea
may be driven by block of muscarinic receptors in the pre-Botzinger complex in the me-
dulla oblongata (primary generator of inspiratory breathing rhythm), while the atropine-
induced decrease of TV may be due to a combination of reduced pre-motor activity in the
pons and/or reduced respiratory motor output of spinal motor neurons [45]. With respect
to atropine-induced increases in Freq, Muere et al. [46] reported that microdialysis of at-
ropine near the pre-Botzinger complex increases breathing frequency more during wake-
fulness than during NREM sleep in goats.

Other evidence for a role of central muscarinic receptors in ventilatory control pro-
cesses includes that (a) cholinergic muscarinic receptor neurotransmission activates para-
facial respiratory neurons that recruit abdominal muscles to enhance active expiratory
flow [47], (b) pontine cholinergic mechanisms play roles in ventilatory control processes
[48,49], (c) transition from inspiration to expiration depends on active interplay between
intrinsic non-cholinergic neural networks within the pons and input from slowly adapting
pulmonary stretch receptors [50], and (d) these ventilatory control systems are influenced
by the intermediate reticular nucleus, which co-ordinates coupling of respiratory-sympa-
thetic nerve activity, swallowing and post-inspiratory activity [51]. It is possible that (a)
the atropine-mediated tachypnea is caused by a neural reflex designed to limit the influ-
ence of the tachypnea on MV, and (b) the atropine-mediated reduction in TV elicits a neu-
ral reflex to increase Freq. The possibility of atropine-mediated fall in TV is a reflex ad-
justment to the tachypnea, as supported by our findings that atropine increased PIF, PEF,
and EFso, accompanied by decreases in ventilatory mechanical timing events, namely,
Rpef, relaxation time, expiratory delay (Te-RT) and apneic Pause [(Te/RT)-1]. The finding
that atropine elicited sustained increases in inspiratory drive and expiratory drive sug-
gests that the overall role of muscarinic receptor-mediated events is the suppression of
ventilatory drive while the substantial increase in NEBI and NEBI/Freq produced by at-
ropine suggests that cholinergic-muscarinic receptor pathways in the brain [52,53] and
carotid body [39,54] play a vital role in suppressing non-eupneic breathing events that
would include disordered breaths, apneas and type 1 and 2 sighs [see 4].

3.2. Ventilatory Responses Elicited by Morphine

The bolus injection of morphine (10 mg/kg, IV) produced an array of ventilatory re-
sponses in adult male vehicle-treated Sprague-Dawley rats that were consistent with those
we reported previously [4,13,14,29]. In brief, morphine elicited a depression of breathing,
including sustained decreases in TV, MV, PIF, PEF and inspiratory drive associated with
marked increases in EIP, EEP, EFs), and Rpef. Most effects of morphine were not directly
altered by atropine (changes in baselines by atropine complicate this assertion), although
final baselines after injection of morphine reached similar levels in vehicle- or atropine-
treated rats. In contrast, the morphine-induced increases in EIP, EEP and Rpef were
clearly diminished in atropine-treated rats. As such, it appears that muscarinic receptors
are exquisitely involved in regulating the process that controls end-inspiratory and end-
expiratory pauses as well as the dynamic increases in PEF. A full description of the effects
of atropine on the ventilatory responses elicited by morphine and the meaning of these
effects is described in detail in our companion manuscript [29].
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3.3. Ventilatory Responses Elicited by L-CYSee

As expected, this study found that subsequent injections of L-CYSee (2 x 500
umol/kg, IV given 15 min apart) substantially reversed the effects of morphine on venti-
latory parameters in vehicle-treated rats [14]. These findings are supported by evidence
that L-CYSee, L-cysteine methyl ester, D-cysteine ethyl ester, D-cysteine di(m)ethyl ester,
L-glutathione ethyl ester and the S-nitrosothiol, S-nitroso-L-cysteine, overcome opioid
(morphine or fentanyl)-induced respiratory depression, alveolar gas exchange and arte-
rial blood-gas chemistry in rats without reducing opioid analgesia [see 4, 14]. Regarding
potential mechanisms by which L-CYSee and related analogues overcome OIRD, the pre-
sent study shows here that the ability of L-CYSee to overcome the adverse effects of mor-
phine, for example, Freq, TV and MV, were markedly diminished in atropine-treated rats.
As such, a major mechanism by which L-CYSee overcomes morphine-induced ventilatory
suppression may be via direct and/or indirect activation of muscarinic receptor-depend-
ent signaling process in the central nervous system and other relevant structures such as
the carotid bodies and musculoskeletal system. Both brainstem and forebrain structures
may be involved since activation of muscarinic receptor-dependent mechanisms in me-
dulla oblongata coordinates inspiratory and expiratory timing events in goats [55], mus-
carinic receptor stimulation in the brainstem reverses fentanyl-induced respiratory de-
pression in anesthetized rats [56], and forebrain muscarinic receptors play a vital role in
the ability of morphine to regulate breathing in fetal lambs [57]. We have demonstrated
that low doses of morphine actually stimulate breathing in rats and that fentanyl activates
opposing opioid (inhibitory) and non-opioid receptor (excitatory) systems that control
breathing in rats [4,14]. It would seem possible that the excitatory non-opioid receptor
system is a cholinergic-muscarinic receptor system in central and peripheral neural cir-
cuitry. Activation of muscarinic receptors may therefore play a vital role in the ability of
thiol analogues such as L-CYSee to reverse OIRD.

3.4. Ventilatory Responses to HH-Challenge

As expected, the HH-challenge elicited changes in ventilatory parameters in mor-
phine-treated rats that were reduced compared to naive rats [29,41]. Getsy et al. [29] re-
ported that several ventilatory responses during HH-challenge in morphine-treated rats
were blunted by atropine suggesting roles for muscarinic receptors in specific aspects of
the mechanisms responsive to HH-challenge. The ability of L-CYSee to enhance ventila-
tory responses during HH-challenge in morphine-treated rats was reduced by atropine
suggesting that L-CYSee may activates muscarinic-receptor process in brain [48-50,58,59]
and carotid body [20-23] structures driving the ventilatory responses to HH-challenge.
Our findings are consistent with evidence that endogenous opiates are involved in regu-
lating breathing by interactions with CO2-sensitive cholinergic neurons on the caudal ven-
tral medullary surface [60]. Moreover, our findings are also in agreement with evidence
that cholinergic muscarinic receptor mechanisms within the medial prefrontal cortex in-
fluence state-dependent ventilatory response to hypercapnia [61].

3.5. Ventilatory Responses on Return to Room Air

The neurophysiological/neurochemical mechanisms responsible for the ventilatory
responses that occur upon return to room air after hypoxic, hypercapnic and HH-chal-
lenges have received attention [4,29,41]. The carotid body-carotid sinus nerve complex is
vital to the expression of the responses and that redox status, nitric oxide synthase and S-
nitrosothiols also play key roles [4,29,41]. The ability of morphine to inhibit or exaggerate
many of these return to room air responses has been described [4,29,41], as has the ability
of atropine to modulate HH-challenge responses in vehicle- or morphine-treated rats [29].
In the present study, there were few interactions between atropine and L-CYSee in mod-
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ulating return to room-air responses in morphine-treated rats. However, atropine did aug-
ment the rise in Rpef, whereas it decreased the rise in EIP. The rise in Rpef was similar in
size and duration to rats that received morphine + atropine only [29] and so cannot be
attributed to an interaction between L-CYSee and muscarinic receptors, although cholin-
ergic-muscarinic processes would normally suppress the rate of reaching PEF. With re-
spect to the decrease in EIP, since the transition from inspiration to expiration relies on
interplay between intrinsic non-cholinergic neural networks in the pons [50], it appears
that cholinergic-muscarinic processes outside the pons reduce the pause between inspi-
ration and the start of expiration. In contrast, atropine caused a rise in EEP that was likely
due to augmenting the actions of L-CYSee since this effect did not occur in rats treated
with morphine + atropine only [29]. As such, the ability of L-CYSee to suppress the pause
between the end of inspiration and the beginning of expiration seems to rely on musca-
rinic receptor processes in neural signalling pathways.

3.6. Role of Muscarinic Receptors in the Effects of L-CYSee on Morphine-Induced Sedation

As reported in our companion manuscript [29], atropine markedly reduced the time
of recovery of the righting reflex in morphine-treated rats. The interpretation of these find-
ings is somewhat complicated since if the sedative effects of morphine were due to the
release of neural acetylcholine and activation of muscarinic receptors, then atropine
would be expected to arouse the rats more or less immediately rather than shortening the
duration of sedation from 79.1 + 4.4 min to 39.6 + 2.9 min. It is evident that muscarinic
receptor stimulation does not initiate the morphine-sedation but becomes increasingly
more important to the maintenance of the sedation. The ability of atropine to affect the
sedative effects of morphine is consistent with findings that the muscarinic receptor an-
tagonist affects some behavioral manifestations of morphine [62-67]. That L-CYSee did
not modify the sedative effects of morphine does not mean a lack of activity since L-CYSee
greatly shortened the sedative effects of morphine in the atropine-treated rats to values
below those that received atropine and morphine only. It could be tentatively stated that
L-CYSee has the ability to diminish the sedative actions of morphine, but concomitant
activation of cholinergic pathways prevents this from occurring. More specifically, atro-
pine uncovered the ability of L-CYSee to reduce the sedative effects of morphine by mech-
anisms yet to be determined.

3.7. Conclusions and Limitations

Many L-CYSee-induced effects on the ventilatory actions of morphine in male rats
seemed to be dependent upon activation of cholinergic muscarinic receptors. Potential
mechanisms include that (a) L-CYSee directly activates muscarinic receptors and/or mus-
carinic receptor signaling events by processes that are augmented by concomitant opioid
receptor-mediated signaling events, and (b) L-CYSee activates cholinergic neurotransmis-
sion/activation of muscarinic receptors within ventilatory control structures. Questions
arise as to whether (a) L-CYSee activates muscarinic-receptor signaling in female rats be-
cause of potential sex differences in neurochemical/neurobiological processes that control
breathing [68,69] although sex differences in muscarinic-receptor signaling in ventilatory
control pathways have not been reported, and (b) whether the ability of L-CYSee ana-
logues such as L-CYSme, D-CYSee, to overcome morphine OIRD also involve muscarinic
receptors in male and female rats. The studies need to be replicated with the peripherally
restricted muscarinic receptor antagonist, methylatropine [30], to determine the specific
roles of peripheral (e.g., carotid bodies) muscarinic receptors in the expression of ventila-
tory actions of L-CYSee. Studies to determine which of the five muscarinic receptors (M1-
MB5) sensitive to atropine [30] should be done to clarify the role of specific muscarinic re-
ceptor subtypes in the ability of L-CYSee to overcome the ventilatory depressant effects
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of morphine. The possibility that L-CYSee activates muscarinic receptors to overcome
OIRD requires mechanistic support rather than simple reliance on atropine studies before
a firm conclusion can be reached. Evidence suggesting that atropine affects the activities
of cholinergic nicotinic receptors [70], alpha-adrenoceptors [71], and phosphodiesterase
type 4 [72] will be taken into consideration when attempting to clarify the mechanisms of
action of L-CYSee. Finally, to our knowledge, there is no evidence to support the possibil-
ity that L-CYSee is an endogenous compound. Moreover, L-CYSee does not appear to be
available for human use at present.

4. Materials and Methods

4.1. Permissions, Rats, Surgeries

The studies were done in accordance with the NIH Guide for Care and Use of Labor-
atory Animals (NIH Publication No. 80-23) revised in 1996, and in compliance with AR-
RIVE (Animal Research: Reporting of In Vivo Experiments) guidelines (https://ar-
riveguidelines.org/, accessed on 12 January 2023). All studies were approved by the Ani-
mal Care and Use Committees of the University of Virginia, Galleon Pharmaceuticals, Inc.,
and Case Western Reserve University. Adult male Sprague Dawley rats from Harlan In-
dustries (Madison, WI, USA) were given 6 days of recovery from transport and implanted
with jugular vein catheters under 2-3% isoflurane [4,13,14]. Catheters were flushed with
0.3 mL of phosphate-buffered saline (0.1 M, pH 7.4) 2-3 h before each study. Morphine
sulfate was from Baxter Healthcare Corporation (Deerfield, IL, USA) and given to us by
our Animal Resources Center. Atropine sulfate hydrate (A0257-5G) and L-CYSee (L-Cys-
teine ethyl ester hydrochloride, C121908-25G) were from Sigma-Aldrich (St. Louis, MO,
USA). The doses of morphine sulfate, atropine sulfate hydrate and L-CYSee are expressed
in terms of base compound, namely, morphine (10 mg/kg, IV), atropine (1 mg/kg, IV) and
L-CYSee (500 pmol/kg, IV; 141.71 mg/kg, IV). The studies were done in a quiet room with
a relative humidity of 49 + 2% and a temperature of 21.3 + 0.2 °C. Plethysmography ses-
sions were done by an investigator who gave the vehicle and test drugs. The syringes with
vehicle or test drug were made up by one investigator, and another performing the exper-
iment was blinded to the protocol. Data files from each experiment were collated and an-
alyzed by another investigator. These studies were performed in two separate cohorts of
vehicle-treated (three and three rats) or atropine-treated rats (three and three rats) done 3
months apart.

4.2. Protocols for Measurement of Ventilatory Parameters

Ventilatory parameters were continuously recorded in unrestrained, unanesthetized
rats via whole-body plethysmography (PLY3223; Data Sciences International, St. Paul,
MN, USA) [4,13,14]. The directly recorded and derived parameters are defined in Table
S1. 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; EFso—expira-
tory 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 Freq. A diagram of the relationships
between directly recorded parameters and especially the relationship between Te and RT
is provided in Figure S1 and explained by Lomask [73]. On the day of the study, each rat
was placed in an individual plethysmography chamber and allowed at least 60 min to
acclimatize, during which resting (baseline, pre) ventilatory parameters were accurately
defined.
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One group of rats received an injection of vehicle (saline, 300 pL/kg) and after 15 min
they received an injection of morphine (10 mg/kg, IV). After another 15 min the rats re-
ceived two injections of L-CYSee (500 pmol/kg, IV) given 15 min apart. After 30 min, the
rats were subjected to a rebreathing HH-challenge [51,55,56] for 60 min followed by return
to room air for 30 min. A second group was injected with atropine (1.0 mg/kg, IV) followed
by identical treatments as above. The body weights of the two groups were similar to one
another (Table S2), and so volume parameters (e.g., TV, PIF, PEF, and EFso) are shown
without body weight corrections. FinePointe (DSI) software(v2.9.0) constantly corrected
digitized ventilatory values originating from the raw waveforms for alterations in cham-
ber humidity and chamber temperature. Pressure changes associated with the respiratory
waveforms were converted to volumes using the installed proprietary software algo-
rithms. Factoring chamber humidity and temperature, cycle analyzers (DSI, St. Paul, MN,
USA) filtered the acquired signals, and FinePointe algorithms generated an array of box
flow data that identified a waveform segment as an acceptable breath. From that data,
maximum and minimum values were determined. Flows at this juncture 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 algorithm to produce TV, PIF,
PEF, and EFso values used to determine non-eupneic breathing events expressed as non-
eupneic breathing index (NEBI), expressed as percent of non-eupneic breathing events
per epoch [4,13,14].

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

Four groups of adult male Sprague Dawley rats (see Supplemental Table S3 for ages
and body weights) were used to evaluate the effects of atropine and L-CYSee on the du-
ration of the loss of the righting reflex (i.e., inability to stand on all 4 legs) elicited by the
injection of morphine [4,13,14]. The rats were placed into individual open plastic cham-
bers to determine the length of time the rats took to recover from the morphine-induced
loss of the righting reflex. The external end of the jugular vein catheter was connected to
tubing connected to a syringe to injection drugs. The rats were given 90 min to acclimatize
to the chambers. The time when the rat stood on all four paws for at least 12 s (the time
we established as the time at which 100% of the rats retain an upright stance) after injec-
tion of morphine was taken as the time of recovery of the righting reflex [4,13,14]. The first
group of rats received an injection of vehicle (saline, 100 uL/kg, IV) and after 5 min an
injection of morphine (10 mg/kg, IV) and after 5 min they received an injection of vehicle
(saline). The second group received an injection of atropine (1.0 mg/kg, IV) and after 5 min
an injection of morphine (10 mg/kg, IV) and after 5 min an injection of vehicle (saline). The
third group received vehicle (saline, 100 pL/kg, IV), and after 5 min, an injection of mor-
phine (10 mg/kg, IV) and after 5 min, they received L-CYSee (500 ug/kg, IV). The fourth
group received an injection of atropine (1.0 mg/kg, IV) and after 5 min an injection of
morphine (10 mg/kg, IV), and after 5 min they were injected with L-CYSee (500 umol/kg,
IV). Recovery of the righting reflex was determined by two investigators blinded to the
protocols.

4.4. Data Analyses

All data are presented as mean = SEM (and SD in some cases) and were analyzed by
one-way and two-way ANOVA, with Bonferroni corrections for multiple comparisons
between means, using the error mean square terms generated by the ANOVA analyses
[4,13,14]. A p <0.05 value was the initial level of significance that was modified according
to the number of between-mean comparisons [4,13,14]. The modified t-statistic for two
groups, for instance, is t = (mean group 1 — mean group 2)/[s x (1/n1 + 1/n2)'?], where s2 =
mean square within groups term from the ANOVA and ni1 and n2 are the numbers in each
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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/ph19071125/s1, Figure S1: Relationships between peak in-
spiratory flow (PIF), peak expiratory flow (PEF), relaxation time (RT) and expiratory time (Te); Table
S1: Definition of ventilatory parameters described in this study; Table S2: Baseline values in the two
groups of rats used for the ventilatory studies; Table S3: Ages and body weights of the four groups
of rats used for the righting-reflex studies; Table S4: Comparison of the effects of atropine in naive

and morphine-treated rats.
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