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ABSTRACT

Background: Drugs acting on -opioid receptors (MORs) are widely used as analgesics but present side effects including
life-threatening respiratory depression. MORs are G-protein—coupled receptors inhibiting neuronal activity through calcium
channels, adenylyl cyclase, and/or G-protein—gated inwardly rectifying potassium (GIRK) channels. The pathways underlying
MOR-dependent inhibition of rhythmic breathing are unknown.

Methods: By using a combination of genetic, pharmacological, and physiological tools in rodents iz vivo, the authors aimed
to identify the role of GIRK channels in MOR-mediated inhibition of respiratory circuits.

Results: GIRK channels were expressed in the ventrolateral medulla, a neuronal population regulating rhythmic breath-
ing, and GIRK channel activation with flupirtine reduced respiratory rate in rats (percentage of baseline rate in mean +
SD:79.4+7.4%, n =7), wild-type mice (82.6 +3.8%, n = 3), but not in mice lacking the GIRK2 subunit, an integral sub-
unit of neuronal GIRK channels (GIRK2~, 101.0 £ 1.9%, n = 3). Application of the MOR agonist [p-Ala?, N-MePhe?,
Gly-ol]-enkephalin (DAMGO) to the ventrolateral medulla depressed respiratory rate, an effect partially reversed by the
GIRK channel blocker Tertiapin-Q (baseline: 42.1 +7.4 breath/min, DAMGO: 26.1 +13.4 breath/min, Tertiapin-Q +
DAMGO: 33.9 £9.8 breath/min, n = 4). Importantly, DAMGO applied to the ventrolateral medulla failed to reduce
rhythmic breathing in GIRK2"~ mice (percentage of baseline rate: 103.2 +12.1%, n = 4), whereas it considerably reduced
rate in wild-type mice (62.5+17.7% of baseline, n = 4). Respiratory rate depression by systemic injection of the opioid
analgesic fentanyl was markedly reduced in GIRK2”~ (percentage of baseline: 12.8 + 15.8%, n = 5) compared with wild-
type mice (72.9 £27.3%).

Conclusions: Overall, these results identify that GIRK channels contribute to respiratory inhibition by MOR, an essential
step toward understanding respiratory depression by opioids. (ANESTHESIOLOGY 2016; 124:641-50)
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is highly sensitive to opioids and
mediates an important component of respiratory depression
by opioids.*!>!*> MOR are G-protein—coupled receptors  rectifying potassium (GIRK) channels.!¥ Inhibition of adeny-
modulating neuronal activity by interacting with adenylyl Iyl cyclase may play a substantial role in MOR-dependent
cyclase, calcium channels, and/or G-protein—gated inwardly ~ inhibition," but there is conflicting evidence also suggesting
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that potassium channels may be involved in preB6tC neuro-
nal inhibition by MOR."3

Many neurotransmitters, therapeutic agents, and drugs
of abuse activate G-protein—coupled receptors and modu-
late neuronal excitability and synaptic transmission, at least
in part, by opening or closing GIRK (or Kir3) channels'®
(fig. 1A). MORs can exert their effects through coupling to
GIRK channels.'”"!® Therefore, the physiological activation
of GIRK channels can shape the behavior of various neu-
ral circuits regulating functions such as nociception'®!” or
addiction.?” In the brainstem respiratory network, however,
GIRK channels have not been described, and their contribu-
tion to MOR-induced respiratory depression is unknown.

Herein, we hypothesized that GIRK channels contribute
to inhibition of rhythmic breathing by MOR and opioid
analgesics. We first identified that GIRK channels modu-
lated rhythmic breathing and the inhibitory action of MOR
in vivo. We showed that GIRK channels were expressed in
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the ventrolateral medulla and that they constitute a signal-
ing pathway for the inhibition of rhythmic breathing by
MOR. By identifying the mechanisms of opioid-induced
respiratory depression operating at the central circuits where
breathing is generated, this new knowledge may lead to the
development of new strategies to prevent this depression
and reactivate breathing when it is depressed or failing in
response to opioid drugs.

Materials and Methods

Experimental Animals

All procedures were performed in accordance with the rec-
ommendations of the Canadian Council on Animal Care
and were approved by the University of Toronto Ani-
mal Care Committee. Twenty-two adult male Wistar rats
(250 to 350g, Charles River, Canada) were used for respi-
ratory recordings and immunohistochemistry. Twenty-one
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Fig. 1. GIRK channels in the brainstem respiratory network modulate breathing in vivo. (A) Schematic representation of the
putative signaling pathways mediating p-opioid receptors inhibition. Activation of GIRK channels by microperfusion of flupir-
tine (300 uM) into the preBétC reduced rhythmic breathing in anesthetized rats (B-E, n = 7, P < 0.001) and also significantly
affected diaphragm amplitude (F, n = 7, P = 0.002). The latency for rate to decrease by 10% after flupirtine was correlated to
the distance from preB&tC to the probe sites (G, n =9, R = 0.957, P < 0.001). (H) The site of action of flupirtine identified by cor-
relation maps'??? overlapped the region where preBotC neurons expressed NK1-Rs (data representative of n = 2 rats). Values
are presented as mean + SD. Data points with distances from perfusion sites to preBo6tC greater than 1 mm were not used in
(E) because drugs have little effect on rhythmic breathing beyond this distance. *Significantly different mean values using Holm-
Sidak post hoc tests with P < 0.05. aCSF = artificial cerebrospinal fluid; GIRK = G-protein—gated inwardly rectifying potassium
channels; NK1-R = neurokinin-1 receptors; preBotC = preBotzinger complex; RGS = regulator of G-protein signaling.
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wild-type mice and 19 mice lacking the GIRK2 subunit
(GIRK27") were used for physiological recordings and
immunohistochemistry (body weight: 40 to 50g). We used
both males and females. The GIRK2 subunit is an integral
subunit of GIRK channels, and its absence eliminates a
majority of functional GIRK channels in the brain.?! The
generation of GIRK2”~ mice was described previously.?!
Mice and rats were housed with free access to food and water

under a light:dark (12 h:12h) cycle (lights on at 7 am).

Immunohistochemistry

Adult wild-type and GIRK2™/~ mice were given a euthaniz-
ing dose of ketamine/xylazine (100 and 10 mg/kg, respec-
tively) and perfused transcardially with Ca*-free Tyrode
solution followed by 4% paraformaldehyde containing 14%
picric acid. Brains were postfixed overnight in Sorenson buf-
fer containing 10% sucrose at 4°C. Tissue was sectioned cor-
onally at 12 pm by cryostat and mounted to slides. Sections
containing the preBstC were washed in Tris-buffered saline
(TBS) for 10 min then placed in boiling citric acid (10 mM;
for 30 min). Slides were then washed three times in TBS for
5min and incubated for 1 h in TBS-blocking solution con-
taining casein, Tween20, and Triton X-100 (all 0.2%). Sec-
tions were exposed to rabbit anti-GIRK2 (1:1000; Alomone
Labs, Israel) diluted in TBS solution containing casein and
Tween20 (both 0.2%) overnight at room temperature in a
humidity chamber. The following day, sections were washed
three times in TBS for 20 min and then incubated for 2h
in donkey anti-rabbit IgG Cy3 (1:500; Jackson Immuno-
Research, USA) secondary antibody diluted in TBS contain-
ing casein and Tween20 (both 0.2%). Sections were washed
three times in TBS for 20 min, then dehydrated through a
series of graded alcohols, cleared in xylene, and cover slipped
with DPX (Fisher Scientific, USA). Fluorescent immu-
noreactivity was visualized at 10x with an Olympus IX81
confocal microscope (Olympus Corp., USA) and imaged
with MetaMorph Advanced software (Molecular Devices
Inc., USA). Digital images were colorized and only bright-
ness enhanced in Image] 64 (National Institute of Health,
USA). Exposure time, brightness, and contrast intensity
were identical across genotypes. Images were prepared for
photographic presentation in Adobe Illustrator 6 and Photo-
shop 6 (Adobe Systems Inc., USA). Immunohistochemistry
for neurokinin-1 receptors (NK-1Rs) was performed in two
adult rats as described previously.'?

Microperfusion and Recordings in Anesthetized Adult
Rodents

In anesthetized adult male rats, we used reverse microdi-
alysis to unilaterally microperfuse selected agents into the
preBotC. The experimental procedures were as described
previously.'>?? Briefly, we recorded diaphragm muscle activ-
ity in isoflurane-anesthetized (2 to 2.5%), tracheotomized,
and spontaneously breathing (50% oxygen gas mixture,
balance nitrogen) adult rats (average body weight: 305 g).
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Diaphragm muscle activity was recorded using stainless steel
bipolar electrodes positioned and sutured on the right side
of the crural diaphragm. Genioglossus muscle activity was
monitored during experiment. Electromyography signals
were amplified (CWE Inc, USA), band-pass filtered (100 to
1,000 Hz), integrated, and digitized at a sampling rate of
1,000 Hz using CED acquisition system and Spike v6 soft-
ware (Cambridge Electronic Design Limited, England). Rats
were kept warm with a heating pad during all experiments.
By using a dorsal approach, a microdialysis probe (CX-I-
12-01) of 200-um diameter, length of diffusing membrane
I mm (Eicom, Japan) was inserted into the preBstC using a
stereotaxic frame and micromanipulator (ASI Instruments,
USA). The probe was placed 12.2mm posterior, 2mm lat-
eral, and 10.5mm ventral to bregma. To accurately target
the preBotC, we used several criteria to better position and
to confirm the probe location as described previously.'*??
(1) When the probe was inserted in the brain, genioglossus
muscle activity showed a reduction of approximately 30%
as it reached the vicinity of the preBstC. (2) Postmortem
histology was used to confirm the probe location in the pre-
BotC using standard anatomical markers such as the nucleus
ambiguus, the caudal part of the facial nucleus, and the infe-
rior olive, and immunohistochemistry of NK-1R. (3) We
created correlation maps associating the latency for breath-
ing to respond to drug perfusion and the distances from the
preBotC to probe locations, therefore identifying the region
of the medulla highly sensitive to the drug perfused. We used
these three anatomical and functional criteria and experience
from our previous studies, to confirm that the probes were
positioned in the region of the preB6tC. On rare occasions
(1 of 20 experiments), the probes damaged the preBstC, and
respiratory rhythm was irregular and unstable. In such an
event, we did not continue the experiment. We perfused the
probe with artificial cerebrospinal fluid (aCSF), and pH was
adjusted to 7.4 by bubbling carbon dioxide in aCSE Base-
line levels of the physiological variables were recorded for at
least 30 min while perfusing aCSF into the preBotC. After
this control period, the MOR agonist [p-Ala2, N-MePhe4,
Gly-ol]-enkephalin (DAMGO; 5 uM) or the GIRK chan-
nel activator flupirtine (300 uM) was added to the aCSF
perfusing the preBstC. The responses to DAMGO or flu-
pirtine were recorded for the next 60 min. For the DAMGO
experiments in rats, a solution of DAMGO and the potas-
sium blocker barium chloride, or GIRK channel blocker
Tertiapin-Q, were added to the solution for another 30 min.
All drugs were obtained from Tocris (USA).

In anesthetized (isoflurane, 1.5 to 2%), spontaneously
breathing (50% oxygen, balance nitrogen) adult mice, we
used reverse microdialysis to perfuse agents into the pre-
B6tC of wild-type and GIRK27~ animals, while recording
diaphragm muscle activity using a similar approach to the
rats. The mice were also kept warm with a heating pad. We
inserted the microdialysis probe into the brainstem 6.7 mm
posterior, 1.2 mm lateral, and 5.7 mm ventral to bregma. For
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wild-type or GIRK2™"~ mice, baseline levels were recorded for
at least 30 min followed by DAMGO (5 uM), the GABA
receptor agonist 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-
3-ol hydrochloride (THIP; 50 uM), or flupirtine (300 uM)
for at least 30 min. The anatomical and functional criteria
defined in rats were also used for experiments in mice. In
addition, we used he GABA, receptor agonist THIP in
experiments where DAMGO was not expected to reduce
respiratory rate (in GIRK2”~ mice) to ensure that drugs were
functional modulating respiratory rhythm. Because of the
random production of GIRK2”~ knockout animals, we did
not randomize wild-type and GIRK2~ mice. However, as a
standard practice in the laboratory, we alternated recordings
from wild-type and knockout mice to avoid order effects or
experimental conditions that may affect one group tempo-
rarily. To avoid experimenter bias, similar standard proce-
dures, timelines for dosing, and automated analyses were
used for both animal groups.

We also performed a separate set of experiments with sys-
temic injection of the opioid analgesic fentanyl while record-
ing diaphragm activity in wild-type and GIRK2"~ mice.
Data in mice were normalized as percentage of baseline
respiratory rate and diaphragm amplitude to remove poten-
tial variability between mice.

Anatomy and Correlation Maps
The locations of the intervention (perfusion) sites and corre-

lation maps were performed as previously described? using
MATLAB 12 software (MathWorks, USA).

Statistical Analysis

All data are presented as mean + SD with n values also indi-
cated. For studies in rats, we used one-way ANOVAs with
the repeated factor being treatments with aCSF or drugs. For
studies in mice, we tested for group differences using two-way
ANOVA tests, with a factor being genotype (i.e., wild-type
or GIRK27") and the repeated factor being drug treatments
(aCSF or drugs of choice). If the ANOVA was statistically
significant, Holm-Sidak post hoc tests were then used to deter-
mine significant differences between conditions. No formal
a priori power calculation was conducted. Sample sizes were
based on previous studies. In response to reviewer concerns,
sample sizes were increased in the experiments combining
DAMGO, Tertiapin- Q, and BaCl,. No attempts were made
to adjust the P values for this additional analysis. Data points
of each animal were presented to appreciate data distribution.
Where appropriate, all hypothesis tests are two tailed with the
level of significance set at 2 < 0.05. All tests were performed
with SigmaPlot version 11 (Systat Software Inc., USA).

Results

W first investigated the role of GIRK channels in mediating
rhythmic breathing generated by the preB6tC iz vivo. When
flupirtine, a GIRK channel opener,”® was applied to the pre-
BotC (fig. 1B), the frequency of diaphragm rhythmic activity
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was reduced (fig. 1, C and D). Flupirtine (300 pM) reduced
respiratory rate by 22.2% (aCSF: 41.7 £7.2 breath/min, flu-
pirtine: 33.2+ 6.4 breath/min, n = 7; fig. 1E) and diaphragm
amplitude (fig. 1F; n = 7, P = 0.002). We then plotted the
relationship between the latency for rate to decrease by 10%
following flupirtine and the distance from preBstC to the
probe sites (fig. 1G). There was a significant positive correla-
tion between latencies and distances, suggesting that it took
less time for flupirtine to diffuse through tissue and depress
respiratory rate when it was perfused close to the preBstC.
By using this relationship, we identified highly responsive
1222 and created correlation maps (fig. 1H). By using
these maps, we localized the region of the medulla where
flupirtine was most effective in suppressing respiratory rate,
and this site corresponded to NKI-R-expressing preBstC
neurons (fig.1H), which are known to be markers of pre-
Bo6tC neurons.?

Flupirtine also indirectly antagonizes N-methyl-p-aspar-
tate receptors,™ activates GABA, receptors,” and activates
other inward rectifier potassium channels,?> which can mod-
ulate preBstC activity.”® To determine whether flupirtine
depresses rhythmic breathing by selectively acting on GIRK
channels, we applied it to the preBstC (fig. 2A) of GIRK27~
adult mice.”! In baseline conditions (aCSF), respiratory
rates were not significantly different between wild-type
and GIRK2”~ groups (wild-type: 22.9+2.3 breath/min,
GIRK2”: 20.9+1.7 breath/min, 2 = 0.395). In wild-type
mice, flupirtine (300 uM) significantly decreased respiratory
rate (percentage of baseline: 82.6+2.7%, n = 3, fig. 2, B
and C), without affecting the amplitude of the diaphragm
activation, whereas in GIRK2”~ mice, the same concentra-

regions

tion of flupirtine had no effect on respiratory rate (percent-
age of baseline: 101.0+1.9%, n = 3). This result identifies
that flupirtine activates GIRK channels to inhibit rhythmic
breathing. We then identified the presence of GIRK2 sub-
units in the preBotC of wild-type (fig. 2D) mice but not
in GIRK27~ mice (fig. 2E). In summary, these data dem-
onstrate that GIRK channels are expressed in the region of
the preBotC and that activation of GIRK channels has the
capacity to inhibit respiratory rate.

MORs inhibit rhythmic breathing when applied to the
preBotC in various experimental conditions.”'* To test
the hypothesis that GIRK channels play a significant role
in the MOR-induced inhibition of rhythmic breathing, we
focally applied potassium channel blockers to the preB6tC
of adult rats. The application of DAMGO (5 uM) to the
preBo6tC region (fig. 3A) of anesthetized adult rats signifi-
cantly decreased respiratory rate (aCSF: 44.0+5.1 breath/
min, DAMGO: 27.7 £4.5 breath/min, n = 4; fig. 3, B-D),"?
and this reduction was reversed by co-application of the
broad-spectrum potassium blocker barium chloride (barium
chloride + DAMGO: 42.3+6.6 breath/min; fig. 3, B-D).
The GIRK channel blocker Tertiapin-Q (1 uM) partially
reversed DAMGO-related inhibition (aCSF: 42.1+7.4
breath/min, DAMGO: 26.1 + 13.4 breath/min, Tertiapin-Q
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Fig. 2. GIRK channels modulate breathing in vivo and are expressed in the ventrolateral medulla. Activation of GIRK channels
by flupirtine (300 uM) at the preBotC (A) decreased rhythmic breathing in wild-type (black) but not in GIRK2~- mice (red, B and
C, two-way ANOVA, F(0,1) = 46.64, P = 0.002, n = 3 for each group). Immunolabeling for GIRK2 subunits (D) in wild-type and
GIRK2~~ mice (E) showing no GIRK2 subunits in GIRK2~~ mice. Representative of four wild-type and 3 GIRK2~- mice. Data are
presented as mean + SD and as individual data. Data were normalized as percent of aCSF value to better represent responses
to flupirtine in wild-type and GIRK2~- mice. *Significant Holm-Sidak post hoc tests for different mean values with P < 0.05
between wild-type and GIRK2~- mice in flupirtine condition. aCSF = artificial cerebrospinal fluid; Dia = diaphragm muscle activity;
GIRK = G-protein—gated inwardly rectifying potassium channels; na = nucleus ambiguus; preB6tC = preBoétzinger complex.

+ DAMGO: 33.9+9.8 breath/min, n = 4; fig. 3, E-G). To neurons being insensitive to modulation of neurotransmit-
determine whether blocking GIRK channels increases respi-  ters per se, we administered the GABA, receptor agonist
ratory rate rather that blocking MOR activation, we applied =~ THIDR which is known to depress respiratory rate by inhib-
Tertiapin-Q alone at the preBstC. Tertiapin-Q (1 pM) did iting respiratory rhythm generating preBotC cells.!> THIP
not significantly change respiratory rate or diaphragm ampli- (20 uM) significantly reduced respiratory rate in GIRK2/
tude (fig. 3, H-J), suggesting that at this concentration, Ter- mice (67.4+16.6%, n = 4; fig. 4, D and E), in accordance
tiapin-Q blocks MOR inhibition (n = 3). Additional power  with effects previously identified i vitro.'> These data sug-
analysis showed that 30 animals would be needed to detecta  gest that ionotropic GABA, receptor function was not
difference of 5% between aCSF and Tertiapin-Q conditions  affected by the absence of GIRK channels and that MOR
(power: 80%). Overall, these data show that pharmacologi- inhibition of rhythmic breathing was absent when GIRK
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cal blockade of GIRK channels antagonizes MOR-mediated ~ channels were not present in rodents iz vivo.
inhibition of respiratory rate iz vivo, with minimal and no Drugs acting on MORs are widely used as analgesics or
physiologically relevant effects on diaphragm amplitude. as drugs of abuse but can induce life-threatening respiratory
To avoid the limitations of pharmacological block-  depression. To establish whether GIRK channels contrib-
ade of GIRK channels with Tertiapin-Q, we applied the  ute to respiratory depression after systemic administration
MOR agonist DAMGO to the preBstC of wild-type and  of the opioid analgesic fentanyl, an opioid used routinely in
GIRK2™~ adult mice while recording rhythmic diaphragm  clinical practice, we performed additional studies in anes-
activity (fig. 4A). In baseline conditions (aCSF), respira- thetized GIRK2™"~ mice. Under baseline conditions, there
tory rates were not significantly different between wild- ~ were no differences in respiratory rate between wild-type

type and GIRK2”~ groups (wild-type: 24.8+3.8 breath/  and GIRK2”~ mice (P = 0.67). In wild-type mice, a single
min, GIRK27: 31.8+5.0 breath/min, P = 0.084). Although intramuscular injection of fentanyl (5 pg/kg; fig. 5A) elic-
DAMGO (5 uM) induced a significant reduction of respi- ited a potent depression of respiratory rate (fig. 5, B and C),
ratory rate in wild-type mice (percentage of aCSF mean:  whereas an identical intervention in GIRK2”~ mice only
62.5+17.7%), it had no effect in GIRK27/~ mice (percentage ~ moderately decreased respiratory rate. Although all wild-
of aCSF: 103.2+12.1%, n = 4; fig. 4, B and C). To address ~ type mice showed a substantial respiratory depression in
the possibility that the absence of a respiratory-inhibitory ~ response to fentanyl, this dose of fentanyl was enough to
effect of DAMGO in GIRK2”~ mice was due to preBstC  abolish breathing in four of six wild-type mice evaluated
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Fig. 3. Blocking potassium or GIRK channels reverses respiratory rate inhibition by p-opioid receptors (MORs). In adult anes-
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respiratory rate by the MOR agonist DAMGO (B-D, Fypq =18.14, P = 0.003, n=4). Additional post hoc analysis showed that
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Fp ;) =11.58, P =0.009, n = 4). Additional post hoc analysis showed that the DAMGO and DAMGO + TQ conditions were signifi-
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after 30 min (fig. 5D). Importantly, such cessations of
breathing were not observed in GIRK2”~ mice (fig. 5, E
and F). These persistent apneas in wild-type mice were
fatal unless there was intervention with mechanical ventila-
tion. These experiments were performed in spontaneously
breathing animals where carbon dioxide level was not con-
trolled. It is likely that partial pressure of arterial carbon
dioxide increased with respiratory rate depression in wild-
type mice, which would explain the increase in diaphragm

Anesthesiology 2016; 124:641-50 646

muscle activity observed before breathing ceased in these
animals (fig. 5, B and E).

Discussion

By using a combination of genetic, molecular, and physio-
logical approaches, these data collectively identify that GIRK
channels modulate rhythmic breathing, contribute to respi-
ratory rate inhibition by MOR, and contribute to respira-
tory depression by the MOR drug fentanyl. Herein, we show
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that GIRK2 subunits are expressed in the preBotC region, a
population of cells essential for generating rhythmic breath-
ing in mammals.'"'? The presence of inhibitory GIRK chan-
nels suggests that GIRK channels regulate preBstC neuronal
excitability and contribute to MOR modulation. These data
identify that the activation of GIRK channels inhibits rhyth-
mic breathing and that the region most sensitive to GIRK
channel activation corresponds to high expression of NK1-R,
which identifies the preBotC region. This result is consistent
with the high sensitivity of NKI1-R-expressing neurons to
MOR agonists.'? Importantly, we found that GIRK channels
contribute to the inhibition of a population of neurons in the
preBotC region by MOR agonists. By using GIRK2 subunit
knockout mice, we showed that GIRK channels contribute to
a substantial part of the respiratory rate depression after sys-
temic administration of the MOR analgesic fentanyl. Over-
all, our results identify for the first time that GIRK channels
modulate rhythmic breathing and contribute to respiratory
rate depression by opioid drugs.

Herein, we first determined that activation of GIRK chan-
nels by flupirtine decreased respiratory rate in rats. Flupir-
tine perfused in the preBotC region significantly depressed
respiratory rate in anesthetized rats. By using correlation

Anesthesiology 2016; 124:641-50

maps,'? we identified the region of the medulla most sensi-
tive to flupirtine and found that this region corresponds to
high expression of NK-1R. Although correlation maps can-
not exclude that flupirtine may diffuse beyond the preBstC
and may activate GIRK channels in other populations of
neurons, it indicated that there was a region of the brain-
stem with a higher sensitivity to flupirtine that also expresses
NK-1R. Flupirtine also indirectly antagonizes N-methyl-

D-aspartate receptors® 25

and activates GABA, receptors
and other inward rectifier potassium channels,> which
may explain why it decreased diaphragm muscle amplitude.
To determine whether the effects of flupirtine were due to
its action on GIRK channels only, we used mice lacking
functional GIRK channels. GIRK1, GIRK2, and GIRK3
subunits form tetrameric channels that are postsynaptic
effectors for G-protein—coupled receptor signaling,lé with
the GIRK2 subunit present in three of four possible GIRK
channel conformations. Therefore, the absence of GIRK2
subunits eliminates a majority of functional GIRK channels
in the brain.?! Accordingly, we used GIRK2 subunit knock-
out mice to identify whether flupirtine acts on GIRK chan-
nels. We showed that flupirtine at the concentration used
in this study depressed respiratory rate in wild-type but not
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in GIRK2"~ mice. These results suggest that, in our study,
flupirtine acts on GIRK channels and that GIRK channels
in the region of the preBotC have the capacity to modu-
late rhythmic breathing. Because GIRK channels are widely
expressed in the brain?’ and in the vicinity of the preBstC
(fig. 2), it cannot be excluded that flupirtine diffused beyond
the preB6tC and activated GIRK channels in other parts of
the respiratory network.

GIRK channels mediate MOR inhibition of various
neural circuits'® and are involved in the effects of MOR
drugs on functions such as addiction'®!” and nociception.!?
Here, the contribution of GIRK channels to MOR inhibi-
tion in the respiratory network is identified using phar-
macological blockade and mice lacking GIRK2 subunits.

Anesthesiology 2016; 124:641-50

Without GIRK2-containing channels, MOR activation in
the preBotC region failed to decrease rhythmic breathing,
and respiratory depression by systemic MOR drugs was
significantly reduced, suggesting that GIRK channels play
a crucial role in MOR inhibition of the respiratory net-
work. The mechanisms underlying MOR inhibition of the
respiratory network have been investigated.!® It has been
proposed that MORs inhibit neuronal activity by interact-
ing with adenylyl cyclase,' but there is conflicting evidence
also suggesting that potassium channels may be involved in
MOR neuronal inhibition of the preBstC.!* The adenylyl
cyclase and MOR/GIRK pathways are tightly associated
because both pathways involve Ga, . Therefore, it is not
surprising that modulation of the adenylyl cyclase/cAMP/
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protein kinase A pathway has the capacity to increase respi-
ratory rate and reverse the MOR-induced suppression of
respiratory rate.”® However, those previous data do not
exclude the essential role of GIRK channels that involve a
parallel, and partially overlapping, pathway to inhibit pre-
B6tC neurons. Our study clearly identifies GIRK channels
as critical components mediating respiratory inhibition by
MOR receptors.

MOR drugs are widely used as analgesics, although
they can present the severe and sometimes fatal side effect
of respiratory depression. Despite the broad action of the
MOR analgesic fentanyl on the entire central nervous sys-
tem and the periphery, we found that the respiratory depres-
sion by fentanyl was significantly and markedly reduced in
the absence of functional GIRK channels, and importantly
no respiratory arrest was observed in GIRK2~~ mice. How-
ever, there was a moderate decrease in breathing after fen-
tanyl in GIRK2~/~ mice probably due to the action of opioid
drugs on other components of the respiratory network that
do not involve GIRK channels such as the adenylyl cyclase
pathway'® or presynaptic inhibition of voltage-dependent
calcium channels.?? Activation of GIRK channels that do
not contain the GIRK2 subunit, ze.,, GIRK1/3 channels
may also be underlying the moderate depression by fen-
tanyl observed in GIRK2"~ mice. This depression was not
due to degradation of breathing over time due to anesthesia
because the effects of systemic fentanyl disappeared after
about an hour, and respiratory rate returned to its baseline
value. Overall, these results showed that GIRK channels
containing the GIRK2 subunit underlie a major compo-
nent of respiratory rate depression by MOR analgesics.
Because we did not measure GIRK currents in the medulla,
it cannot be excluded that fentanyl may modulate other
neurotransmitters that also work through GIRK channels.

The development of new therapies to reverse respiratory
depression by opioids has been of great interest over the last
10 yr."15:30-32 However, the mechanism of action of opioids
on respiratory circuits was not known until we identified
GIRK channels as an important mechanism contributing
to MOR-mediated respiratory rate inhibition. Importantly,
our data suggest that pharmacological strategies targeting
the GIRK pathway may lead to new therapies to reverse
or prevent respiratory depression induced by MOR drugs,
although the development of new drugs acting on GIRK
channels has been hindered by the wide distribution of
GIRK channels and their contribution to cardiac and endo-
crine functions.!® Because channel function and trafficking
are highly dependent on the channel subunit composition,
selectively blocking GIRK channels with specific subunit

compositions®?

may lead to new strategies to prevent respi-
ratory depression.!” The development of subunit-selective
GIRK modulators® or targeting the other components of
the GIRK channel pathway such as regulators of G-protein
signaling® or By G-protein dimers®® (fig. 1A) that are spe-
cific to respiratory inhibition by MORs, but not analgesia,

Anesthesiology 2016; 124:641-50 649

may be a viable strategy to prevent respiratory depression

by MOR drugs.
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