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Abstract

Background: Opioid-induced respiratory depression can be partially antagonized in the
preBoétzinger Complex and Parabrachial Nucleus/Kolliker-Fuse Complex. We hypothesized that
additional opioid antagonism in the caudal medullary raphe completely reverses the opioid effect.

Methods: In adult ventilated, vagotomized, decerebrate rabbits, we administrated remifentanil
intravenously at “analgesic”, “apneic”, and “very high” doses and determined the reversal

with sequential naloxone microinjections into the bilateral Parabrachial Nucleus/Kdélliker-Fuse
Complex, preBotzinger Complex, and caudal medullary raphe. In separate animals, we injected
opioid antagonists into the raphe without intravenous remifentanil.

Results: Sequential naloxone microinjections completely reversed respiratory rate depression
from “analgesic” and “apneic” remifentanil, but not “very high” remifentanil concentrations.
Antagonist injection into the caudal medullary raphe without remifentanil independently increased
respiratory rate.
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Conclusions: Opioid-induced respiratory depression results from a combined effect on the
respiratory rhythm generator and respiratory drive. The effect in the caudal medullary raphe is
complex as we also observed local antagonism of endogenous opioid receptor activation, which
has not been described before.

Keywords

Parabrachial Nucleus/ Kélliker-Fuse Complex; preBotzinger Complex; Caudal Medullary Raphe;
Opioid-induced respiratory depression; Respiratory phase timing; Respiratory rhythm generator

Introduction

Multiple in vivo studies have demonstrated that a significant part of opioid-induced
respiratory depression at analgesic opioid concentrations is due to depression of the
respiratory rhythm generator in the preBotzinger Complex as well as the Parabrachial
Nucleus/Kolliker-Fuse Complex (PBN/KF), which provides inputs to the preBétzinger
Complex (1-8). Two studies in decerebrate rabbits (1) and freely behaving mice (4)
highlighted that restoring neuronal activity in the PBN/KF and preBotzinger Complex
through either localized naloxone injections (1) or localized mu-opioid receptor deletion

(4) had more limited reversal effects at higher opioid doses. This implied opioid-induced
depression of respiratory drive to these areas. Chemosensitive neurons in the retrotrapezoid
nucleus, the main source and integrator of chemodrive in the brainstem (9), were not
affected by apneic doses of morphine (10). However, injection of the mu-opioid receptor
antagonist D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2 (CTAP) into the caudal medullary
raphe, another part of the chemoreceptive system, partially reduced a moderate respiratory
rate depression (~30%) from intravenous [D-Ala,2N-MePhe,*Gly-ol]-enkephalin (DAMGO)
in rats in vivo (11). Phillips et al. showed that naltrexone injection into the rostral
ventromedial medulla, i.e., the raphe at the caudal pole of the facial nucleus, reversed the
respiratory depression and analgesia from analgesic doses of intravenous morphine (12). The
maximal effect occurred 20 minutes after injection, suggesting that diffusion was necessary
to sufficiently antagonize the affected neuronal population (12). Neither study injected the
opioid antagonist without systemic opioids (11, 12).

We hypothesized that injection of the opioid antagonist naloxone into the caudal
medullary raphe in addition to the PBN/KF and preBétzinger Complex would completely
reverse opioid-induced respiratory depression from “analgesic”, “apneic”, and “very high”
remifentanil concentrations. We also injected naloxone into the caudal medullary raphe
without systemic remifentanil to rule out endogenous opioid receptor activation. We found
a substantial increase in respiratory rate, which prompted us to repeat the protocol without
systemic remifentanil with local injections of more specific mu- and delta-opioid receptor
agonists. Last, we determined whether the endogenous opioid ligand maximally activated

the raphe opioid receptors with additional localized DAMGO microinjection.
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Methods

2.1. Surgical preparation

The research was approved by the Institutional Animal Care and Use Committee, Medical
College of Wisconsin, in accordance with provisions of the Animal Welfare Act, and the
Public Health Service Guide for the Care and Use of Laboratory Animals. Experiments were
carried out on adult (3—4 kg) New Zealand White rabbits of either sex. The preparation has
been previously described in detail(1). In short, animals were anesthetized and ventilated
via tracheotomy with an anesthesia machine (Ohmeda CD, GE, Datex Ohmeda, Madison,
WI). Inspiratory oxygen fraction, expiratory carbon dioxide concentration and expiratory
isoflurane concentration were continuously displayed with an infrared analyzer (POET I,
Criticare Systems, Waukesha, W1). Femoral arterial and venous lines were used for blood
pressure monitoring, infusion of solutions, and bolus drug application, respectively. Lactated
Ringer’s solution with 3 mcg/ml epinephrine was continuously infused at 1 ml/h, and rate
was increased as needed to counteract or prevent hypotension in response to drug injections
and/or from blood loss. The animal was maintained at 37.0 + 0.5°C with a warming blanket.
The animal was placed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA). After
blunt precollicular decerebration, isoflurane was continued at subanesthetic levels (0.3-0.4
vol%) for blood pressure control, and animals were paralyzed with rocuronium (15 mg/kg
subcutaneous bolus), followed by pancuronium or vecuronium (2 mg/h) infusion to avoid
motion artifacts during neural/neuronal recording. The brainstem was exposed via occipital
craniotomy and partial removal of the cerebellum. Bilateral vagotomy was performed

to achieve peripheral deafferentation. The phrenic nerve was recorded with fine bipolar
electrodes through a posterior neck incision. The complete surgical preparation required
6-7h. Throughout the experiment animals were ventilated with hyperoxia (FiO5 0.6) and
maintained at mild hypercapnia (expiratory carbon dioxide: 45-55 mmHg). Blood pressure
was maintained stable throughout the protocols by adjusting the intravenous infusion rate. At
the end of the experiment, animals were euthanized with intravenous potassium chloride.

2.2. Neuronal Recording, microinjection procedures and measured variables

All neuronal recording and microinjection techniques have been well established by

our research group and have been previously described in detail (1, 13, 14). In short,
extracellular neuronal recordings were obtained using multibarrel micropipettes (20—40 pm
tip diameter) consisting of three drug barrels and a recording barrel containing a 7 um thick
carbon filament. Barrels were filled with the glutamatergic agonist a.-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA, 50 uM, 70 nl/ injection) and the opioid receptor
antagonist naloxone (1mM, 700nl/injection), which were dissolved in artificial cerebrospinal
fluid (aCSF). The microinjected volume was determined via height changes in the

meniscus in the respective pipette barrel with a 100x monocular microscope and calibrated
reticule (resolution ~3.5 nl). Respiratory neuronal discharge was recorded extracellularly
and classified by the temporal relationship relative to the phrenic neurogram. Neuronal
discharge rate-meter, pressure microejection marker signals, phrenic neurogram, respiratory
rate, arterial blood pressure, and airway carbon dioxide concentration were continuously
displayed and recorded using a digital acquisition system (Powerlab/16SP; ADInstruments,
Castle Hill, Australia). Before and after drug injection, steady-state conditions were obtained
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for respiratory parameters. Post experiment LabChart data was exported to SigmaPlot 11
(Systat Software, San Jose, CA) for data reduction, data plotting and statistical analysis.
Between 10 and 50 consecutive respiratory cycles were averaged over 1-2 min with the
number of cycles dependent on the respiratory rate. Using the phrenic neurogram we
determined respiratory rate, inspiratory and expiratory duration, and peak phrenic activity.
Peak phrenic activity was normalized to control values for all calculations (15).

2.3. Functional identification of the Parabrachial Nucleus/ Kélliker-Fuse complex,
preBotzinger complex, and caudal medullary raphe

As previously described, we identified the locations of the parabrachial nucleus/ Kolliker-
Fuse complex (PBN/KF) (16) and preBotzinger Complex (1, 14) bilaterally through
stereotaxic coordinates, neuronal recordings and typical respiratory rate response to AMPA
microinjection (50 uM, 70nl). For the current study, we first identified the preBétzinger
Complex, which was on average 2.3£0.1mm rostral to obex, 2.7+ 0.1mm lateral from
midline, and 4.8+0.1mm ventral to the dorsal surface (n=52). We then identified the PBN,
which was on average 9.6+0.1mm rostral to the preBétzinger Complex, 2.7+0.1mm lateral
to midline and 8.7+£0.1 mm ventral to the dorsal surface (n=40). The distance between
preBotzinger Complex and PBN was remarkably consistent, and both areas were at the
same lateral distance from midline, which facilitated the functional identification. Based on
our previous studies that showed a consistent distance between PBN and KF (1, 16), we
used the location 0.94mm caudal (1mm, corrected for the 20° - angle on the stereotaxic
frame), 0.5mm lateral, and 2mm ventral to the PBN for study drug injections into the

KF without additional AMPA mapping. Complete, bilateral functional identification of all
areas including the time required for respiratory rate to return to baseline after each AMPA
injection required 4-5h.

To determine the location of the caudal medullary raphe, we performed a pilot study in

six animals using grid-wise injections of AMPA into the midline between 3mm caudal

and up to 7mm rostral to the functionally identified preBotzinger Complex with step size
0.47mm (0.5mm rostro-caudal, corrected for the 20° - angle of the stereotaxic frame). We
microinjected AMPA (50 UM, 70nl) starting at the ventral limit of the tonic neuronal activity
and then in 0.5 mm steps more dorsally. Due to the long duration of the AMPA effect and
the multiple injections per coordinate, mapping was performed for the raphe caudal to the
preBotzinger Complex in three animals and rostral to the preBotzinger Complex in three
different animals. The rostro-caudal level of the preBotzinger Complex was identified in all
animals. Changes in respiratory activity in % baseline were averaged for coordinates relative
to obex and, alternatively, relative to the functionally identified preBétzinger Complex. We
found that AMPA effects were more consistent between animals when the coordinates were
compared relative to the preBotzinger Complex. Figure 1 shows the averaged values relative
to the preBotzinger Complex, with the preBotzinger Complex level pictured at 2.5mm
rostral to obex. AMPA injections caudal to the preBdétzinger Complex level consistently
increased respiratory rate and peak phrenic activity. The onset of the effect was more
delayed than AMPA effects in, e.g., the preBotzinger Complex or Parabrachial Nucleus

(1) (fig.1A). We also observed tachypnea after AMPA injection into the nucleus of the
solitary tract (NTS), however, the effect occurred immediately after AMPA injection, and in
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each animal, there was a rostro-caudal gap of 0.5-1mm between the location of immediate
tachypnea (NTS) and the delayed tachypnea observed in the raphe. Although in one animal
AMPA injections rostral to the preBotzinger Complex decreased respiratory rate and peak
phrenic activity resulting in an average decrease (fig.1C), in other animals we observed an
increase respiratory rate and peak phrenic activity up to 1.5 mm rostral to the preBétzinger
Complex level. The most severe depression of respiratory rate and peak phrenic activity was
observed at >3mm rostral to the preBétzinger Complex level, i.e., at the level of the caudal
pole of the facial nucleus, where AMPA injection could cause complete apnea (17). Based
on the distribution of the tachypneic response, for all opioid protocols, drug injections into
the caudal medullary raphe were performed between 2mm caudal and 1.5mm rostral to the
preBétzinger Complex level.

2.4. Histology

Histological confirmation of the caudal medullary raphe area was obtained in a separate
group of animals to minimize tissue damage from the electrode. In our standard in

vivo preparation, the bilateral location of the preBoétzinger Complex was functionally
identified with AMPA injection. Fluorescent latex microspheres (140nl, Lumafluor.com;
Red Retrobeads), diluted to 5% of the supplied concentration, were microinjected into the
bilateral preBoétzinger Complex and at the coordinates where functional identification had
suggested the caudal end of the caudal medullary raphe (i.e., midline, 2mm caudal to the
preBotzinger Complex and at the ventral limit of recorded neuronal activity) and the rostral
medullary raphe (17, 18)/ rostral ventromedial medulla (12) (i.e., midline, 3mm rostral to
the preBotzinger Complex and at the ventral limit of recorded neuronal activity). Animals
were transcardially perfused with phosphate-buffered saline and paraformaldehyde (4%),
and the brainstem was submersed in paraformaldehyde for 5 days and stored in hypertonic
sucrose (30% in PBS) with sodium azide (0.1%) before being flash frozen in isopentane
and sectioned using a cryostat (Leica). Sequential 20um coronal sections were cut from the
caudal edge of the inferior colliculi to 2mm caudal to obex. Immunolabeling of free-floating
sections was performed as previously described (14, 16) using goat anti-ChAT (1:100,
Millipore Cat# AB144P, RRID:AB_2079751), or goat anti-5HT (1:1000, ImmunoStar Cat#
20079, RRID:AB_572262) on consecutive sections, and donkey anti-goat Alexa Fluor 488
(1:500, Jackson ImmunoResearch Labs Cat# 705-545-147, RRID:AB_2336933) on all
sections. The immunohistochemical staining patterns obtained with the antibodies was in
agreement with the known expression patterns of the corresponding proteins, both at the
cellular and subcellular level, supporting the specificity of these antibodies. Sections were
counterstained with DAPI dihydrochloride (0.5ug/ml, Invitrogen Cat# D1306) for 5min at
room temperature then mounted to glass slides using Fluoromount-G (Southern Biotech),
coverslipped, and stored at 4 ° C until imaging. An inverted fluorescence slide scanning
microscope (Keyence BZ-X810) at a 20x objective was used for all image acquisition. The
resolution and exposure settings were identical between experimental groups. The atlas of
Meessen and Olszewski (19) and a later study by Felten and Cummings (20) were used for
identification of relevant regions. Fig.2 illustrates the anatomical reference points, e.g., obex,
preBétzinger Complex and facial nucleus, that confirm the location of the caudal medullary
raphe, which based on functional identification (2.3.) is located between 2mm caudal to

the preBotzinger Complex (near obex) to 1.5mm rostral to the preBoétzinger Complex, i.e.,
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halfway between preBotzinger Complex and the caudal end of the facial nucleus in our
preparation.

2.5. Opioid effect sites at “analgesic” IV remifentanil concentrations

Experimenters were not blinded to the experimental conditions, and we did not perform
formal randomization to experimental protocols. Since the effect of naloxone microinjection
persists >2h, only one complete protocol was performed per animal. Protocols investigating
“analgesic”, “apneic”, and “very high” concentrations were performed in the same animals
as illustrated in fig.3. Thus the observed opioid and naloxone effects could be compared
against the same initial baseline respiratory rate. Great care was taken to await complete
recovery from opioid bolus injections (2.6.) to the respiratory rate present before the bolus
before continuing with the naloxone microinjection protocol. Testing multiple remifentanil
concentrations in the same animal also allowed verification that the naloxone injection

sites were correct, e.g., when a “very high” remifentanil bolus (2.7.) still caused significant
respiratory depression but the naloxone injections had reversed the effects of “analgesic”
and “apneic” remifentanil concentrations comparably to the other animals. At the end

of the experiments, naloxone 20-40 mcg/kg was injected intravenously to document that
respiratory rate returned to the pre-remifentanil control. Only thereafter was the remifentanil
infusion discontinued. For ease of reading, the different opioid concentrations are presented
separately.

To determine how much opioid effects in the PBN/KF, preBétzinger Complex, and

caudal medullary raphe contributed to systemic opioid-induced respiratory depression at
“analgesic” opioid doses, we infused remifentanil intravenously at an average of 0.16+0.06
mcg/kg/min until respiratory rate was depressed by approximately 50% (fig.3). The choice
of opioid (21, 22) and dose (23, 24) have been discussed before (1). Cohort A: After
reaching steady-state effect for 10-15 min, naloxone (1ImM, 700nl) (1, 14, 16) was
microinjected bilaterally into the Kélliker-Fuse Nucleus, the Parabrachial Nucleus, and the
preBotzinger Complex. At least 5 min were allowed after each injection site to obtain
maximal effect. We recently reported that our standard approach, i.e., a single injection into
the bilateral, functionally identified preBotzinger Complex did not completely reverse the
opioid effect in all animals, but that additional injections into the rostral ventral respiratory
group caused an additional reversal of respiratory rate depression by 1 (0-3) breath per
minute (bpm) (1). To ensure complete reversal of the rhythm generating area, in the

current study we also injected naloxone bilaterally into the premotor neuron area (14),

i.e., at 0.5mm caudal to the preBoétzinger Complex/ same depth, at 1 mm caudal and 1mm
dorsal to the preBoétzinger Complex, and at 1.5mm caudal, 0.5mm medial, and 1.5mm
dorsal to the preBotzinger Complex. For the entire study, the term “preBétzinger Complex
injection” includes injections into the premotor neuron area. Subsequently, we microinjected
naloxone (1ImM) into the caudal medullary raphe, moving in 0.5mm increments between
2mm caudal and 1.5mm rostral to the preBotzinger Complex level. To ensure that naloxone
injections covered the raphe pallidus as well as obscurus but did not diffuse too far

lateral, we injected 350nl at the ventral limit of neuronal activity and another 350nl at

2mm dorsal to the first injection. We waited for steady-state effect after injections into

the area caudal to, at the level of, and rostral to the preBétzinger Complex to evaluate
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whether the naloxone effect was limited to any subarea of the caudal medullary raphe.
Initial analysis showed an additional naloxone effect in each subarea, and we used the
values at the end of the entire caudal medullary raphe injection sequence for the statistical
analysis. Cohort B: To determine whether the order of naloxone injections, i.e., pons to
raphe, determined the magnitude of reversal in the individual brainstem nuclei, in a second
set of animals we injected naloxone starting with the caudal medullary raphe, followed by
the preBotzinger Complex, and finally the PBN/KF. Cohort C: In a third group of animals,
we injected naloxone only into the preBétzinger Complex and caudal medullary raphe to
evaluate whether prior reversal of the PBN/KF affected the magnitude of the naloxone
reversal in the caudal medullary raphe. Interim analysis after five animals showed that
naloxone injection into the caudal medullary raphe had very similar effects on inputs to
inspiratory off-switch (after PBN/KF+preBotzinger Complex reversal: 22 (19-28)% vs. after
preBotzinger Complex reversal only 25 (12-58)%) and inspiratory on-switch (26 (19-28)%
vs. 22 (2-27)%). Since the overall focus of the study was the effect of combined naloxone
reversal in the PBN/KF, preBoétzinger Complex, and caudal medullary raphe, we stopped
data acquisition for Cohort C after five animals to reduce animal use. Available data are
presented. Data are included in the subanalysis of inputs to respiratory phase switch (see
Results 3.6.) and additional effects of naloxone injection into the premotor neuron area,
compared to the preBétzinger Complex (see additional analysis, Results 3.1. and 3.2.).

2.6. Opioid effect sites at “apneic” IV remifentanil concentrations

To determine whether the contributions of the PBN/KF, preBétzinger Complex, and caudal
medullary raphe to opioid-induced respiratory depression varied with different systemic
opioid concentrations, we injected an intravenous remifentanil bolus that was sufficient to
cause apnea >60sec (average 12+2mcg) (fig.3) as described before (1). The dose necessary
to achieve apnea was determined for each individual animal and the individualized dose
was used as the “apneic bolus” throughout the entire experiment. In Cohort A, the “apneic”
bolus was repeated after naloxone injection into the PBN/KF plus preBétzinger Complex
and third after naloxone injection into the caudal medullary raphe. In Cohort B, the “apneic”
bolus was repeated after naloxone injection into the caudal medullary raphe and third after
naloxone injection into the preBotzinger Complex plus PBN/KF. In Cohort C, the “apneic”
bolus was repeated after naloxone injection into the preBétzinger Complex and third after
naloxone injection into the caudal medullary raphe. As described above, we stopped data
acquisition for this cohort after interim analysis.

2.7. Effects of “very high” remifentanil concentrations on areas outside the Parabrachial
Nucleus/Kodlliker-Fuse Complex, preBotzinger Complex, and Caudal Medullary Raphe

We investigated whether “very high” remifentanil doses depressed respiration after naloxone
injection into the PBN/KF, preBétzinger Complex, and caudal medullary raphe, which
would point to depression of additional areas providing respiratory drive or controlling

the respiratory motor output. After complete recovery of respiratory rate from the third
“apneic” remifentanil bolus we injected intravenous remifentanil in 10-50 mcg increments
until apnea or a maximum dose of 100mcg. Injections were staggered in short sequence

to avoid arterial hypotension, but the maximal dose was generally administered within 2-3
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min. The entire experiment including surgical preparation, functional identification of the
injection sites and the remifentanil/ naloxone protocol required 18-20h.

2.8. Effects of naloxone, CTAP and naltrindole, and aCSF in respiratory premotor
neurons and the caudal medullary raphe

We have previously described that naloxone and aCSF injections into the PBN/KF or
preBétzinger Complex did not have any independent effects on respiration suggesting lack
of endogenous opioid receptor activation in these areas (1). To confirm that the effect

of local naloxone microinjections we observed during remifentanil infusion represented

a reversal of the exogenous, intravenous remifentanil effect we injected naloxone (1mM,
350nl) into the premotor neurons and into the caudal medullary raphe as described in the
above protocols in the absence of remifentanil. However, since we unexpectedly found a
consistent increase in respiratory rate with naloxone injections into the caudal medullary
raphe, which suggested endogenous opioid receptor activation, we repeated the injection
protocols in the raphe without remifentanil in a separate group of animals with the
specific mu-opioid receptor agonist CTAP (1mM, 350nl) and the delta-receptor antagonist
naltrindole (1ImM, 350nl). As a control, we also injected aCSF (350nl), which was used as
solvent for all injected drugs, into the caudal medullary raphe to rule out an independent
vehicle effect.

2.9. Effects of high concentrations of DAMGO in the caudal medullary raphe

To determine whether endogenous ligands maximally activated opioid receptors in the
caudal medullary raphe, we injected DAMGO (200uM, 350nl) into the caudal medullary
raphe as described in the above protocols. At the end of the injection sequence, the effect
was reversed with intravenous naloxone (20 mcg/kg).

2.10. Statistical analysis

Statistical analysis was performed using SigmaPlot 11 (Systat Software, USA). We did

not perform a formal power analysis, and no adjustments were made for interim analyses.
Comparable studies have used 4 to 9 rats (3) ((25), 4 to 11 mice (4, 5), 8 to 16 rabbits (1, 6,
26), and 10 to 21 dogs (7, 27) per protocol.

Since experiments were technically very difficult and labor intensive, we included data

from a few animals where one single data point was missing. The total number of animals

is indicated for each comparison. To eliminate the problem of “missing values” and data
with boundaries (apnea), we calculated the difference (“delta”) for each variable between
naloxone injections and 1V remifentanil, or between sequential naloxone injections into

the areas of interest as described before (1) and detailed in the Results. Testing revealed

that not all “deltas” were normally distributed (Shapiro-Wilk test). For paired data, we
uniformly used the Wilcoxon Signed Rank test to test each “delta” against no change
(Null-Hypothesis). For comparison of the changes in inputs to inspiratory on- and off-switch
with naloxone injection into the same area between cohorts (unpaired data), we used the
Mann-Whitney-U test (2 comparisons) or Kruskal-Wallis test (3 comparisons). Hypothesis
testing was two-tailed. The critical value for significant differences was adjusted according
to the number of comparisons for each protocol according to Bonferroni, i.e., p<0.0125 for 4
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comparisons, p<0.0167 for 3 comparisons, and p<0.025 for two comparisons. Results for the
different remifentanil concentrations were analyzed separately without additional correction
for multiple comparisons. Inputs to inspiratory on- and off-switch were calculated from

the values for inspiratory and expiratory duration as described before (1). Parameters are
presented as median (25%-75% range).

Primary outcomes were the changes in respiratory parameters with local microinjection

of naloxone at each remifentanil concentrations, or microinjection of CTAP, naltrindole,
and DAMGO, resp.. Secondary outcomes were differences between inputs to inspiratory
on- and off-switch depending on order of naloxone reversal and at different remifentanil
concentrations.

In total, 57 animals (34 male/ 23 female) were used for this study. Six animals were used for
functional mapping of the caudal medullary raphe with AMPA (2.3.), and four animals were
used for the histological confirmation of the injection sites (2.4.). 26 animals were used for
the remifentanil reversal protocols (2.5.-2.7.). One data point (effect of naloxone injection
into the PBN/KF, “analgesic” remifentanil) from six animals in Cohort A was included in
our previous publication (1), however, all other data points including the combined naloxone
injection into the preBotzinger Complex plus premotor neurons and caudal medullary raphe
are new. Data from the animals in Cohort C was used in our previous publication (naloxone
injection into the preBotzinger Complex) (1), however, the data presented in the current
study including naloxone injection into the preBotzinger Complex plus premotor neurons
and caudal medullary raphe have not been reported before. Fourteen animals were used

for the opioid antagonist injection protocols (2.8.), and seven animals were used for the
DAMGO injection protocol into the caudal medullary raphe (2.9.). Artificial CSF was tested
in three animals that were later used for other studies.

3.1.: Opioid effect sites at “analgesic” IV remifentanil concentrations

To determine the effect of “analgesic” remifentanil concentrations on the PBN/KF,
preBotzinger Complex, and caudal medullary raphe, we microinjected naloxone into these
areas in three different orders. The individual values for Cohorts A-C are presented in Table
1, and the level of significance for the naloxone effects are presented in fig.4. In short,
remifentanil infusion depressed respiratory rate by 50%, and sequential naloxone injections
completely reversedthe remifentanil effect in all cohorts (Cohort A, p=0.232, Cohort B,
p=0.020, Cohort C, p=0.500, fig.4B). Additional analysis showed that naloxone injection
into the premotor neurons increased respiratory rate by 3 (1-5.75) bpm, compared to
naloxone injection into the preBétzinger Complex as defined with functional identification
alone (p<0.001, n=26). This effect is already included in the values for preBétzinger
Complex injections.

The decrease in respiratory rate was due to an increase in inspiratory (fig.4C) and expiratory
duration (fig.4D), which were completely reversed by local naloxone injections. Peak
phrenic activity was less affected by “analgesic” remifentanil concentrations, and naloxone
injections into the rhythm generator and caudal medullary raphe increased peak phrenic
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activity (fig.4E). Inputs to inspiratory off-switch (derived from inspiratory duration) and
on-switch (derived from expiratory duration) were decreased by “analgesic” remifentanil,
and the effect was fully reversed with naloxone microinjections (fig.4F+G).

3.2.: Opioid effect sites at “apneic” IV remifentanil concentrations

To determine the effect of “apneic” remifentanil concentrations on the Parabrachial
Nucleus/Kolliker-Fuse Complex, preBétzinger Complex, and caudal medullary raphe, we
administered an intravenous remifentanil bolus that caused apnea 1) at baseline, 2) after
microinjection of naloxone into the Parabrachial Nucleus/ Kélliker-Fuse Complex and
preBétzinger Complex, and 3) after additional naloxone injection into the caudal medullary
raphe (Cohort A, n=10). In different animals we administrated the “apneic” bolus after
naloxone injection in the opposite order, i.e., into the caudal medullary raphe, followed

by injections into the preBétzinger Complex and PBN/KF (Cohort B, n=10), or into the
preBotzinger Complex, followed by the caudal medullary raphe (Cohort C, n=4). The
individual values for Cohorts A-C are presented in Table 2, and the level of significance

for the naloxone effects is presented in fig.5. In short, naloxone injection into the target
areas completely prevented a decrease in respiratory rate from the “apneic” remifentanil
bolus (Cohort A, p=0.695, Cohort B, p=0.074, Cohort C, p=0.500). Additional analysis
showed that naloxone injection into the premotor area increased respiratory rate after the
“apneic” bolus by 4.5 (2.75-8.5) bpm, compared to naloxone injection into the preBétzinger
Complex as defined with functional identification alone (n=13, p<0.001). This effect is
already included in the values for preBotzinger Complex injections. After this additional
effect was recognized, in subsequent animals, the “apneic” remifentanil bolus was only
injected after naloxone injections into the preBotzinger Complex plus premotor neurons.

Values for inspiratory duration, expiratory duration, and peak phrenic activity were
extrapolated from the first breath after apnea (see fig.5A, “control”), or, if no apnea was
observed, we averaged parameters for approximately six to eight breaths at the lowest
respiratory rate following the remifentanil bolus (fig.5A, “Naloxone PBN/KF+preBotC”
and “Naloxone PBN/KF+preBétC+raphe™). The “apneic” remifentanil bolus increased
inspiratory and, in particular, expiratory duration. This effect was completely prevented

by naloxone injections (fig.5, C+D). Peak phrenic activity was less affected (fig.5E). Inputs
to inspiratory off-switch (derived from inspiratory duration) and on-switch (derived from
expiratory duration) were depressed nearly to the apneic threshold of 1. This effect was
completely prevented by naloxone injections (fig.5F+G).

3.3.: Effects of “very high” remifentanil concentrations on areas outside the Parabrachial
Nucleus/Kdlliker-Fuse Complex, preBoétzinger Complex, and Caudal Medullary Raphe

To determine whether “very high” systemic remifentanil concentrations affect respiratory
rate and tidal volume in other brainstem areas, we injected up to 100 mcg remifentanil 1V
after completion of the naloxone microinjection sequence into the PBN/KF, preBotzinger
Complex, and caudal medullary raphe (Cohort A+B). Animals without naloxone injection
into the PBN/KF (Cohort C) were not included in this analysis. In 19 animals, the “very
high” remifentanil bolus decreased respiratory rate by 10 (5.5-22) bpm (p<0.001) and peak
phrenic activity by 32 (20-49)% (p<0.001, fig.6A). Inspiratory duration was increased by
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0.1 (0.1-0.4) sec (p=0.001), and expiratory duration was increased by 0.35 (0.1-1.4) sec
(p<0.001). The decrease in respiratory rate from control was 29 (11-54) %, and thus similar
in magnitude to the decrease in peak phrenic activity.

Additional analysis determined whether the respiratory rate depression from the “very

high” remifentanil bolus correlated with a lack of reversal of the “analgesic” and “apneic”
remifentanil concentrations, which may have suggested that the naloxone microinjections
had insufficiently antagonized the targeted areas. “Very high” remifentanil resulted in

apnea in two animals. In one of these animals, the effect of “analgesic” remifentanil was
completely reversed, but there remained a 38% depression of respiratory rate from the
“apneic” bolus, potentially indicating insufficient coverage of the targeted areas. In the

other animal, naloxone injections increased respiratory rate above control during “analgesic”
and “apneic” remifentanil concentrations confirming correct injections. Linear regression
analysis (fig.6B) showed poor correlation between the respiratory rate depression from “very
high” remifentanil concentrations and any residual respiratory rate depression at “analgesic”
(R2=0.006) and “apneic” remifentanil concentrations (R2=0.275) (fig.6B), suggesting that
the effect of the “very high” bolus was due to depression of areas outside the PBN/KF,
preBotzinger Complex, and caudal medullary raphe.

We also investigated whether repeated injections of remifentanil led to attenuation of the
respiratory depressive effect. In four animals at the beginning of the study, we injected
“apneic” and “very high” remifentanil boluses after naloxone injection into the PBN/KF
and preBoétzinger Complex, the premotor neurons, and finally after naloxone injection into
the caudal medullary raphe. The final “very high” remifentanil bolus still caused apnea in
one animal, and 5-67% respiratory rate depression in the other animals, while in animals
who had received only two “apneic” bolus doses before, the single “very high” remifentanil
bolus resulted in apnea in one animal and a median respiratory rate depression of 20% (31—
(-15)%). This suggests that repeated injections did not lead to a systematic attenuation of
the remifentanil-induced respiratory depression during these experiments.

3.4.. Effects of naloxone, CTAP and naltrindole, and aCSF in premotor neurons and the
caudal medullary raphe

We injected the non-specific opioid antagonist naloxone into the premotor neurons and the
caudal medullary raphe to assess if endogenous opioid receptor activation was present. In
four animals, injection of naloxone into the premotor neuron area did not change respiratory
rate (p=0.250), peak phrenic activity (p>0.999), inspiratory (p=0.875), or expiratory duration
(p=0.250).

In seven animals, naloxone injection into the caudal medullary raphe increased respiratory
rate from 29 (21-35) to 43 (30-52) bpm (p=0.016, fig.7). Peak phrenic activity did not
change (100% to 104 (95-145)%, p=0.297). Naloxone injection decreased inspiratory
duration from 1.0 (0.8-1.1) sec (p=0.016) and expiratory duration from 1.1 (0.9-1.7) to
0.8 (0.5-1.2) sec (p=0.016). We then sought to confirm that the effect was mediated by
opioid receptors and to determine the opioid receptor subtypes. In seven different animals,
injection of the mu-receptor antagonist CTAP into the caudal medullary raphe increased
respiratory rate from 28 (26-36) to 40 (40-43) bpm (p=0.016), and subsequent injection of

Respir Physiol Neurobiol. Author manuscript; available in PMC 2023 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Palkovic et al.

Page 12

the delta-receptor antagonist naltrindole increased rate further to 43 (40-48) bpm (p=0.016).
Neither CTAP nor naltrindole injection changed peak phrenic activity (100 to 105 (90-
116)%, p=0.688 and 107 (94-121), p=0.578). CTAP injection decreased inspiratory duration
from 0.8 (0.8-1.0) to 0.64 (0.6-0.7) sec (p=0.016), and naltrindole caused an additional
decrease to0 0.61 (0.55-0.63) sec (p=0.016). CTAP injection decreased expiratory duration
from 1.1 (0.9-1.4) to 0.9 (0.7-0.9) sec (p=0.016), and naltrindole caused an additional
decrease to 0.8 (0.6-0.9) sec (p=0.016).

As a control, in three animals we injected aCSF into the caudal medullary raphe before
naloxone injection. Artificial CSF did not change respiratory rate (p>0.999) or peak phrenic
activity (p>0.999).

3.5.: Effects of supraclinical concentrations of DAMGO in the Caudal Medullary Raphe

We investigated the effects of supraclinical, saturating concentrations of the mu-opioid
receptor agonist DAMGO to determine whether endogenous opioid agonists had maximally
activated opioid receptors in the caudal medullary raphe at baseline, i.e., in the absence of
exogenous opioid agonists. In seven animals, DAMGO injection into the caudal medullary
raphe decreased respiratory rate from 31 (28-35) to 15 (14-21) bpm (p=0.016, fig.8).

Peak phrenic activity did not change (100 to 80 (66—102)%, p=0.219). DAMGO injection
increased inspiratory duration from 0.9 (0.8-1.0) to 1.5 (1.1-2.3) sec (p=0.016) and
increased expiratory duration from 1.1 (0.9-1.2) to 1.8 (1.8-2.8) sec (p=0.016).

Additional analysis that compared the DAMGO effects in the caudal medullary raphe with
previously published effects in the PBN/KF (n=6) (1) showed that the respiratory rate after
DAMGO injection into the caudal medullary raphe was higher than after injection into the
PBN/KF (15 (14-21) bpm vs. 6 (3—7) bpm, p=0.001, Mann-Whitney-U test). Peak phrenic
activity after DAMGO injection into the caudal medullary raphe was similar to activity after
injection into the PBN/KF (80 (66—102)% vs. 96 (85-108)%, p=0.366). Inspiratory duration
was less prolonged after DAMGO injection into the caudal medullary raphe compared to the
PBN/KF (5.0 (3.9-8.4) sec vs. 1.5 (1.1-2.9) sec, p=0.001), as was expiratory duration (1.8
(1.8-2.8) sec vs. 5.4 (4.2-11.3) sec, p=0.001).

3.6. Change in inputs to respiratory phase switch with naloxone injection during control
conditions, and at “analgesic” and “apneic” remifentanil concentrations

We have previously described that changes in the inputs to inspiratory on- and off-switch
allow comparison of naloxone effects on inspiratory and expiratory duration independent of
the respiratory rate at the time (1, 8). We now investigated whether the increase in inputs
that we observed with naloxone injection into the caudal medullary raphe at “analgesic” and
“apneic” remifentanil concentrations was greater than the naloxone reversal of endogenous
opioid activity in that area. We also assessed whether the order of naloxone injection,

i.e., into the PBN/KF plus preBétzinger Complex before or after naloxone injection into
the caudal medullary raphe affected the magnitude of the naloxone effect in the rhythm
generator. We calculated the difference in inputs (“delta”) to inspiratory off-switch (fig.9A)
and on-switch (fig.9B) from the inspiratory and expiratory duration, resp., before and after
naloxone injection into the areas of interest. Statistical comparisons of matching injections
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(same location and remifentanil concentration) from separate cohorts (naloxone injection
orders) mostly showed no difference and allowed pooling of the data before further analysis
(fig.9C). The deltas for naloxone injection or CTAP plus naltrindole injections into the
caudal medullary raphe without intravenous remifentanil were also of similar magnitude
(fig.7) and were pooled before further analysis (n=14). Further analysis provided two
insights:

1. Opioid antagonist injections into the caudal medullary raphe caused a similar
increase in inputs to inspiratory off-switch (fig.9A, p=0.311, Kruskal Wallis)
and on-switch (fig.9B, p=0.262) without intravenous remifentanil (n=14) and at
“analgesic” (n=26) and “apneic” (n=22) remifentanil concentrations. We can thus
not rule out that the observed “remifentanil reversal” in the caudal medullary
raphe was indeed a reversal of endogenous opioid receptor activation.

2. At “apneic” remifentanil concentrations, inputs to inspiratory on-switch in the
respiratory rhythm generator, i.e., the PBN/KF plus preBétzinger Complex,
were increased more after prior naloxone injection into the caudal medullary
raphe (p<0.001, blue bracket, fig.9B). This suggests that the level of activity
of PBN/KF and preBotzinger Complex neurons that promote inspiratory on-
switch depends on the excitatory inputs to these areas, and that these inputs are
depressed by opioids.

Discussion

This is the first study to show complete reversal of respiratory depression from

“analgesic” and “apneic” concentrations of intravenous remifentanil with sequential
naloxone microinjections into the bilateral PBN/KF, preBoétzinger Complex, and caudal
medullary raphe in vivo. However, “very high” remifentanil doses continued to cause
significant respiratory rate depression despite naloxone antagonism in the above areas,
suggesting that such high doses additionally depress respiratory drive outside the injected
areas. Naloxone reversal of the PBN/KF and preBotzinger Complex at “apneic” remifentanil
concentrations had a greater effect after prior reversal of the caudal medullary raphe,
consistent with our hypothesis that the magnitude of respiratory activity that can be
recovered in the respiratory rhythm generator depends on the excitatory drive to these
areas. In addition, we demonstrated the presence of endogenous mu- and delta-opioid
receptor activation in the caudal medullary raphe, which means that the prevailing baseline
respiratory rate was already significantly attenuated by endogenous opioids. However,
endogenous mu-receptor activation was not maximal because DAMGO microinjection into
the caudal medullary raphe caused substantial additional respiratory slowing.

Opioid effects on respiratory drive contribute to opioid-induced respiratory depression

We previously reported that naloxone injection into the PBN/KF and preBétzinger Complex
resulted only in incomplete reversal of respiratory depression from “analgesic” and even
less from “apneic” remifentanil concentrations, and we postulated that this was caused by a
depression of respiratory drive by opioids to these areas (1). Similarly, Varga et al reported
that mu-opioid receptor deletion in the Kolliker-Fuse complex attenuated morphine-induced
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respiratory depression, however, higher morphine doses increasingly depressed respiratory
rate, suggesting that morphine also decreased the drive to the respiratory rhythm generator
(4). The general mechanism was demonstrated in a mouse brainstem slice preparation where
excitatory postsynaptic potentials in inspiratory preBétzinger Complex neurons that were
evoked by photostimulation of contralateral preBoétzinger Complex neurons were reduced by
inhibition of the presynaptic photostimulated, opioid-sensitive neurons with DAMGO (28).
Our current study confirms that in addition to reversal of the respiratory rhythm generator,
complete reversal of opioid-induced respiratory depression requires antagonizing the opioid
effect in the caudal medullary raphe (fig. 4 and 5), an area that contributes drive to multiple
areas of the respiratory system including the preBotzinger Complex (29), the retrotrapezoid
nucleus (30), and phrenic motoneurons (31). The raphe has been described as a relay

station for excitatory inputs from the pontine respiratory group to the preBétzinger Complex
(32). DAMGO injection into the raphe increased inspiratory and expiratory duration (fig.8)
although less than DAMGO injection into the PBN/KF (1)(3.5.). On the other hand, reversal
of opioid inhibition in the raphe decreased inspiratory and expiratory duration even when
the PBN/KF and preBotzinger Complex were still inhibited by remifentanil (fig.4 and 5,
F+G, middle), and prior opioid reversal of the raphe increased the respiratory activity

that could be recovered with naloxone injection in the respiratory rhythm generator at
“apneic” remifentanil concentrations (fig.9B), all consistent with the caudal medullary raphe
as a source of drive to respiratory phase switching neurons. Naloxone injection into the
caudal medullary raphe also reduced the respiratory rate depression from “very high” opioid
concentrations from ~50% after naloxone reversal solely in the PBN/KF and preBoétzinger
Complex (1) to ~30%, which still was a significant decrease (fig.6). This was likely due

to depression of other sources of respiratory drive (see section 3.3.). Only one study
investigated opioid effects on the retrotrapezoid nucleus, which is considered the main
source of respiratory chemodrive (9, 30, 33), in vivo and reported that chemosensitive
neurons were not affected by “apneic” systemic morphine doses (10). Higher doses were not
tested. The depression of respiratory drive by high opioid concentrations is of importance

as the search for clinically useful, respiratory stimulating drugs continues to focus on the
respiratory rhythm generator (34), and a decreased drive to the rhythm generator would limit
the efficacy of such targeted drugs.

Endogenous opioid receptor activation in the caudal medullary raphe

Clinical studies in the 1980’s and 90’s identified elevated levels of endogenous opioids

in the cerebrospinal fluid and brain tissue from victims of sudden infant death syndrome
(SIDS) and infants with apnea of prematurity (35, 36). Animal studies found that systemic
naloxone administration increased respiratory rate and CO2 sensitivity (37-39), and baseline
respiratory rate was higher in mu-opioid receptor knock-out mice (39). However, no study
to date was able to identify a specific respiratory related brainstem area that was inhibited

by endogenous opioids. To verify that the increase in respiratory rate with naloxone injection
into the caudal medullary raphe (fig.7, left) was not due to non-specific actions, e.g.,
v-aminobutyric acid (GABA)a receptor antagonism (40), we repeated the microinjection
protocol under baseline conditions with the specific mu-opioid receptor antagonist CTAP
followed by the delta-receptor antagonist naltrindole and observed the same effect (fig.7,
right). Optogenetic stimulation of pre-opiomelanocortin neurons (POMC) in the sensory
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nucleus of the vagus resulted in significant respiratory rate depression that could be
antagonized with systemic naloxone in the in situ rat preparation (41). Beta-endorphin is
one transmitter released by these neurons, and immunohistochemistry showed synapses in
the raphe obscurus (41). Without stimulation systemic naloxone did not increase respiration
(41) suggesting that endogenous opioid release may depend on peripheral afferents that were
not present in situ.

At this time, we cannot differentiate whether naloxone injection into the caudal medullary
raphe during remifentanil administration reversed the exogenous remifentanil effect or
antagonized the endogenous ligand (fig.9). “Very high” remifentanil concentrations may
depress the caudal medullary raphe beyond the endogenous opioid effect, similarly to local
microinjection of supraclinical concentrations of DAMGO (fig.8).

Opioid effects illustrate the distribution of the respiratory network

The impact of opioids in the caudal medullary raphe and other sources of respiratory

drive on the respiratory motor output highlights that respiratory rhythm and pattern

are determined by the activity of a wide neuronal network that is integrated by the

PBN/KF and preBotzinger Complex. In the in situ perfused brainstem preparation, local
field potentials were distributed throughout the ponto-medullary respiratory column with
high synchronization during respiratory phase transitions in the preBétzinger Complex,
PBN/KF, and dorsal respiratory group (42). Cross-correlation analysis in vivo showed
excitatory projections from chemoreceptive neurons in the retrotrapezoid nucleus to the
preBotzinger Complex and ventral respiratory group (43), and peripheral chemoreceptor
input led to disinhibition of inspiratory neurons in the same areas (44). In addition,
extensive connections exist between brainstem respiratory nuclei and higher brain regions.
Retrograde tracer studies demonstrated direct projections from cortex and hypothalamus

to the Periaqueductal Gray, Kolliker-Fuse Nucleus, preBétzinger Complex, and caudal
medullary raphe (45), and additional projections from the Periaqueductal Gray to these
areas (46). Electrical or chemical stimulation of subareas of the Periaqueductal Gray elicited
variable changes in respiratory pattern (review by (47)). These connections likely provide
the neuronal basis for the effects of volition, emotion, and awake state on respiratory rhythm
and pattern. Projections from the medulla and in particular from the Kolliker-Fuse Nucleus
to the Periaqueductal Gray suggest a feedback loop (46). Many of these forebrain areas are
affected by local or systemic opioid application (see review in (8)).

Methodological considerations

Localization of the caudal medullary raphe: Functional mapping of the midline
raphe showed excitatory responses to AMPA injection between obex and approximately
halfway between the preBotzinger Complex level and the caudal end of the facial

nucleus (fig.1). In the anesthetized cat, electrical or glutamate stimulation in a comparable
area increased phrenic activity; the area was considered raphe obscurus (48, 49), while
stimulation of the raphe pallidus could increase or decrease phrenic output (49). In
anesthetized rats, electrical stimulation of the raphe obscurus caused bradypnea (50) or

a mix of tachypnea and bradypnea (51), while stimulation of the raphe pallidus caused
tachypnea (50, 51). Another rat study observed a mix of respiratory rate increase and
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decrease with glutamate agonist injections into the midline raphe in different animals
between —11.6 to —12.0mm caudal from bregma (17), i.e., in the area between the facial
nucleus and preBétzinger Complex, which matches our experience in rabbits. Mu-opioid
receptors were histologically shown in the raphe pallidus (52), but axonal projections of
beta-endorphin-releasing POMC neurons were also identified in the raphe obscurus and
paramedian reticular nucleus (41). Since the borders between these areas are not clearly
demarcated (see the excellent discussion in (53)), for this first study we performed relatively
large naloxone injections into both, the raphe pallidus and raphe obscurus and refer to the
entire area as the caudal medullary raphe. The area is likely larger than the area reached with
CTAP injections into the “caudal medullary raphe” by Zhang et al., which were performed
at a single rostro-caudal coordinate at the level of the preBotzinger Complex (11). The
additional increase in respiratory rate we observed with each injection caudal to, at the

level of, and rostral to the preBétzinger Complex level (fig.7) suggested endogenous opioid
receptor activation over the entire extent of injections. We do not expect a confounding
effect from diffusion of these injections (2x350nl) to the ventral respiratory group because
700nI naloxone injections into the preBotzinger Complex (1) and premotor neuron area
(section 3.4.) did not change respiratory rate, suggesting a sufficient distance between these
areas.

Rostro-caudal dimensions of the preBotzinger Complex: The preBétzinger
Complex is considered to be a small, circumscribed area characterized by neurokinin
receptor-1 and somatostatin positive neurons (5, 54). Injection volumes were traditionally
small to avoid effects in adjacent neuron groups (55, 56), however, Baertsch et al.
demonstrated that the range of neurons whose stimulation prompted an inspiratory burst
extended from 1mm caudal to 1.5mm rostral of the “preBotzinger Complex center” in
horizontal mouse slices and depended on the balance between excitatory and inhibitory drive
to the preparation (57). We chose an injection volume of 700nl for preBétzinger Complex
injections because DAMGO (26) and glutamate antagonist (14) injections into the same

area using this volume were sufficient to cause apnea. We have previously reported that
additional naloxone injection caudal to the preBétzinger Complex led to a small increase in
respiratory rate reversal (1 (0-3) bpm) during “analgesic” remifentanil infusion (1). In the
current study, we routinely injected naloxone into the area of the premotor neurons, which
increased the remifentanil reversal. Interestingly, apnea from the “apneic” bolus was reliably
prevented in all five animals after naloxone injection into the preBétzinger Complex plus
premotor neurons (fig.5B, right) while in a previous study, injection into the preBoétzinger
Complex alone had prevented apnea only in 2/9 animals (1). This suggests that the area that
contributes to inspiratory on-switch and is depressed by systemic opioids extends beyond the
estimated spheric diameter of 1-1.2mm around the electrode tip that is reached by a single
naloxone injection in our model (14).

Opioid reversal in the Parabrachial Nucleus/Kélliker-Fuse Complex, preBoétzinger Complex,
and caudal medullary raphe completely reversed respiratory depression from “analgesic”
and “apneic” remifentanil concentrations. “Very high” remifentanil doses still depressed
respiratory rate and peak phrenic activity suggesting depression of respiratory drive at very
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high opioid concentrations. We also found substantial endogenous opioid receptor activation

in

the caudal medullary raphe that was mediated by mu- and delta-opioid receptors. Taken

together, our results point to the importance of the depression of respiratory drive by high
opioid doses for opioid-induced respiratory depression.
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Highlights:

. Increasing opioid doses differentially affect respiratory-related brainstem
areas

. Opioid effects on the rhythm generator profoundly impact respiratory phase
timing

. Opioid-induced depression of respiratory drive reduces activity in the rhythm
generator

. Exogenous opioids reduce activity of the caudal medullary raphe

. The caudal medullary raphe is partly depressed by endogenous opioids
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A+B: Examples of the Phrenic Neurogram (a.u., arbitrary units) with AMPA injection into
(A) the Caudal Medullary Raphe, the area comprised of the raphe pallidus and obscurus,
and (B) the Rostral Medullary Raphe, which is located towards the caudal end of the

facial nucleus. AMPA injection (black arrow) into the Caudal Medullary Raphe increased
respiratory rate (A1, breaths/min, bpm) and peak phrenic activity (A2, %, normalized to
control). Inspiratory duration was not changed (A3), but expiratory duration was decreased
(A4). AMPA injection into the Rostral Medullary Raphe severely decreased respiratory

rate (B1) and peak phrenic activity (B2), consistent with activation of the GABAergic
neurons of the Raphe Magnus. Inspiratory duration was often variable (B3) while expiratory
duration was increased (B4). C: Contour plots for the changes in respiratory parameters
with AMPA injection, based on six animals. AMPA (70nl) was injected in the midline with
stepsize 0.47mm rostro-caudal (0.5mm, corrected for an angle of 20° between brainstem and
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head holder) and 0.5mm ventro-dorsal, starting at the ventral limit of neuronal discharge.
Values for percent change from baseline were aligned relative to the functionally identified
preBotzinger Complex (preB6tC) and the average plotted for an assumed preB6tC location
at 2.5mm rostral to obex (obex=0). An increase in respiratory rate was observed between
2mm caudal to and 1.5mm rostral to the preB6tC. This area was considered the caudal
medullary raphe (CMR, arrow) for study purposes. The area was rostral to the nucleus of the
solitary tract (NTS) where AMPA injection caused a prompt increase in respiratory rate and
peak phrenic activity and ~1.5mm caudal to the caudal end of the facial nucleus (7N). Scale:
>40% (red) to <-40% (purple) from baseline, green: no change.
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+0.0mm

Figure 2:
Locations of the caudal end of the Caudal Medullary Raphe (lower), the preBotzinger

Complex (preBétC, middle), and the caudal end of the facial nucleus (7N, upper) as
identified by injection of fluorescent latex microspheres in four rabbits. The left panel shows
diagrammatic hemisections of the brainstem at each rostro-caudal level with the individual
injection sites superimposed in red squares. The right panels show the corresponding
hemisections from one animal with immunoreactivity for 5-hydroxytryptophan (5HT),
representing serotonergic neurons and choline acetyltransferase (ChAT), representing
cholinergic (motor) neurons, superimposed over nuclear staining with DAPI. Red
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microspheres mark the injection sites. Injection protocols did not differentiate between
raphe pallidus (RPa) and raphe obscurus (ROb). 10: inferior olive; py: pyramidal tract; 12N:
nucleus hypoglossus; 10N: nucleus nervi vagi; NA: nucleus ambiguus; RMg: raphe magnus.
Bar = 1mm. The inserts show zoomed images of the injection sites. Bar = 0.25mm.
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Figure 3:

Injection sequence for intravenous remifentanil and local haloxone microinjections. The
initial intravenous remifentanil bolus (red arrow) was chosen to cause apnea for more than
60s. Once respiratory activity returned, the remifentanil infusion was started (red line) until
steady-state respiratory rate depression of 50%. This dose-rate was continued unchanged
throughout the entire injection sequence. For Cohort A (n=11), naloxone (dark blue
arrows) was microinjected into the bilateral Kolliker-Fuse Nucleus, Parabrachial Nucleus,
preBoétzinger Complex (including premotor neurons), and Caudal Medullary Raphe. Apneic
remifentanil boluses (red arrows) were given after naloxone injections into the pons and
preBotzinger Complex, and after subsequent naloxone injection into the raphe. After

each “apneic” remifentanil bolus, we awaited complete recovery of the respiratory rate

to prebolus levels before continuing the protocol. The “very high” remifentanil bolus was
administered shortly after the last “apneic” bolus to maximize effect (light blue arrow). In
Cohort B (n=10), naloxone was microinjected in the reverse order. In Cohort C, naloxone
was microinjected only into the preBoétzinger Complex including the premotor neurons and
caudal medullary raphe. This protocol was truncated after five animals.
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Figure 4:

Analgesic remifentanil concentrations. Bilateral naloxone injection into the Parabrachial
Nucleus/Kolliker-Fuse Complex (PBN/KF), the preBoétzinger Complex including the
premotor neurons (preBotC), and the Caudal Medullary Raphe (raphe) completely reversed
the respiratory rate depression from intravenous remifentanil at analgesic concentrations
(50% respiratory rate depression). A: Phrenic neurogram tracings during control conditions
and sequential drug injections in one rabbit. (B-E) Pooled data for measured respiratory
parameters and (F,G) values for the inputs to inspiratory off-switch and on-switch, derived
from inspiratory and expiratory duration. Data are presented separately for Cohort A (left
panels in white, n=11), Cohort B (center panels in grey, n=10), and Cohort C (right

panels in blue, n=5). Bars indicate that the difference between values from two subsequent
injections or control was tested against no change (Wilcoxon signed rank test). The levels of
significance below the critical P=0.0125 are highlighted in red. The dotted line indicates the
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threshold value, set at 1 in our model, which the sum of inputs must exceed to result in phase
switch (see Appendix 1 in (1)).
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Figure 5:

“Apneic” remifentanil concentrations. Bilateral naloxone injection into the Parabrachial
Nucleus/Kdlliker-Fuse Complex (PBN/KF), the preBoétzinger Complex including the
premotor neurons (preBotC), and the Caudal Medullary Raphe (raphe) completely prevented
the respiratory rate depression from an intravenous remifentanil bolus that caused apnea
>60sec under control conditions. A: Phrenic neurogram tracings from the same rabbit shown
in figure 4 shows that sequential naloxone injections increasingly reduced respiratory rate
depression from the “apneic” bolus. (B-E) Pooled data for measured respiratory parameters
and (F,G) values for the inputs to inspiratory off-switch and on-switch, derived from
inspiratory and expiratory duration. Data are presented separately for Cohort A (left panels
in white, n=10), Cohort B (center panels in grey, n=10), and Cohort C (right panels in blue,
n=4). Bars indicate that the difference between values from two subsequent injections or
control was tested against no change (Wilcoxon signed rank test). The levels of significance
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below the critical P=0.0167 are highlighted in red. The dotted line indicates the threshold
value, set at 1 in our model, which the sum of inputs must exceed to result in phase switch
(see Appendix 1 in (1)).
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Figure 6:

“Very high” remifentanil concentrations. A: After naloxone injection into the bilateral
Parabrachial Nucleus/Kélliker-Fuse Complex, preBotzinger Complex including premotor
neurons, and the Caudal Medullary Raphe, remifentanil was injected intravenously until
apnea or to a maximal dose of 100 mcg. In 19 animals, the bolus caused a significant
change in all parameters (Wilcoxon signed rank test, critical P<0.05). B: To determine
whether the effect of “very high” remifentanil was due to insufficient antagonism of above
brainstem regions, we plotted the difference between respiratory rate after the “very high”
remifentanil bolus and baseline respiratory rate versus the difference from baseline for
“analgesic” (black) and “apneic” (red) remifentanil concentrations at the end of the naloxone
injection sequence. Values <0 indicate a decreased respiratory rate compared to baseline,
i.e., —100% indicates apnea. Values >0 indicate an increased respiratory rate compared to
baseline, which was not infrequently seen after naloxone injection into the raphe. Linear
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regression analysis showed little correlation between the “very high” remifentanil effect and
level of reversal of “analgesic” and “apneic” remifentanil concentrations, suggesting that the
naloxone injections correctly antagonized the study areas and that “very high” remifentanil
concentrations depressed other areas of respiratory drive.
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Opioid antagonist injections into the Caudal Medullary Raphe without systemic
remifentanil. Naloxone injection (n=7, left) and, in a separate set of animals, sequential
injections of CTAP (n=7, middle, light grey) and subsequently naltrindole (right, dark
grey) significantly increased respiratory rate. To illustrate that this effect occurred over

the entire extent of the Caudal Medullary Raphe, we display the respiratory parameters at
baseline (black), after injections into the area caudal to the preBotC level (green), at the
preBo6tC level (brown), and rostral to the preBotC level (red). Statistical comparisons were
performed solely between baseline and the values at the end of the injection sequence (red)
for naloxone and CTAP, and between the last CTAP injection and end of the naltrindole
injection sequence for naltrindole. Wilcoxon-signed-rank test, critical P=0.017.
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Pooled data for injections of the mu-opioid receptor agonist DAMGO into the caudal
medullary raphe in seven animals. DAMGO depressed respiratory rate through an increase
in inspiratory and expiratory phase duration. The effect was reversed by intravenous (1V)
naloxone. This shows that endogenous opioids cause only submaximal receptor activation in

the raphe. Wilcoxon-signed-rank test, critical P<0.05.
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Inputs to inspiratory on-switch
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Figure 9:

Pooled data for the changes (delta) in inputs to (A) the inspiratory off-switch (derived

from the inspiratory duration) and (B) inspiratory on-switch (derived from the expiratory
duration) with naloxone injections into the Caudal Medullary Raphe (raphe) or the
respiratory rhythm generator, i.e., the Parabrachial Nucleus/Kélliker Fuse Complex
(PBN/KF) plus preBétzinger Complex (preB6tC). Deltas are compared between naloxone
injections without remifentanil infusion (data from section 3.4., white boxes) or at
“analgesic” (section 3.1.) or “apneic” systemic remifentanil concentrations (section 3.2.).
Deltas from different cohorts (naloxone injection orders) were pooled for matching
injections (same location and remifentanil concentration) when they were not statistically
different. Comparison of inputs to inspiratory off- and on-switch showed no difference
between naloxone injections at different remifentanil concentrations (black bracket). C:
Statistical comparisons between deltas from different cohorts for matching injections (see
above) mostly showed no significant differences, and data were thus pooled and used

for the analyses in A and B. Inputs to inspiratory on-switch during “apneic” remifentanil
concentrations increased more with naloxone injection into the PBN/KF+preB6tC after prior
naloxone injection into the raphe and are displayed separately (B, blue bracket, p<0.001). *:
Mann-Whitney-U test for two comparisons, ~: Kruskal-Wallis test for three comparisons.

Respir Physiol Neurobiol. Author manuscript; available in PMC 2023 May 01.




1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Palkovic et al. Page 38

Table 1:

Summary data (median, 25-75% range) for “analgesic” remifentanil concentrations. Data are presented
separately for the different orders of naloxone injection (Cohort A-C). The levels of significance for each
comparison are shown in fig.4.

Cohort A: “analgesic” remifentanil concentration, naloxone injection into the Parabrachial Nucleus/ Kolliker-Fuse Complex,

preBétzinger Complex, and Caudal Medullary Raphe

Naloxone Naloxone Naloxone
Control 1V remifentanil PBN/KE PBN/KF + PBN/KF + 1V Naloxone
preBotC preBotC + CMR
Number of animals 11 11 11 11 11 11
Respiratory rate . . u . .
reae oty | 31 (0-36) 16 (15-17) 22 (19-25) 28 (26-33) 36 (34-41) 41 (30-44)
'“Spirat‘(’s'&)dura“"” 08(0.7-09) | 14@3-16) 1.2 (1.0-1.4) 0.9 (0.9-1.1) 0.8 (0.7-0.9) 0.7 (0.6-0.8)
EXp"a“(’gcg‘ura“O” 1109-12) | 25(@1-28) 18(1.3-18) 1.3 (1.0-13) 0.9 (0.8-1.0) 0.8 (0.7-0.9)
Peak phr(%gi)c activity 100 86 (78-89) 91 (85-101) 95 (88-118) 96 (84-125) | 119 (107-154)
Input to inspiratory
18 (L7-1. 13 (13-14 14 (13-1 17 (15-17 2.0 (2.0-2. 2.0 (1.9-2.
off-switch 8(1.7-19) 3(13-14) (1.3-1.6) (15-1.7) 0(20-25) 0(19-23)
I ttoi irat
npuoni\:;ig:i Y 115517 | 11(1-11) 1.2 (1.2-1.4) 1.4 (1.4-16) 1.7 (1.6-1.9) 1.9 (1.7-2.0)

Cohort B: “analgesic

remifentanil concentration, naloxone injection into the Caudal Medullary

Raphe, preBétzinger

Complex, and

Parabrachial

Nucleus/ Kélliker-Fuse Complex

Naloxone CMR +

Naloxone CMR +

Control IV remifentanil | Naloxone CMR preBstC p;le;l?\l(‘j/tlg: 1V Naloxone
Number of animals 10 10 10 10 10 10
(bi‘f:tﬂsr%g’rrﬁq'{ghete) 36 (28-42) 18 (14-20) 35 (28-40) 40 (30-48) 43 (34-52) 45 (40-53)
'”Spira“(’s'%)d“ra“"” 08(0.8-0.9) | 13(L1-14) 0.7 (0.7-1.0) 0.7 (0.6-0.9) 0.7 (0.6-0.8) 0.6 (0.6-0.7)
EXpira“Es'g’C?”'a“"n 09(0.7-13) | 22@8-28) 1.0 (0.9-1.2) 0.8 (0.6-1.1) 0.8 (0.6-1.0) 0.7 (0.6-0.8)
Peak phr(‘f,;:)i)c activity 100 92 (89-93) 104 (98-113) 111 (106-122) 113 (109-117) | 127 (108-138)
'”pl;téf’swist’;;]riwry 18(16-1.9) | 14(13-15) 2.0 (16-2.1) 2.1(16-2.2) 2.1(1.8-2.3) 21(2.0-2.3)
Inputtoinspiratory | 4 6 13 49y | 1.1(1.1-12) 15 (1.4-1.7) 18 (15-2.1) 1.9 (1.6-2.3) 2.0 (18-2.3)

. N
on-switch

Cohort C: “analgesic” remifentanil c

oncentration, naloxone injection into the preBotzinger Complex and Caudal Medullary Raphe

Naloxone

Naloxone

Control IV remifentanil preBotC preBotC + CMR 1V Naloxone
Number of animals 5 5 5 5 5
Respiratory rate . B . - .
(breaths per minute) | 3 (28-36) 17 (14-19) 27 (26-32) 33 (28-43) 40 (32-48)
Inspiratory duration | 56 0g gy | 12(11-1.3) 0.9 (0.9-1.0) 0.8 (0.6-0.8) 0.7 (0.5-0.8)

(sec)
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Expiratory duration u »
(sec) 1.0 (0.8-1.3) 2.4 (2.0-2.8)
Peak phrenic activity
(%) 100 97 (86-101)
Input to inspiratory
1.8(1.8-1.9 14 (1.4-1.5
off-switch ” ( ) ( )
Input to inspire\tory 16 (14-18) 11(11-12)
on-switch R e

1.3 (1.0-1.4) 1.0 (0.8-1.4) 0.7 (0.7-1.2)
107 (92-127) 108 (91-112) 94 (93-114)
1.7 (16-1.7) 1.8 (1.8-2.3) 2.0 (1.9-2.4)
1.4 (1.3-16) 1.6 (1.3-1.8) 1.9 (15-2.0)

N
Values are relative to the threshold for phase-switch, which is set at 1 in our model. IV: intravenous, PBN/KF: Parabrachial Nucleus/Kolliker-Fuse

Complex, preBotC: preBétzinger Complex, CMR: Caudal Medullary Raphe.
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Summary data (median, 25-75% range) for “apneic” remifentanil concentrations. Data are presented
separately for the different orders of naloxone injection (Cohort A-C). The levels of significance for each

comparison are shown in fig.5.

Cohort A: “apneic” remifentanil concentration, naloxone injection into the Parabrachial Nucleus/ Koélliker-Fuse complex, preBotzinger

Complex, and Caudal Medullary Raphe

Naloxone PBN/KF +

Naloxone PBN/KF +

Control 1V remifentanil preBstC preBotC + CMR
Number of animals 10 10 8 10

Respiratol’%/n :ﬁltjet e()breaths per 33 (30-36) 0 21 (13-23) 34 (31-41)

Inspiratory duration (sec) 0.8 (0.7-0.9) 2.6(2.1-3.2) 1.4 (1.1-1.6) 0.8 (0.7-0.9)

Expiratory duration (sec) 1.0 (0.9-1.1) 16.0 (12.2-19.0) 1.7 (1.3-3.2) 0.9 (0.8-1.0)

Peak phrenic activity (%) 100 54 (44-62) 77 (66-88) 87 (73-113)
Input to inspiratory off-switch 1.8 (1.7-2.0) 1.1(1.0-1.1) 1.3(1.3-1.5) 1.8 (1.7-2.0)
Input to inspiratory on-switch 1.5(1.5-1.7) 1(1-1) 1.2 (1.2-1.3) 1.6 (1.5-1.8)

Cohort B: “apneic” remifentanil concentration, naloxone injection into the Caudal Medullary Raphe, Parabrachial Nucleus/ Kélliker-

Fuse complex, and preBétzinger Complex

Naloxone CMR +

Control 1V remifentanil Naloxone CMR preBotC + PBN/KF
Number of animals 10 10 10 9
Respiratory rate (breaths per .
minute) 36 (28-42) 0 18 (11-25) 43 (31-48)

Inspiratory duration (sec) 0.8 (0.8-0.9) 2.5(1.8-3.5) 0.9 (0.8-1.5) 0.7 (0.6-0.9)

Expiratory duration (sec) 0.9 (0.7-1.3) 14.7 (12.7-18.4) 2.6 (1.6-3.9) 0.8 (0.6-1.1)

Peak phrenic activity (%) 100 66 (49-72) 87 (76-99) 94 (89-105)
Input to inspiratory off-switch 1.9 (1.7-1.9) 1.1 (1.0-1.2) 1.6 (1.3-1.9) 20 (1.7-2.1)
Input to inspiratory on-switch 1.7 (14-1.9) 1(1-1) 1.1(1.0-1.3) 1.9 (15-2.2)

Cohort C: “apneic” remifentanil concentration, naloxone injection into the

preBotzinger Complex and Caudal Medullary Raphe

Naloxone preBotC +

Control 1V remifentanil Naloxone preBétC
Number of animals 5 5 5 4
Respiratory rate (breaths per . . .
minute) 34 (28-36) 0 12 (10-15) 26 (15-37)

Inspiratory duration (sec) 0.8 (0.8-0.8) 2.2(0.8-2.2) 15(1.2-1.7) 0.9 (0.6-1.2)

Expiratory duration (sec) 1.0 (0.8-1.3) 21.2 (9.7-23.6) 3.3(2.8-4.3) 1.9 (1.3-3.2)

Peak phrenic activity (%) 100 91 (60-97) 117 (97-148) 116 (106-123)
Input to inspiratory off-switch 1.8 (1.8-1.9) 1.1(1.1-18) 13(1.2-1.4) 1.8 (15-2.2)
Input to inspiratory on-switch 1.6 (14-18) 1(1-1) 1.0 (1.0-1.1) 12 (11-1.4)

N
Values are relative to the threshold for phase-switch, which is set at 1 in our model. IV: intravenous, PBN/KF: Parabrachial Nucleus/Kolliker-Fuse
Complex, preBotC: preBétzinger Complex, CMR: Caudal Medullary Raphe.
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