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EDITOR’S PERSPECTIVE

What We Already Know about This Topic

e The parabrachial nucleus is an arousal area in the brainstem pri-
marily composed of excitatory glutamatergic neurons

e Stimulation of the parabrachial nucleus reduces cortical delta oscilla-
tion power and promotes arousal during or after administration of anes-
thetics targeting principally the y-aminobutyric acid type A receptor

e The effects of parabrachial nucleus stimulation on anesthetics with
other molecular targets, such as dexmedetomidine or ketamine, are
incompletely understood

What This Article Tells Us That Is New

e Chemogenetic excitation of parabrachial excitatory neurons in adult
male rats reduced cortical delta power during low-dose dexmedetomi-
dine but not during high-dose dexmedetomidine or ketamine anesthesia

e Changes in cortical delta power did not correspond to changes in
time to recovery from anesthesia

e These observations suggest that the effectiveness of parabrachial
nucleus excitation to change the neurophysiologic and behavioral
effects of anesthesia depends on the molecular mechanisms of
actions of general anesthetics

ABSTRACT

Background: Parabrachial nucleus excitation reduces cortical delta oscil-
lation (0.5 to 4 Hz) power and recovery time associated with anesthetics that
enhance +y-aminobutyric acid type A receptor action. The effects of parabra-
chial nucleus excitation on anesthetics with other molecular targets, such as
dexmedetomidine and ketamine, remain unknown. The hypothesis was that
parabrachial nucleus excitation would cause arousal during dexmedetomidine
and ketamine anesthesia.

Methods: Designer Receptors Exclusively Activated by Designer Drugs were
used to excite calcium/calmodulin—dependent protein kinase 2o—positive g
neurons in the parabrachial nucleus region of adult male rats without anes- %_
thesia (nine rats), with dexmedetomidine (low dose: 0.3 ug - kg~ - min=" for g
45min, eight rats; high dose: 4.5 g - kg~" - min~" for 10 min, seven rats), or &
with ketamine (low dose: 2mg - kg=" - min=" for 30 min, seven rats; high dose: §
4mg - kg~ - min~" for 15min, eight rats). For control experiments (same rats €
and treatments), the Designer Receptors Exclusively Activated by Designerg
Drugs were not excited. The electroencephalogram and anesthesia recovery o
times were recorded and analyzed.

Results: Parabrachial nucleus excitation reduced delta power in the prefron-
tal electroencephalogram with low-dose dexmedetomidine for the 150-min
analyzed period, excepting two brief periods (peak median bootstrapped differ-
ence [clozapine-N-oxide — saline] during dexmedetomidine infusion = —6.06 g
[99% Cl = —12.36 to —1.48] dB, P = 0.007). However, parabrachial nucleusg
excitation was less effective at reducing delta power with high-dose dexme- 3
detomidine and low- and high-dose ketamine (peak median bootstrapped dif-
ferences during high-dose [dexmedetomidine, ketamine] infusions = [-1.93,
-0.87] dB, 99% Cl = [-4.16 to —0.56, —1.62 to —0.18] dB, P = [0.006,
0.019]; low-dose ketamine had no statistically significant decreases during &
the infusion). Recovery time differences with parabrachial nucleus excitation §
were not statistically significant for dexmedetomidine (median difference for g
[low, high] dose = [1.63, 11.01] min, 95% Cl = [-20.06 to 14.14, —20.84 to S
23.67] min, P=[0.945, 0.297]) nor low-dose ketamine (median difference =
12.82 [95% Cl: —3.20 to 39.58] min, P= 0.109) but were significantly longer
for high-dose ketamine (median difference = 11.38 [95% Cl: 1.81 to 24.67]
min, P=0.016). :
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Conclusions: These results suggest that the effectiveness of parabrachial
nucleus excitation to change the neurophysiologic and behavioral effects of
anesthesia depends on the anesthetic’s molecular target.

(AnesTHEsIoLogY 2021; 135:633-48)
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espite many advances in recent decades, the mecha-
nisms of general anesthesia—induced unconsciousness

remain incompletely understood.! One challenge of under-
standing the mechanisms of anesthesia is that a variety of
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drugs, with differing molecular and neural circuit targets,
each produce the common endpoint of reversible uncon-
sciousness. Among these drugs are propofol, sevoflurane,
and isoflurane, each of which potentiate y-aminobutyric
acid receptors; dexmedetomidine, an o.,,-adrenergic recep-
tor agonist; and ketamine, which is primarily an N-methyl-
D-aspartate (NMDA) receptor antagonist.

Despite their differing targets, each of these drugs
induces delta oscillations (0.5 to 4 Hz) in the cortical elec-
troencephalogram (EEG). Previous studies have shown that
excitation of subcortical arousal areas can be effective at
reducing the neural oscillations and behavioral sedation
associated with sleep?™ or y-aminobutyric acid—mediated
(GABAergic) anesthetics.”! Similarly, delta oscillations and
recovery times from GABAergic anesthetics can be reduced
by increasing the amounts of arousal area—associated
neurotransmitters (or comparable agonists)—acetylcho-
line (carbachol), norepinephrine, or dopamine—in the

brain.'*

' These findings suggest that these anesthetics may
act, at least in part, on endogenous sleep/wake neural cir-
cuitry to disrupt consciousness.'” One such arousal area, the
parabrachial nucleus, is primarily composed of glutamater-
gic neurons and projects to the basal forebrain, amygdala,

1819 Stimulation of the

hypothalamus, thalamus, and cortex.
parabrachial nucleus reduces delta oscillation power and
promotes arousal during or after administration of propofol,
isoflurane, or sevoflurane.>®!’ These GABAergic anesthet-
ics are thought to inhibit the parabrachial nucleus and its
cortical and subcortical targets, leading to the hypothesis
that stimulation of the parabrachial nucleus overcomes the
anesthetics’ inhibitory effects, promoting neurophysiologic
and behavioral arousal.

The effects of parabrachial nucleus stimulation with
other anesthetics, such as dexmedetomidine and ketamine,
have not yet been described. Some evidence suggests that
dexmedetomidine binds to autoreceptors located presynap-
tically on locus coeruleus neurons, inhibiting norepineph-
rine release and disinhibiting the preoptic area.”* Because
the preoptic area, in turn, inhibits ascending arousal areas,
including the parabrachial nucleus, the result is sedation.
Other evidence conflicts with this hypothesis,”?* and the
mechanisms of dexmedetomidine-induced sedation are
still being investigated. Ketamine, on the other hand, may
inhibit the parabrachial nucleus® and its targets, such as

the basal forebrain and thalamus,'$"

via its antagonism of
NMDA receptors.” Simultaneously, ketamine is thought to
cause excitation of cortical pyramidal neurons by inhibition
of GABAergic interneurons.”’* Because the parabrachial
nucleus is a target of the preoptic area and a major, gluta-
matergic arousal nucleus, we hypothesized that parabrachial
nucleus stimulation could elicit signs of arousal during both
dexmedetomidine- and ketamine-induced unconscious-
ness. In order to determine the role of this nucleus, we
used Designer Receptors Exclusively Activated by Designer

Drugs (DREADDs) to selectively stimulate putative
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glutamatergic neurons in the parabrachial nucleus region of
male rats during dexmedetomidine and ketamine anesthesia.

Materials and Methods

Animals

All surgical and experimental protocols were approved
by the Massachusetts General Hospital Subcommittee on
Research Animal Care, and the Animal Research: Reporting
In Vivo Experiments (ARRIVE) guidelines were followed.
The numbers of subjects for experiments were cho-
sen based on previously published studies of parabrachial
nucleus stimulation during anesthesia.>®!” Thirteen adult
male Sprague—Dawley rats (Charles River Laboratories,
USA) were fed ad libitum and housed in rooms with a 12-h
light—dark cycle, with lights on at 7 am and off at 7 pm. All
experiments without anesthesia and all anesthesia infusions
were completed during the lights-on hours (although some
recordings after anesthesia infusions continued past 7 pm).
Because previous studies used male rodents to examine the
effects of parabrachial nucleus stimulation during anesthe-
2,5,8,10

sia,? we also used male rats.

Surgery

Male rats (~10 weeks old, 312.5 to 409.5¢g) were anesthe-
tized using 3% isoflurane followed by maintenance at 2.5%
isoflurane (Henry Schein, USA) and placed in a stereotaxic
frame (model 942, David Kopf Instruments, USA). The
animal’s body temperature was maintained at 37°C using
a heating pad (50-7220F, Harvard Apparatus, USA). After
opening the skin and clearing connective tissue from the
top of the skull, craniotomies were made bilaterally over the
parabrachial nucleus using a microdrill (Patterson Dental
Supply Inc., USA; see fig. 1A for a schematic of craniot-
omies). A glass micropipette (5-000-1010, Drummond,
USA), adapter (MPH6S10, World Precision Instruments,
USA), and Hamilton syringe (80301, Hamilton Company,
USA) containing the virus (2.8 X 10'? viral genomes/ml,
diluted from 2.8 X 10" viral genomes/ml using saline;
pAAV-CaMKIIa-hM3D(Gq)-mCherry; Addgene, USA)
for DREADD:s transfection were lowered down to the
parabrachial nucleus (stereotaxic coordinates, relative to
Bregma: —8.0 to —9.06 mm posterior; £1.96 to £2.0mm
lateral; —=7.2mm ventral), and 500 nl of virus per side was
delivered via microinjection pump (53311, Stoelting Co.,
USA). Three craniotomies were also made over the left
prefrontal cortex (2.2mm posterior; —2.2mm lateral), left
parietal cortex (—3.84mm posterior; —2.2 mm lateral), and
cerebellum (in the middle of the interparietal bone for a
reference EEG), and stainless steel EEG electrodes (791400,
A-M Systems, USA) were hooked just under the skull at each
craniotomy. Finally, holes were drilled for a ground screw
over the cerebellum and bone screws (51457, Stoelting Co.)
to support the implant. Stainless steel electromyography
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Fig. 1. Overview of electroencephalogram (EEG) electrode locations and Designer Receptors Exclusively Activated by Designer Drugs (DREADDs)
expression. (4) Schematic of the parabrachial nucleus injection, EEG electrode, and bone screw sites on an overhead view of the rat skull. (B)
Image showing expression of DREADDs in a coronal slice including the parabrachial nucleus region. (€) Outlines of DREADDs expression in the 10
male rats used for the EEG recordings in this study on two different coronal atlas slices including the parabrachial nucleus. Each color indicates
a different animal. (D, £) Immunofluorescence images showing colocalization of c-Fos and DREADDs after saline (D) and clozapine-/N-oxide (E)
injections. 4’,6-Diamidino-2-phenylindole expression shows cell nuclei in the parabrachial nucleus region. mCherry, a red fluorescent protein,
is coexpressed with DREADDs in DREADDs-transfected neurons. Alexa Fluor 488 fluorescence (green) shows expression of c-Fos, indicating
excited neurons. Merged images show c-Fos expression in mCherry* (DREADDs*) neurons, indicated by white arrows. (A Immunofluorescence
image showing colocalization of CaMKIla and DREADDs. Alexa Fluor 488 fluorescence (green) shows expression of CaMKlla, a marker of gluta-
matergic neurons. The merged image shows mCherry (DREADDs) expression in CaMKlla* neurons, indicated by white arrows.
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(EMG) electrodes (793500,A-M Systems) were inserted for
recording nuchal muscle activity. EEG and EMG electrodes
were all connected to a Neuralynx electrode interface board
(EIB-8, Neuralynx Inc., USA), and the electrodes and elec-
trode interface board were secured to the skull and bone
screws with dental cement. After surgery, the rats were given
analgesics (ketoprofen, 4 mg/kg; Ketofen, Zoetis, USA) and
allowed to rest for at least 14 days before beginning exper-
iments. This allowed for recovery from surgery and expres-
sion of DREADD:s. In addition to 10 rats that received the
full surgery, three rats were given viral injections only (500
nl or less per side; no EEG/EMG electrode implantation)
for histological verification of DREADD:s effectiveness and
specificity of expression.

Chemogenetics

The excitatory DREADD hM3Dq was used to selec-
tively excite calcium/calmodulin-dependent protein kinase
[I—positive (CaMKIla*) neurons. hM3Dq is a muscarinic
receptor modified to be sensitive to the exogenous ligand
clozapine-N-oxide, instead of acetylcholine.”” We used an
adeno-associated virus (AAVS serotype) that contained a
plasmid with a promoter specific to CaMKIIa* (putative
glutamatergic) neurons, followed by the genes for hM3Dq
and mCherry, a fluorescent tag (pAAV-CaMKIla-hM-
3D(Gq)-mCherry; Addgene). Using this virus enabled us
to constrain expression of hM3Dq to CaMKIla* neurons
transfected by the virus.

Data Acquisition

EEG (filtered 0.1 to 500 Hz) and EMG (filtered 10 to
500 Hz) signals were acquired using a Neuralynx Digital
Lynx SX recording system at a sampling rate of 500 Hz
(Neuralynx Inc.). Overhead video recordings were also
captured to assess behavioral states.

Study Design

The purpose of this study was to examine the effects of
stimulation of the parabrachial nucleus on arousal during
dexmedetomidine and ketamine anesthesia. Five anes-
thesia conditions were paired with saline and clozapine-
N-oxide injections (for a total of 10 treatment groups):
(1) no anesthesia, (2) low-dose dexmedetomidine (0.3 pg -
kg™ - min™' for 45min), (3) high-dose dexmedetomidine
(4.5 pg - kg' - min™! for 10min), (4) low-dose ketamine
(2mg - kg™ - min™! for 30min), and (5) high-dose ketamine
(4mg - kg
given anesthesia condition received both clozapine-N-oxide

- min~! for 15min). Each of the subjects of a

and saline injections, in separate experiments, allowing us to
compare clozapine-N-oxide and saline conditions for each
rat. Randomization methods were not used to determine
which treatments each rat received or the order in which the
treatments (anesthetics or clozapine-N-oxide/saline) were
received, but the order of experiments was varied between
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rats (see Supplemental Digital Content 1, http://links.Iww.
com/ALN/C647, for experiment orders for each rat).

For experiments without anesthesia, intraperitoneal injec-
tions of clozapine-N-oxide (HY-17366, MedChem Express
LLC, USA; and 6329/50, R&D Systems, USA; 1 mg/kg) or
saline were given within the half~hour range between 11:23
and 11:53 am. EEG and EMG were then recorded for 5h
after the injection. For these experiments without anesthe-
sia, the rats were allowed to rest for at least 3 days between
experiments if clozapine-N-oxide was given in the first of
the two experiments and at least 1 day if saline was given first.
with starting
recordings, the rats were anesthetized with isoflurane for

For experiments anesthesia, before
~15min to place an intravenous port in the lateral tail vein.
Immediately after cessation of isoflurane, clozapine-N-oxide
(or saline) intraperitoneal injections were administered.
One hour after the clozapine-N-oxide (or saline) injec-
tion, dilutions of dexmedetomidine (2 pg/ml for low dose
or 5 pg/ml for high dose; dexmedetomidine hydrochlo-
ride injection, Sun Pharmaceutical Industries, India; and
dexmedetomidine injection, Accord Healthcare, India)
or ketamine (6 mg/ml; ketamine HCI injection, West-
‘Ward, USA) in saline were administered intravenously via
a syringe pump (HA3000I, Harvard Apparatus). This time
delay allowed for clozapine-N-oxide to reach its maximal
effectiveness, which occurs at ~45min after administra-
tion.” Two exceptions to the 1-h delay between clozapine-
N-oxide (or saline) and anesthetic infusion occurred:
in one high-dose dexmedetomidine experiment (rat 4),
clozapine-N-oxide was injected 140min before the start
of the anesthetic infusion, and in one high-dose ketamine
experiment (rat 3), saline was injected 116 min before the
start of the anesthetic infusion. Both exceptions were well
within the ~9-h period during which clozapine-N-oxide
has been shown to be effective.’” Normothermia was main-
tained with a heating pad under the recording cage while
the animals were anesthetized. EEG and EMG recordings
were started a minimum of 10 min before beginning anes-
thesia infusion. The rats were allowed to rest for at least
3 days between all experiments with anesthesia except
one high-dose ketamine experiment. Only 2 days of rest
were given before that experiment, because it followed an
aborted ketamine experiment in which the IV started leak-
ing before the infusion completed. For experiments with
anesthesia, recordings continued until the rats recovered
from anesthesia and were mobile.

After completion of each subject’s experiments, the rats
were euthanized using isoflurane overdose and exsanguina-
tion via transcardial perfusion (see “Histology”). Blinding
methods were not used in this study.

Analysis of Sleep States

The EEG and EMG signals from experiments with-
out anesthesia were used to visually score wakefulness,
non-rapid-eye-movement (non-REM) sleep, and rapid-

Melonakos et al.

20z Idy 01 uo 3senb Aq Jpd Gz000-0"0001 L 20Z/0¥622S/EC9/F/SE L/ypd-ajoie/ABojoIsayisaue/Woo JIeyDIaA|IS Zese//:d)y woy papeojumog


http://links.lww.com/ALN/C647
http://links.lww.com/ALN/C647

Melonakos et al.

eye-movement (REM) sleep in 2-s epochs using Spike2
(CED, United Kingdom). The time spent in waking, non-
REM, and REM sleep were then separately totaled over
the 5h after saline or clozapine-N-oxide injection. Each
rat’s state was assumed to be awake during the first few
minutes after their injection, because it took a few minutes
of active handling to plug them into the recording system.

Analysis of Recovery Times

Just after the anesthetic infusion finished, each rat was
turned on its side. Recovery time was measured as the time
from the end of the anesthetic infusion to when the rat
righted itself and had all four paws on the floor. In five of
the low-dose dexmedetomidine experiments, the rats never
lost the righting reflex; in such cases, return of movement
was used to measure recovery time.

Spectral Analysis of EEG Data

The data were analyzed using MATLAB (Mathworks,
USA). Before spectral analysis, the mean of each EEG
recording was subtracted from the entire signal. Artifacts
were then removed by identifying time points where the
voltage crossed a threshold of +1,500 uV. All threshold
crossings less than 1 min apart were grouped together as
a single artifact, with all time points in between treated
as threshold crossings. The signal at and surrounding each
of these time points was then multiplied by an inverted
Hamming window with a length of 0.155s, centered at the
identified voltage threshold crossing. In this manner, time
points identified as threshold crossings were set to 0 pV,
and the signal 0.075s before and after artifacts gradually
increased to full magnitude, reducing sharp edges in the
signal that would produce harmonics in the spectrogram.

All spectrograms in this study were computed using the
multitaper methods described by Prerau et al.®*' Example
spectrograms were computed from 0 to 30 Hz (for exper-
iments without anesthesia) or 0 to 50 Hz (for experiments
with anesthesia) using a 30-s window that moved in 3-s
steps, a time-half~-bandwidth product of 3, and five discrete
prolate spheroidal sequence tapers. The signal in each win-
dow was linearly detrended before the multitaper spectro-
gram was computed. For Supplemental Digital Content
2—6 (http://links.lww.com/ALN/C649, http://links.Iww.
com/ALN/C650, http://links.lww.com/ALN/C651,
http://links.Iww.com/ALN/C652, http://links.lww.com/
ALN/C653), the spectrograms were computed from 0 to
60 Hz (to accommodate gamma band analysis) for both
experiments with and without anesthesia. Any windows
with 0 uV? total power, such as those comprised solely of
removed electrical artifacts, were discarded from the anal-
ysis (e.g., see the beginning of the spectrograms in fig. 2 [A
and B], in which the artifact time points are given the color
of the minimum value in the spectrogram), and power was
converted to dB.

Parabrachial Nucleus and Non-GABAergic Anesthetics

Statistical Analysis

All statistical analyses were performed using MATLAB,
unless otherwise noted. To measure the power in various
frequency bands between conditions over time, the multita-
per spectrogram was computed from 0 to 30 Hz (for exper-
iments without anesthesia) or 0 to 50 Hz (for experiments
with anesthesia) using a 120-s, nonoverlapping time window,
a time-half-bandwidth product of 3, and five discrete prolate
spheroidal sequence tapers. The signal in each window was
linearly detrended before the multitaper spectrogram was
computed. After discarding windows with 0 pV? total power
and conversion to dB, the power in each band (delta: 0.5 to
4 Hz; theta: 4 to 8 Hz; alpha: 10 to 15 Hz; beta: 15 to 30 Hz;
and gamma: 40 to 60 Hz) was averaged for each time point
in the spectrogram.This mean power was aligned in time for
all rats, relative to the start of anesthesia delivery.

For comparison of mean power in each frequency band
between clozapine-N-oxide and saline conditions, because
of the small sample sizes, we used the bootstrapping tech-
nique to find the CI values. For each time point, the mean
spectral power in a given frequency band from the saline
condition was subtracted from the corresponding time
point’s power in the clozapine-N-oxide condition of the
same rat. The differences from all rats for each time point
were sampled with replacement N times (where N = the
number of subjects), and the mean was taken. This process
was repeated 5,000 times for each time point to form a
bootstrapped collection of 5,000 mean power differences.
From this bootstrapped collection, the overall median for
each time point was taken, and 99% ClIs were found by
taking the range containing 99% of the bootstrapped mean
differences. Thus, when then the CIs do not overlap with
0, it indicates 99% confidence that there is a difference
between the mean power in that frequency band under
clozapine-N-oxide and saline conditions. P values that are
reported for times with peak median bootstrapped mean
differences in power were calculated by rerunning the boot-
strap analysis for those time points using the “boot.t.test”
function in the MKinfer package (version 0.6) in R (ver-
sion 4.1.0; 99% confidence level, 5,000 bootstrap replicates;
reported medians and CIs for peak median bootstrapped
differences in power were taken from the MATLAB boot-
strap analysis described above). For some figure panels con-
taining bootstrapped mean differences in power (figs. 2C,
3B, 5B, and 6B, and the associated Supplemental Digital
Content 2—6 [http://links.lww.com/ALN/C649, http://
links.lww.com/ALN/C650, http://links.lww.com/ALN/
C651, http://links.lww.com/ALN/C652, http://links.
Iww.com/ALN/C653]), the number of subjects (N) at each
time point varies because of occasional electrical artifacts,
so ranges of N are reported. For figure 2C, the first 10 min
of measurements after clozapine-N-oxide or saline injec-
tions (at time = 0) were not used to calculate the reported
range of N, because some rats took longer than others to
plug into the EEG recording system.
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Fig. 2. Excitation of CaMKlla* neurons in the parabrachial nucleus region decreased delta oscillations, non-rapid-eye-movement (non-REM), %
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an absence of high delta power (fop). The corresponding EMG shows stillness, possibly due to the clozapine-N-oxide injection (bottom; see §
“Discussion”). () Summary of power differences between conditions over time shows decreased mean delta power for clozapine-N-oxide IN

experiments relative to saline experiments. For all power difference traces in this and subsequent figures, the traces represent the median
(£99% Cl) of a bootstrapped collection of 5,000 mean differences. Thus, time points where the Cls (shaded regions) do not overlap with
zero show statistically significant differences with 99% confidence. Time periods that show statistically significant differences with 99%
confidence are indicated by black bars above the dashed zero line, representing lower power in the clozapine-N-oxide condition. Saline or
clozapine-N-oxide injections were given at time 0h. (4) through (C) have the same time axes. (D) Comparison of the amount of time spent
in waking (/eff), non-REM (middle), and REM (right) stages between saline and clozapine-N-oxide conditions for the 5h after injection. Time
spent in waking was longer and time spent in non-REM and REM sleep was shorter with clozapine-N-oxide experiments, relative to saline
experiments, in a statistically significant way. *P < 0.05, two-sided Wilcoxon signed-rank test.

For statistical comparison of the time spent in each sleep animals received both clozapine-N-oxide and saline condi-
stage (for experiments without anesthesia) or the recovery tions, we used the two-sided Wilcoxon signed-rank test with
times (for experiments with anesthesia), we used R (version an o value of 0.05 to determine statistical significance. The
4.1.0). The reported median differences for these measure-  Wilcoxon signed-rank tests, the median differences, and the
ments are Hodges—Lehmann estimates. Because the same 95% ClIs were calculated using the “wilcox.test” function in R.
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Fig. 3. Excitation of CaMKilla* neurons in the parabrachial nucleus region decreased delta oscillations but did not affect recovery time with
low-dose dexmedetomidine anesthesia. (4) Example spectrograms showing the spectral power for 0 to 50 Hz over time in the prefrontal
electroencephalogram after intraperitoneal injections of saline (fop) and clozapine-N-oxide (bottom) in the same rat. Black bars over the
spectrograms indicate the time when the dexmedetomidine infusion (0.3 pg - kg~' - min~' for 45 min) took place. Clozapine-N-oxide or saline
injections were given an hour before the start of dexmedetomidine infusion. Solid vertical lines represent the time of recovery for each exam-
ple experiment. (Note: the transient dip in delta power at the end of dexmedetomidine administration in both [A] and [B] is due to our handling
the rat to place it on its side.) Example electroencephalogram traces to the right of each spectrogram are bandpass-filtered from 0.5 to 4 Hz
and show the reduced delta amplitude with parabrachial nucleus region excitation. The arrow over the spectrograms indicates the time, for
both conditions, when the traces were taken. (B) Summary of power differences over time shows decreased mean delta power for clozapine-
N-oxide experiments relative to saline experiments. Time periods that show statistically significant differences with 99% confidence are indi-
cated by black bars above the dashed zero line, representing lower power in the clozapine-N-oxide conditions. The spectrograms in (4) and
summary power in (B) have the same time axes. (€) No statistically significant differences between conditions were seen in recovery times,
as measured by time to return of righting reflex (or return of movement in cases where righting reflex was not lost).

Histology to CaMKIIa* neurons (fig. 1, D through E respectively).
To confirm DREADD:s effectiveness, we injected rats with
clozapine-N-oxide or saline 60 to 70min before eutha-

nasia. Perfusion and slicing occurred as mentioned above,
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After completion of experiments, the rats were eutha-
nized with isoflurane (5%) and transcardially perfused with

1[times] phosphate-buffered saline, followed by 10% forma-  fo]1owed by immunofluorescence. For the immunoflu-

Melonakos et al.

lin. The brains were then sliced at 50 pm using a vibratome
(VT1000 S, Leica Biosystems, USA). The slices were
mounted on a slide with a 4’,6-diamidino-2-phenylindole—
(H-1200-10, Vector
Laboratories, USA). The brain slices were imaged using a
fluorescence microscope (Axio Imager.M2, Zeiss, USA) to
localize expression of mCherry/DREADD:s in the parab-
rachial nucleus region (fig. 1, B and C).

containing mounting medium

In addition, immunofluorescence was used in a sub-
set of animals to confirm the effectiveness of DREADDs
stimulation and the specificity of DREADDs expression

orescence, the brain slices were first rinsed in phosphate-
buffered saline for 5 to 10min three times. A solution con-
sisting of 0.1% Triton X-100 (Boston BioProducts, USA)
in phosphate-buffered saline was used as the bulk solution
for a blocking solution containing 10% normal goat serum
(ab7481, Abcam, United Kingdom) and 4% bovine serum
albumin (001-000-161, Jackson ImmunoResearch, USA).
The slices were placed in this blocking solution for 1h.
The slices were then incubated overnight at room tem-
perature in blocking solution with an anti—c-Fos primary

antibody (1:2,000; 226003, Synaptic Systems, Germany).

Anesthesiology 2021; 135:633-48
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Fig. 4. Excitation of CaMKlla* neurons in the parabrachial nucleus region only caused minor reductions in delta oscillations and did not affect
recovery time with high-dose dexmedetomidine anesthesia. (4) Example spectrograms showing the spectral power for 0 to 50 Hz over time in
the prefrontal electroencephalogram after intraperitoneal injections of saline (fop) and clozapine-N-oxide (bottom) in the same rat. The black
bar over the spectrograms indicates the time when the dexmedetomidine infusion (4.5 pg - kg=' - min-" for 10 min) took place. Clozapine-N-
oxide or saline injections were given before the start of the dexmedetomidine infusion. A solid vertical line represents the time of recovery
for each example experiment. (Note: the transient dip in delta power at the end of dexmedetomidine administration in both [A] and [B] is due
to our handling the rat to place it on its side.) Example electroencephalogram traces to the right of each spectrogram are bandpass-filtered
from 0.5 to 4 Hz and show similar delta amplitude with and without parabrachial nucleus region excitation. The arrow over the spectrograms
indicates the time, for both conditions, when the traces were taken. (B) Summary of power differences over time shows minor decreases
in delta power for clozapine-/N-oxide experiments relative to saline experiments. Time periods that show statistically significant differences
with 99% confidence are indicated by black bars above the dashed zero line, representing lower power in the clozapine-/N-oxide condition.
Spectrograms in (4) and summary power in (B) have the same time axes. (C) No statistically significant differences between conditions were
seen in recovery times, as measured by time to return of righting reflex.

After incubation, the slices were rinsed in phosphate-
buffered saline or 0.1% Triton X-100 for 5 to 10 min three
times and then allowed to incubate for 2h at room tem-

slices were incubated overnight at 4°C in blocking solu-
tion with an anti-CaMKIIa primary antibody (1:50; PA5-
19128, Invitrogen). After incubation, the slices were rinsed
in 0.3% Triton X-100 for 5 to 20 min three times and then
allowed to incubate for 2h at room temperature in block-
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perature in blocking solution with Alexa Fluor 488 second-
ary antibodies (1:200; A-11008, Invitrogen, USA). Finally,
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the slices were rinsed twice in 0.1% Triton X-100 and then
twice more with phosphate-buffered saline (without Triton
X-100) and mounted on a slide with a 4’,6-diamidino-
2-phenylindole—containing mounting medium.

To confirm the specificity of DREADDs expression
to CaMKIIa" neurons, the brain slices were first rinsed
in 0.3% Triton X-100 in phosphate-buffered saline for 5
to 10min three times. This solution was used as the bulk
solution for a blocking solution containing 10% normal
donkey serum (S30-100ML, EMD Millipore, USA). The
slices were placed in the blocking solution for 1 h.Then the

Anesthesiology 2021; 135:633-48
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ing solution with Alexa Fluor 488 secondary antibodies
(1:200; 705-545-003, Jackson ImmunoResearch). Finally,
the slices were rinsed twice in 0.3% Triton X-100 and then
twice more with phosphate-buffered saline (without Triton
X-100) and mounted on a slide with a 4’,6-diamidino-
2-phenylindole—containing mounting medium.

All washes and incubations for both immunofluorescence
protocols were performed with free-floating brain slices in
12- or 24-well plates placed on a rocker. Colocalization
of mCherry, indicating DREADDs expression, and Alexa
Fluor 488, indicating c-Fos or CaMKIIa expression, was

Melonakos et al.
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Fig. 5. Excitation of CaMKlla* neurons in the parabrachial nucleus region did not affect delta oscillations during, nor the recovery time after,
low-dose ketamine anesthesia. (4) Example spectrograms showing the spectral power for 0 to 50 Hz over time in the prefrontal electroen-
cephalogram after intraperitoneal injections of saline (top) and clozapine-N-oxide (bottom) in the same rat. A black bar over the spectrograms
indicates the time when the low-dose ketamine infusion (2mg - kg=' - min~" for 30 min) took place. Clozapine-N-oxide or saline injections
were given an hour before the start of the ketamine infusion. A solid vertical line represents the time of recovery for each example experiment.
Example electroencephalogram traces to the right of each spectrogram are bandpass-filtered from 0.5 to 4 Hz and show similar delta ampli-
tude with and without parabrachial nucleus region excitation. The arrow over the spectrograms indicates the time, for both conditions, when
the traces were taken. (B) Summary of power differences over time shows similar delta power for clozapine-N-oxide and saline experiments
during ketamine infusions. Time periods that show statistically significant differences with 99% confidence are indicated by black bars above
or below the dashed zero line, representing lower power in the clozapine-N-oxide or saline conditions, respectively. The spectrograms in (A)
and summary power in (B) have the same time axes. (€) No statistically significant differences between conditions were seen in recovery
times, as measured by time to return of righting reflex.

Melonakos et al.

then visualized using the Zeiss microscope mentioned pre-
viously. Neurons with and without colocalized fluorescence
were counted using Fiji software.”

Results

We tested the effects of exciting putative glutamatergic
neurons in the parabrachial nucleus by using DREADDs
(hM3Dq) and surgically implanted EEG electrodes (fig. 1A).
Excitatory DREADDs were expressed in the parabrachial
nucleus and in the surrounding region, especially rostral
to the parabrachial nucleus (see example expression in
fig. 1B and a summary of expression across all 10 rats in
two atlas slices in fig. 1C; a summary of mCherry expres-
sion across a range of atlas slices is shown in Supplemental
Digital Content 7, http://links.lww.com/ALN/C648).
Effectiveness of DREADDs stimulation was confirmed by

intraperitoneally injecting clozapine-N-oxide, the ligand for
DREADDs, and then using immunofluorescence to con-
firm expression of c-Fos, a marker of neural activity (fig. 1,
D and E; 4 of 54 DREADDs" neurons were c-Fos™ after a
saline control injection, N = 1 male rat; 100 of 124 counted
DREADDs" neurons were c-Fos™ after clozapine-N-oxide
injections, N = 2 male rats). The specificity and extent of
DREADDs expression in CaMKIIa® neurons were also
confirmed using immunofluorescence (fig. 1F; inside the
parabrachial nucleus: 333 of 383 counted DREADDs*
neurons were CaMKIIa*, and in the same fields of view,
333 of 778 counted CaMKIIa" neurons were DREADDs™,
N = 3 male rats; outside the parabrachial nucleus: 128 of
173 counted DREADDs" neurons were CaMKIIa*, and
in the same fields of view, 128 of 956 counted CaMKIIa*
neurons were DREADDs*, N = 1 male rat). Thus, by intra-
peritoneally injecting clozapine-N-oxide, the ligand for

Anesthesiology 2021; 135:633-48
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Fig. 6. Excitation of CaMKlla* neurons in the parabrachial nucleus region had minor effects on delta oscillations and prolonged recovery
time with high-dose ketamine anesthesia. (4) Example spectrograms showing the spectral power for 0 to 50 Hz over time in the prefrontal
electroencephalogram after intraperitoneal injections of saline (fop) and clozapine-N-oxide (bottom) in the same rat. Black bars over the
spectrograms indicate the times when the high-dose ketamine infusion (4mg - kg=' - min-' for 15min) took place. Clozapine-N-oxide or
saline injections were given before the start of the ketamine infusion. A solid vertical line represents the time of recovery for each example
experiment. Example electroencephalogram traces to the right of each spectrogram are bandpass-filtered from 0.5 to 4 Hz and show sim-
ilar delta amplitudes with and without parabrachial nucleus region excitation. The arrow over the spectrograms indicates the time, for both
conditions, when the traces were taken. (B) Summary of power differences over time shows similar delta power, other than a few transient
decreases, for clozapine-/N-oxide experiments relative to saline experiments. Time periods that show statistically significant differences
with 99% confidence are indicated by black bars above the dashed zero line, representing lower power in the clozapine-N-oxide condition.
The spectrograms in (4) and summary power in (B) have the same time axes. (C) Recovery time from high-dose ketamine anesthesia, as
measured by time to return of righting reflex, was longer with clozapine-N-oxide experiments, relative to saline experiments, in a statistically

significant way. *P < 0.05, two-sided Wilcoxon signed-rank test.

DREADDs, we were able to selectively excite CaMKIIa®
neurons during conditions without anesthesia or with dex-
medetomidine or ketamine anesthesia.

Some experimental data were not included in our anal-
yses, despite being collected (see grayed-out experiments
in Supplemental Digital Content 1, http://links.lww.com/
ALN/C647). These included a low-dose ketamine experi-
ment in which the clozapine-N-oxide never fully dissolved
(rat 1) and a high-dose dexmedetomidine experiment in
which the rat (rat 3) was clearly aroused by a neighbor-
ing rat’s tail flick. In addition, two rats experienced issues
that prevented them from completing all the planned
experiments: rat 2’s electrode interface board broke during
an experiment without anesthesia, and rat 5 suffered from
painful limb swelling that confounded the measurement of
recovery time during a low-dose dexmedetomidine experi-
ment. These issues led to the euthanasia of these two rats and

642 Anesthesiology 2021; 135:633-48

thus prevented them from completing the low-dose anes-
thesia experiments. Two other rats, rats 8 and 10, were not
included in the high-dose dexmedetomidine and high-dose
ketamine treatment groups after we felt we had sufficient
data to characterize the effects of parabrachial nucleus stim-
ulation during those anesthetics and doses. Finally, after his-
tological analysis, it was found that one rat that was initially
included in experiments did not express DREADDs in the
parabrachial nucleus and was thus not included in any of our
analyses. One other rat did not survive the initial surgery and
was not used for any experimental treatment groups.

Excitation of CaMKlla+ Neurons in the Parabrachial
Nucleus Region Reduces Delta Power without Anesthesia
Previous research has shown that nonspecific excitation

of parabrachial nucleus neurons decreases the delta power

Melonakos et al.
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associated with the awake and non-REM sleep states
(indicating neurophysiologic arousal), without anesthesia.?
Because the parabrachial nucleus is primarily glutamater-
gic, we first tested whether specific excitation of CaMKIla*
neurons also promotes arousal under these conditions.
We measured delta power (0.5 to 4 Hz) in the prefron-
tal EEG for the first 5h after an intraperitoneal injection
of clozapine-N-oxide (1mg/kg). In congruence with the
effects of nonspecific parabrachial nucleus excitation, we
observed reduced delta power relative to control conditions
in which intraperitoneal injections of saline were adminis-
tered to the same rats (fig. 2; trace in fig. 2C summarizes
delta power with clozapine-N-oxide injections minus delta
power with saline injections, and periods with Cls that do
not span zero show statistically significant differences with
99% confidence; peak statistically significant median boot-
strapped difference in power [clozapine-N-oxide — saline]
= —6.79 dB, 99% CI = -9.05 to —4.16 dB, P = 0.001,
N = 9 male rats; for entire trace in fig. 2C, N = 8 to 9
male rats). Whereas the EEG under saline control condi-
tions showed increased delta power, reflecting an increase
in sleeping over time, the delta power with clozapine-N-
oxide injections remained at awake levels. Power in other
frequency bands, including theta (4 to 8 Hz), alpha (10 to
15 Hz), and beta (15 to 30 Hz), likewise decreased with
clozapine-N-oxide injections relative to saline injec-
tions. Conversely, power in the gamma band (40 to 60
Hz) increased with clozapine-N-oxide injections (see
Supplemental Digital Content 2, http://links.lww.com/
ALN/C649, which shows the summary power differences
[clozapine-N-oxide — saline] for the theta, alpha, beta, and
gamma bands).

Moreover, a formal assessment of sleep states during
the 5h after clozapine-N-oxide injections shows decreased
time spent in non-REM and REM sleep relative to exper-
iments with saline injections (fig 2D; median difference
in time spent waking [clozapine-N-oxide — saline] =
126.31min, 95% CI = 104.13 to 152.31min, P = 0.004;
median difference in time spent in non-REM sleep [clozap-
ine-N-oxide —saline] = —117.23 min, 95% CI = -137.74 to
—99.39 min, P = 0.004; median difference in time spent in
REM sleep [clozapine-N-oxide — saline] = —9.07 min, 95%
CI = -15.13 to —2.10min, P = 0.004; N = 9 male rats).
These results suggest that excitation of CaMKIIa" neurons
alone in the parabrachial nucleus region is sufficient to
reduce delta power and sleep in male rats without anesthe-
sia, consistent with increased arousal.

Excitation of CaMKlla* Neurons in the Parabrachial
Nucleus Region Reduces Delta Power during Low-dose,
but Not High-dose, Dexmedetomidine Anesthesia

Excitation of the parabrachial nucleus, including selective
excitation of glutamatergic neurons,® is effective at reduc-
ing both delta oscillations and the time to recovery from
isoflurane, sevoflurane, and propofol anesthesia.>!* We tested

Parabrachial Nucleus and Non-GABAergic Anesthetics

whether excitation of CaMKIIa* neurons in the parabrachial
nucleus region has similar effects with dexmedetomidine or
ketamine. One hour after injection of clozapine-N-oxide,
we administered dexmedetomidine (0.3 pg - kg™ - min™'
for 45min). We found that delta power in the prefrontal
EEG was reduced relative to control experiments in the
same rats with saline injections. This reduction was statis-
tically significant between 2 and 40min after the start of
the infusion and from 44 min until the end of the analyzed
period (150 min; fig. 3, A and B; trace in fig. 3B summa-
rizes delta power with clozapine-N-oxide injections minus
delta power with saline injections, and periods with Cls that
do not span zero show statistically significant differences
with 99% confidence; peak statistically significant median
bootstrapped difference in power during dexmedetomi-
dine infusion [clozapine-N-oxide — saline] = —6.06 dB,
99% CI = -12.36 to —1.48 dB, P = 0.007, N = 8 male
rats; for the entire trace in fig. 3B, N = 7 to 8 male rats).
Consistent with experiments without anesthesia (fig. 2),
there was also some statistically significant reduction in
delta power before the start of anesthesia. Power in the
theta, alpha, and beta frequency bands likewise decreased
with clozapine-N-oxide injections relative to saline injec-
tions. The prevalence of these decreases across the recorded
period declined as the frequency of the band increased (i.e.,
theta > alpha > beta). Conversely, power in the gamma
band had slight increases with clozapine-N-oxide injec-
tions (see Supplemental Digital Content 3, http://links.
Iww.com/ALN/C650, which shows the summary power
differences [clozapine-N-oxide — saline] for the theta, alpha,
beta, and gamma bands).

To measure behavioral arousal, we used the time to
return of righting reflex (or time to return of movement if
righting reflex was not lost; see “Materials and Methods”)
as a surrogate for recovery from anesthesia. In contrast to
the reduced delta oscillations, the recovery times between
clozapine-N-oxide and saline conditions did not show sta-
tistically significant differences (fig. 3C; median difference
[clozapine-N-oxide — saline] = 1.63 min, 95% CI = —20.06
to 14.14 min, P = 0.945; N = 8 male rats).

We next sought to understand whether excitation of
CaMKIIa* parabrachial nucleus region neurons also reduces
delta power effectively at a higher dose of dexmedetomi-
dine. In these experiments, after injection of clozapine-
N-oxide, we administered high-dose dexmedetomidine
(4.5 pg - kg™ - min~! for 10 min). We found that other than
one short period with lower delta power from 6 to 8min,
delta power in the prefrontal EEG during the infusion did
not show statistically significant differences relative to con-
trol experiments in the same rats with saline injections.
After the infusion, periods with lower delta power with
parabrachial nucleus region stimulation appeared from 60
to 64 min, 78 to 98 min, 108 to 110min, and 112 to 118 min
(fig. 4, A and B; trace in fig. 4B summarizes delta power
with clozapine-N-oxide injections minus delta power with

Anesthesiology 2021; 135:633-48
Copyright © 2021, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

643

20z Idy 01 uo 3senb Aq Jpd Gz000-0"0001 L 20Z/0¥622S/EC9/F/SE L/ypd-ajoie/ABojoIsayisaue/Woo JIeyDIaA|IS Zese//:d)y woy papeojumog


http://links.lww.com/ALN/C649
http://links.lww.com/ALN/C649
http://links.lww.com/ALN/C650
http://links.lww.com/ALN/C650

644

PERIOPERATIVE MEDICINE

saline injections, and periods with Cls that do not span
zero show statistically significant differences with 99% con-
fidence; peak statistically significant median bootstrapped
difference in power during dexmedetomidine infusion
[clozapine-N-oxide — saline] = —1.93 dB, 99% CI = —4.16
to —0.56 dB, P = 0.006, N = 7 male rats; for the entire trace
in fig. 4B, N = 7 male rats). Power in the theta, alpha, and
beta bands decreased with clozapine-N-oxide injections
relative to saline injections, although to a lesser degree than
with low-dose dexmedetomidine. Conversely, power in the
gamma band increased after the dexmedetomidine infu-
sion was completed (see Supplemental Digital Content 4,
http://links.Iww.com/ALN/C651, which shows the sum-
mary power differences [clozapine-N-oxide — saline] for
the theta, alpha, beta, and gamma bands).

As with low-dose dexmedetomidine, recovery after high-
dose dexmedetomidine infusion, as measured by the return
of righting reflex, did not show statistically significant dif-
ferences for rats with clozapine-N-oxide injections relative
to saline controls (fig. 4C; median difference [clozapine-
N-oxide — saline] = 11.01min, 95% CI = -20.84 to
23.67 min, P = 0.297; N = 7 male rats).

Excitation of CaMKlla* Neurons in the Parabrachial
Nucleus Region Fails to Reduce Delta Power during
Ketamine Anesthesia and Increases Time to Recovery
from High-dose Ketamine

Given that excitation of CaMKIla® parabrachial nucleus
region neurons reduced low-dose dexmedetomidine-
induced delta power, we next tested whether stimulation of
these same neurons could reduce ketamine-induced delta
power. In these experiments, 1 h after injection of clozapine-
N-oxide, we administered ketamine 2mg - kg ' - min™'
for 30min). At this dose, all rats lost the righting reflex,
although many rats moved when they were placed on their
sides (6 of 7 male rats moved with control conditions; 2
of 7 male rats moved with clozapine-N-oxide conditions).
In contrast with low-dose dexmedetomidine, for low-dose
ketamine, delta power in the prefrontal EEG during the
infusion did not show statistically significant differences rel-
ative to control experiments in the same rats with saline
injections. After the infusion, periods with lower delta
power with clozapine-N-oxide injections appeared from
64 to 68 min, 70 to 74min, 78 to 82min, 84 to 86 min, 90
to 96min, 110 to 112min, and 114 to 116 min. In addi-
tion, one brief period with higher delta power appeared
from 44 to 46 min (fig. 5,A and B; trace in fig. 5B summa-
rizes delta power with clozapine-N-oxide injections minus
delta power with saline injections, and periods with Cls
that do not span zero show statistically significant differ-
ences with 99% confidence; for the entire trace in fig. 5B,
N = 6 to 7 male rats). During the ketamine infusion, there
was a brief decrease in theta power but no differences in
alpha, beta, and gamma power with clozapine-N-oxide
injections relative to saline injections. After the infusion,
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theta, alpha, and gamma showed brief periods of decreased
power, theta showed a brief increase in power, and beta
showed no differences (see Supplemental Digital Content
5, http://links.lww.com/ALN/C652, which shows the
summary power differences [clozapine-N-oxide — saline]
for the theta, alpha, beta, and gamma bands).

Similar to dexmedetomidine, recovery after low-dose
ketamine infusion, as measured by the return of right-
ing reflex, did not show statistically significant differences
for rats with clozapine-N-oxide injections relative to
saline controls (fig. 5C; median difference [clozapine-N-
oxide — saline] = 12.82min, 95% CI = -3.20 to 39.58 min,
P =0.109; N = 7 male rats).

When a higher dose of ketamine (4mg - kg™' - min~
for 15min) was used, excitation of CaMKIIa* parabrachial

1

nucleus region neurons (via clozapine-N-oxide injections)
had little effect on delta power in the prefrontal EEG during
the infusion, except for a brief reduction in power from 0
to 2min. After the infusion, periods with lower delta power
with parabrachial nucleus region stimulation appeared from
52 to 54 and 62 to 66 min (fig. 6, A and B; trace in fig. 6B
summarizes delta power with clozapine-N-oxide injections
minus delta power with saline injections, and periods with
CIs that do not span zero show statistically significant dif-
ferences with 99% confidence; peak statistically significant
median bootstrapped difference in power during ketamine
infusion [clozapine-N-oxide — saline] = —0.87 dB, 99%
CI = —-1.62 to —0.18 dB, P = 0.019, N = 8 male rats; for
the entire trace in fig. 6B, N = 7 to 8 male rats). During
the ketamine infusion, power in the theta, alpha, beta, and
gamma bands showed no differences with clozapine-N-
oxide injections relative to saline injections. After the infu-
sion, theta and beta showed brief periods of decreased
power, and alpha and beta showed some increased
power. No differences were seen in gamma power (see
Supplemental Digital Content 6, http://links.lww.com/
ALN/C653, which shows the summary power differences
[clozapine-N-oxide — saline] for the theta, alpha, beta, and
gamma bands).

However, contrary to the rest of the anesthesia con-
ditions, recovery after high-dose ketamine infusion, as
measured by the return of righting reflex, was longer for
rats with clozapine-N-oxide injections relative to saline
controls. This elongation of recovery times was statisti-
cally significant (fig. 6C; median difference [clozapine-N-
oxide — saline] = 11.38 min, 95% CI = 1.81 to 24.67 min,
P =0.016; N = 8 male rats).

Discussion

In this study, the primary outcome was evidence that exci-
tation of putative glutamatergic neurons in the parabrachial
nucleus region is sufficient to reduce delta power during
low-dose dexmedetomidine anesthesia but not high-dose
dexmedetomidine nor ketamine anesthesia. Furthermore,
changes in delta power did not correspond to changes in
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time to recovery from anesthesia. As a secondary outcome,
we found that selectively stimulating putative glutamatergic
neurons in the parabrachial nucleus region was sufficient to
reduce delta power and time spent in sleep without anes-
thesia. We also found lesser effects of parabrachial nucleus
region stimulation on other frequency bands, including
theta, alpha, beta, and gamma, with and without anesthesia.
These results advance our understanding of the neural cir-
cuit mechanisms underlying EEG patterns under anesthesia
and may be useful for improving clinical EEG monitors.

Limitation of Using a Single Biologic Sex

We used male rats in our study so that our results would
be comparable to previous studies that used male rodents
to examine the effects of parabrachial nucleus stimulation
during anesthesia.>>%!” We cannot rule out, however, that
there may be sex differences in the neurophysiologic or
behavioral responses to parabrachial nucleus stimulation.
Future studies that include both and compare between the
sexes are recommended to discern any potential differences.

Limitation of Targeting DREADDs to CaMKlla+ Neurons

The extent of colocalization of CaMKIIa expression with
glutamatergic neurons in the parabrachial nucleus has not
been studied, so it is not known whether all DREADDs"*
neurons in our study were glutamatergic. However, previous
studies have shown a strong association between CaMKIIa*
and glutamatergic neurons in the cortex,”?** amygdala,*
and thalamus,* as well as a strong disassociation between
CaMKIIa® and GABAergic neurons in the basal ganglia,
thalamus, and hypothalamus.”” The parabrachial nucleus has
also been shown to be primarily glutamatergic'® and express
CaMKII.*** These previous findings, combined with the
large extent of CaMKIIa-driven expression of DREADD:s
in the parabrachial nucleus in our study, are consistent with
the claim that the majority of our DREADDs" neurons
were glutamatergic.

Return of Righting Reflex as a Measure of Recovery

In our study, we did not observe any statistically signifi-
cant reduction in recovery times with clozapine-N-oxide
injections relative to saline injections. Contrary to our
expectations, we found an increase in time to recovery with
excitation of parabrachial nucleus region neurons in the case
of high-dose ketamine. This result could indicate a discon-
nect between neurophysiologic and behavioral indicators
of arousal. Indeed, the righting reflex itself does not involve
cortical activity* and presumably would not directly affect
the EEG. However, there are also other possibilities that
should be considered. First, because of the arousable nature
of low-dose anesthesia (in particular, dexmedetomidine
anesthesia) and the large SD of recovery times even under
controlled conditions, the return of righting reflex can be
a variable, albeit common measure of behavioral arousal. In

Parabrachial Nucleus and Non-GABAergic Anesthetics

addition, during recovery from dexmedetomidine, although
a rat may recover from anesthesia enough to return to the
upright position, they usually quickly return to an uncon-
scious state, with the recovery time period lasting far
beyond the initial arousal. Finally, in the experiments with-
out anesthesia, a subset of rats showed very little movement
after clozapine-N-oxide injection, despite lack of sleep (see
example in fig. 2B). This stillness with DREADDs stimula-
tion did not correspond in any obvious way to differences
in the anatomical regions expressing DREADDs. However,
if this behavior was present as anesthesia began to wear off,
it could have confounded the time-to-recovery results.

Parabrachial Nucleus Region Stimulation Has Minor
Effects on Theta, Alpha, Beta, and Gamma Bands

Although not the primary outcome, we also found some
differences in the theta, alpha, beta, and gamma bands
with parabrachial nucleus region stimulation. In experi-
ments without anesthesia, reduced amounts of sleep with
clozapine-N-oxide injections may be responsible for broad-
band power reductions affecting the theta, alpha, and beta
bands, in addition to delta. The reduced amount of sleep
with clozapine-N-oxide injections is also consistent with
increased gamma power, because gamma power decreases
with sleep.*!

Power during the dexmedetomidine anesthesia experi-
ments largely follows the same pattern as the sleep exper-
iments. The reductions in theta, alpha, and beta and the
increase in gamma suggest a similar effect of parabrachial
nucleus region stimulation on dexmedetomidine anesthesia
and sleep and may underscore similarities in their mecha-
nisms. For ketamine anesthesia experiments, most changes
in power occur after the anesthesia infusion has completed,
while the rats are recovering. Thus, the minor changes that
we observed may have more to do with the return of sleep-
ing behavior than with an interaction between parabrachial
nucleus region stimulation and ketamine.

Differences in Response to Parabrachial Nucleus Region
Excitation May Reflect Different Delta Mechanisms

We found that the ability of CaMKIIa*" neuron excitation in
the parabrachial nucleus region to promote arousal during
concurrent anesthesia depended on the molecular targets
of the anesthetics. In particular, excitation of these neurons
reduced delta oscillations during dexmedetomidine (fig. 3)
but not ketamine anesthesia (figs. 5 and 6). These results
may suggest that distinct mechanisms are responsible for
delta generation between these two anesthetics.
Anesthetics such as propofol, isoflurane, and sevoflurane
enhance or replicate GABAergic neurotransmission in both
subcortical and cortical neurons. As a result, the cortex is
inhibited both indirectly, because subcortical arousal nuclei
provide less excitatory neurotransmission, and directly,
because

GABAergic neurotransmission onto cortical
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neurons is increased.”** Like GABAergic anesthetics, dex-
medetomidine exerts both indirect and direct effects on
the cortex: (1) Dexmedetomidine inhibits norepinephrine
release from the locus coeruleus,” which disinhibits the pre-
optic area (a sleep-active area),leading to indirect inhibition
of other major arousal areas and the cortex. (2) Although
less studied, a.,,-adrenergic receptors also exist in the cor-
tex,*” and dexmedetomidine may also exert effects on the
cortex directly. Similar to the effects of parabrachial nucleus
excitation with GABAergic anesthetics, exciting glutama-
tergic neurons in the parabrachial nucleus may counteract
both the indirect and direct cortical inhibition caused by
dexmedetomidine, causing neurophysiologic arousal. This
would happen as excitatory, glutamatergic projections from
the parabrachial nucleus to other subcortical arousal areas
and the cortex are activated. When the inhibition is more
profound (as with a high dose of dexmedetomidine), the
cortical excitation provided by parabrachial nucleus activa-
tion is insufficient to overcome the inhibition (fig. 4).
Although ketamine is like GABAergic anesthetics and
dexmedetomidine in its inhibition of subcortical arousal

2126 Ketamine

areas, it is distinct in its direct cortical effects.
is thought to disinhibit cortical neurons and produce an
overall excitatory effect on pyramidal neurons via inhibition
of local interneurons.”** Because excitation of the para-
brachial nucleus also has an excitatory effect on the cor-
tex, it likely cannot counteract the direct effects of ketamine
on the cortex and thus is ineffective at evoking neurophys-
iologic arousal. In addition, because ketamine antagonizes
NMDA receptors, it may blunt the effects of glutamate
release that the parabrachial nucleus provides when excited.
It is possible that parabrachial nucleus stimulation may lead
to arousal with other doses of ketamine; however, movement
was not prevented by the low-dose ketamine we used, so
decreasing the dose further would cause insufficient sedation
to discern differences between clozapine-N-oxide and saline
conditions. In addition, because parabrachial nucleus region
stimulation did not cause consistent delta power nor recov-
ery time reductions with low-dose or high-dose ketamine,
it is unlikely that an even higher dose would be arousable.

Although not examined in this study, it is possible that inhi-
bition of glutamatergic neurons in the parabrachial nucleus
increases cortical delta power or the time to recovery from
dexmedetomidine or ketamine anesthesia. Indeed, one recent
study showed inhibition of glutamatergic parabrachial nucleus
neurons increases time to recovery from sevoflurane.® However,
other studies of parabrachial nucleus excitation have not
reported the effects of inhibition on arousal from anesthesia.
The inability of DREADDs techniques to completely silence
(rather than just dampen) neural activity can make interpreting
results a challenge.* For this reason, we chose not to investigate
the effects of inhibition on arousal from anesthesia.

Finally, the balance between inhibition and excitation
can be crucial for determining the oscillatory state of neu-
ral circuits.” ™ It is therefore possible that the excitation of
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glutamatergic neurons in the parabrachial nucleus is effec-
tive at disrupting that balance with GABAergic anesthetics
and low-dose dexmedetomidine, but it does not disrupt
that balance with high-dose dexmedetomidine or ketamine.
Consistent with this hypothesis, the parabrachial nucleus
projects to the basal forebrain, and accordingly, stimulation
of the parabrachial nucleus may cause cortical acetylcholine
release. Because dexmedetomidine infusions do not change
cortical acetylcholine levels,” excitation of the parabra-
chial nucleus may cause unbalanced cortical excitation via
an overabundance of acetylcholine, reducing delta power
and leading to neurophysiologic arousal. More research,
including measurement of cortical neurotransmitters, will
be helpful for explaining the mechanisms responsible for
the differing responses to excitation of glutamatergic para-
brachial nucleus region neurons with these two anesthetics.
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