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Abstract
Background—It is standard practice to administer a cholinesterase inhibitor (e.g., neostigmine)
at the end of a surgical case to reverse suspected effects of neuromuscular blocking agents
regardless of whether such residual effects are present. The authors hypothesized that
cholinesterase inhibition when given the in absence of neuromuscular blockade (NB) would
decrease upper airway dilatory muscle activity and consequently upper airway volume.

Methods—The authors measured genioglossus and diaphragm electromyograms during
spontaneous ventilation in anesthetized, tracheostomized rats before and after administration of
neostigmine (0.03, 0.06, or 0.12 mg/kg), after recovery of the train-of-four ratio (quadriceps
femoris muscle) to unity after NB (n = 18). For comparison, the authors made the same
measurements in rats that had no previous NB (n = 27). In intact anesthetized rats, the authors
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measured upper airway volume and end-expiratory lung volume by magnetic resonance imaging
before and after 0.12 mg/kg neostigmine (n = 9).

Results—Neostigmine treatment in rats that had fully recovered from NB based on the train-of-
four ratio caused dose-dependent decreases in genioglossus electromyogram (to 70.3 = 7.6, 49.2 =
3.2, and 39.7 = 2.3% of control, respectively), decreases in diaphragm electromyogram (to 103.1 ±
6.5, 83.1 ± 4.7, and 68.7 ± 7.3% of control), and decreases in minute ventilation to a nadir value of
79.6 ± 6% of preneostigmine baseline. Genioglossus electromyogram effects were the same when
neostigmine was given with no previous NB. Neostigmine caused a decrease in upper airway
volume to 83 ± 3% of control, whereas end-expiratory lung volume remained constant.

Conclusions—The cholinesterase inhibitor neostigmine markedly impairs upper airway dilator
volume, genioglossus muscle function, diaphragmatic function, and breathing when given after
recovery from vecuronium-induced neuromuscular block.

PARTIAL neuromuscular transmission failure (train-of-four [TOF] ratio at the adductor
pollicis muscle: 0.5– 0.9) evokes dysphagia,1 aspiration,1 and a decrease in the rate of
maximum airflow during inspiration2,3 by partial inspiratory upper airway obstruction.4

These signs and symptoms1– 4 can be difficult to detect5 because they may be present even
with a magnitude of muscle weakness insufficient to evoke dyspnea or a decrease in vital
capacity,3–5 respiratory drive,4,6 or lung volume,4 suggesting that upper airway muscles are
more vulnerable to NB than the respiratory “pump” muscles.4

Cholinesterase inhibitors (ChEIs; e.g., neostigmine) are clinically useful to improve skeletal
muscle function when receptors are partially blocked due to lingering effects of
neuromuscular blocking agents.7,8 Therefore, it is recommended to reverse effects of
neuromuscular blocking agents at the end of a surgical procedure by ChEI administration.7,8

This approach increases skeletal muscle force reliably in patients presenting with residual
neuromuscular blockade (NB) from short- or intermediate-acting neuromuscular blocking
drugs.9 One possible drawback to this treatment practice is that ChEI-based reversal agents,
in high doses having been applied to humans by some anesthesiologists,7,10 can cause
neuro-muscular transmission failure when administered to patients who have already
recovered from NB.11–14 ChEIs may cause neuromuscular transmission failure by
desensitization of acetylcholine receptors,13 depolarization block of neuromuscular
transmisssion,12 or open channel block.15 Neuromuscular transmission impairment of
respiratory muscles could increase the risk of developing respiratory complications.

The objective for this preclinical study in rats was to study the dose–response relation of
ChEIs on genioglossus muscle and diaphragmatic activity to maintain normal upper airway
dimensions.16 We hypothesized that neostigmine, when given after recovery from NB
(based on TOF ratio), would decrease upper airway dilatory muscle activity and
consequently upper airway volume. We further aimed to explore whether giving
neostigmine to rats that had recovered from NB would be as detrimental as giving
neostigmine to rats that had received no previous NB treatment.

Materials and Methods
Fifty-seven adult male Sprague-Dawley rats (300 – 400 g, Harlan Sprague-Dawley;
Indianapolis, IN) were used in these experiments. All procedures were approved by local
animal care and use committees (Harvard Medical School, Boston, MA), and every effort
was made to minimize the numbers of rats used and their suffering.
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Experimental Preparation
Electromyographic recording electrodes were inserted during isoflurane (Baxter Healthcare
Corporation, Deer-field, IL) anesthesia into the diaphragm and the genioglossus (one on
each side of the midline by open surgery). The trachea was carefully transected (protocols 1
and 2 only) and cannulated proximally, and a femoral artery and vein were cannulated for
measurement of arterial blood pressure and administration of drugs and fluid, respectively.17

To assess the degree of NB, the femoral nerve was stimulated and the evoked muscular
response was measured by accelerometry of the quadriceps femoris muscle (TOF-Watch SX
Monitor; Organon International, Oss, The Netherlands; as depicted in figures E1 and E2 on
the Anesthesiology Web site at http://www.anesthesiology.org).

Measurements and Data Analysis
Electromyographic signals were amplified with a Grass Polygraph (Grass Instruments,
Quincy, MA), filtered (100 Hz low pass, 10 kHz high pass), rectified, and integrated on a
moving-time-average basis with a time constant of 100 ms. Tonic genioglossus activity was
defined as nadir (expiratory) genioglossus activity during expiration minus genioglossus
activity measured after euthanasia of the rat. This approach was used to discriminate
between electrical noise and the small tonic genioglossus signal. Phasic genioglossus
activity was defined as peak inspiratory genioglossus activity minus nadir expiratory activity
of the same respiratory cycle. Tracheal airflow was recorded by using a pneumotachograph
(Fleisch 00; Gould Medical Ltd., Lutterworth, United Kingdom) and differential pressure
transducer (PT5; Grass Instruments) attached to the tracheostomy cannula. We also
measured continuously end-tidal carbon dioxide with an infrared carbon dioxide analyzer.
All signals were digitized and analyzed off-line with Axotape and Clampfit software
(Molecular Devices, Sunnyvale, CA).

Protocols
Pilot Study—In a pilot study (n = 6 rats), we administered 0.06 mg/kg neostigmine (Sicor
Pharmaceuticals Inc., Irvine, CA) and glycopyrrolate (American regent Inc., Shirley, NY)
during pancuronium (Bexter, Deer-field, IL)– evoked NB (target NB = TOF ratio 0.2– 0.5)
to determine whether the typical mg/kg dose used in humans would be appropriate in rats.

Protocol 1—Neuromuscular blocking drugs were not given in this protocol. We recorded
in 27 rats genioglossus and diaphragm electromyogram, tidal volume, respiratory rate, end-
tidal carbon dioxide, electrocardiogram, and arterial blood pressure before and after
injection of saline or the test drug, neostigmine (0.03, 0.06, or 0.12 mg/kg; fig. 1).
Cholinesterase-based NB reversal protocols typically include coadministration of an
antimuscarinic drug (e.g., atropine or glycopyrrolate) to decrease the likelihood of
autonomic side effects.18 Therefore, in our study, neostigmine was always given with either
atropine (50% of neostigmine dose, n = 11) or glycopyrrolate (25% of neostigmine dose, n =
12). An antimus-carinergic drug (atropine [n = 2] or glycopyrrolate [n = 2]; both from
American Regent Inc., Shirley, NY) alone was given as an “active control” (fig. 1). Arterial
blood gas analyses were made before and 2 min after neostigmine injection.

Protocol 2—Protocol 2 was the same as protocol 1 but after full recovery from
vecuronium (Organon Inc., Roseland, NJ) administration (134 ± 47 μg/kg, n = 18) as
defined by a TOF ratio of unity.

Protocol 3—We assessed the effects of neostigmine (0.12 mg/kg) administered with
glycopyrrolate (0.03 mg/kg) on upper airway volume (n = 6) and end-expiratory lung
volume (n = 3). All magnetic resonance imaging sessions were conducted at 4.7 T (Biospec
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47/40; Bruker BioSpin, Karlsruhe, Germany; fig. 1). For upper airway imaging, each rat was
placed into the scanner in the supine position with a respiratory sensor located on its back at
the level of the upper abdomen. A series of three magnetic resonance images were taken
immediately before and after injection and 45 min later.

For lung imaging, additional electrodes were applied for cardiac gating, at both forepads and
at the left rear pad. Animals were put head-first into the scanner with the upper airway or
thorax centered with respect to the radiofrequency birdcage coil (7 cm ID).

Statistical Analysis
For testing the main two hypotheses, i.e., a neostigmine evoked decrease in (1) genioglossus
electromyogram and (2) upper airway volume, we applied paired t tests for comparison of
values of variables obtained at baseline and after administration of 0.06 mg/kg neostigmine.
Bonferroni-Holm adjustments were used for correction of the α error for multiple testing.
Subsequently, we tested for dose–response relations of neostigmine on the different metrics
of respiratory function. Neostigmine-evoked changes in genioglossus electromyogram,
diaphragm electromyogram, tidal volume, and respiratory rate (percentage preneostigmine)
were tested separately for protocols 1 and 2 by one-way analysis of variance (Scheffé post
hoc test). Estimates of the dose–response relation of neostigmine on the genioglossus muscle
were taken from least squares linear regression of the logarithm of each dose against a probit
transformation of the genioglossus electromyogram depression.

To test for differences in the effects of neostigmine at the genioglossus and diaphragm, we
applied within each protocol (1 and 2) two-way repeated-measures analysis of variance. We
selected raw values of the variables “before neostigmine injection” and “after neostigmine
injection” as within-subject variables, and put in the model “neostigmine dose” and
“muscle” (genioglossus vs. diaphragm) as between-subject factors.

Finally, to further analyze possible differences in respiratory muscle effects of neostigmine
between protocols (protocol 1 [placebo] vs. protocol 2 [precurarization]), we pooled the data
from protocols 1 and 2 and applied another two-way repeated-measures analysis of variance.
Mean and SEM were used to summarize continuous variables (additional information
available on the Anesthesiology Web site at http://www.anesthesiology.org).

Results
Fifty-seven rats were included in this study, and experiments were successfully completed in
all but one rat. Accordingly, data from 56 rats are presented.

Pilot Study
Pancuronium at a dose of 118 ± 54 μg/kg was required to achieve NB, which produced a
nadir TOF ratio of 0.2– 0.3 that remained in the range between 0.2 and 0.5 over a period of
approximately 5 min. In parallel, phasic electromyogram of the genioglossus and diaphragm
decreased to nadir values of 10 ± 3% and 20 ± 10%, respectively, of baseline. After
administration of 0.06 mg/kg neostigmine and 0.015 mg/kg glycopyrrolate, genioglossus
and diaphragm electromyogram recovered to baseline values within 4 min in all rats.
Therefore, doses recommended to be used for reversal of NB in humans can be applied on a
mg/kg basis to rats for reversal of NB. In the main study, we then halved and doubled this
dose to establish a dose–response curve.
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Protocol 1: Neostigmine Effects on Respiratory Muscle Function and Breathing without
Previous Neuromuscular Blocking Drug Administration

Neostigmine decreased genioglossus activity in a dose-dependent fashion (F = 14.0, P <
0.0001), with a mean nadir value after the highest dose of neostigmine (0.12 mg/kg) of 36.8
± 4% of baseline (figs. 2 and 3). The duration of the effect of 0.06 mg/kgneostigmine is
depicted in figure 4. Time from neostigmine injection until recovery of genioglossus
electromyogram to baseline increased significantly (F = 4.7, P = 0.023) with neostigmine
dose from 7 ± 4 min up to 25 ± 7 min. Under baseline conditions, tonic genioglossus activity
amounted to 4 ± 0.4% of its phasic electromyogram activity. Tonic genioglossus activity
was not affected by neostigmine (102 ± 0.8%; 0.06 mg/kg).

Diaphragmatic activity decreased dose dependently (F = 8.6, P < 0.01) after neostigmine
(nadir electromyogram after 0.12 mg/kg neostigmine: 57.9 ± 5.0% of baseline; figs. 2 and
3). The peak effect of neostigmine was significantly smaller on the diaphragm compared
with the genioglossus (F = 5.8, P = 0.02; fig. 3).

Tidal volume decreased (F = 9.2, P < 0.01) significantly with increasing neostigmine doses
to a nadir of 68.6 ± 3.5% of baseline, whereas the respiratory rate increased up to 138 ±
7.4% of baseline, such that minute ventilation remained constant (fig. 5A). Time to recovery
of the respiratory rate and tidal volume mirrored almost exactly the recovery of the
diaphragmatic electromyogram.

The type of antimuscarinergic drug (atropine vs. glycopyrrolate) coadministered with
neostigmine did not affect measures of respiratory function. Neither atropine nor
glycopyrrolate when given alone affected genioglossus or diaphragm electromyogram.
Arterial blood pressure (systolic: 127 ± 4 mmHg, diastolic: 102 ± 3.8 mmHg), arterial
partial pressure of oxygen (230 ± 7.6 mmHg) and carbon dioxide (35 ± 2 mmHg, values
before neostigmine injection) were not significantly different.

Neostigmine given after recovery from NB affected neither TOF ratio (96.5 ± 11% of
preneostigmine values) nor twitch height (96.2 ± 5.5% of preneostigmine values).

Protocol 2: Effects of Neostigmine Administered after Recovery from Neuromuscular
Blockade

The prevecuronium value for TOF ratio amounted to 1.00 ± 1.08. Neostigmine given after
recovery of the TOF ratio from NB did not affect TOF ratio, but dose-dependently decreased
inspiratory (phasic) genioglossus electromyogram and diaphragm electromyogram to a nadir
of 39.7 ± 2.3% of values observed immediately before injection (F = 7.6, P < 0.01). Peak
effect at the genioglossus muscle was observed 13.2 ± 1.1 s after neostigmine injection.

As in protocol 1, neostigmine effects on genioglossus were significantly greater (F = 15.8, P
< 0.0001) compared with the effects on the diaphragm, which decreased activity only after
injection of the highest dose (to 74.6 ± 29% of values observed immediately before
injection; P = 0.024, paired t test; fig. 3). Nonetheless, minute ventilation decreased dose
dependently (F = 4.7, P = 0.022) after neostigmine injection to a nadir value of 76.9 ± 5% of
preneostigmine baseline (fig. 5B). Minute ventilation decrements were short-lived (at most
25 ± 3 s) and were not associated with a measurable increase in end-tidal carbon dioxide.
The time of recovery of minute ventilation was dependent on neostigmine dose (F = 7.3, P =
0.01). After recovery of the TOF ratio to unity from NB, genioglossus electromyographic
activity was significantly higher (135 ± 19% of baseline) compared with the diaphragm
electromyogram (95 ± 9% of baseline; P < 0.05, paired t test).
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Comparison of Effects of Neostigmine Given with and without Previous
Neuromuscular Blockade (Analysis of Pooled Data from Protocols 1 and 2)—
Previous administration of vecuronium tended to ameliorate effects of neostigmine on
diaphragm electromyogram (F = 2.74, P = 0.1), but not its effects on genioglossus
electromyogram (F = 0.23, P = 0.88). At the time of neostigmine injection, end-tidal carbon
dioxide concentration was higher in animals pretreated with vecuronium, amounting to 54.7
± 3.3 mmHg (protocol 2) versus 44 ± 2.6 mmHg (protocol 1; P = 0.012, t test); these values
did not change during the time between neostigmine injection and measurement of its peak
effect at the respiratory muscles.

The effects of neostigmine on minute ventilation differed significantly between groups (F =
4.7, P = 0.036; fig. 5), with ventilation only impaired with previous administration of
vecuronium. Respiratory rate was significantly (F = 22.76, P < 0.0001) lower in rats
recovering from vecuronium (138 ± 7.4% of baseline [protocol 1] vs. 86 ± 6% [protocol 2];
F = 37.6, P < 0.0001).

Protocol 3: Effects of Neostigmine on Airway Volume Magnetic Resonance Imaging
Neostigmine at 0.12 mg/kg (and glycopyrrolate at 0.03 mg/kg) decreased upper airway
volume from 36.4 ± 10.3 mm3 to 30.6 ± 8.7 mm3, as depicted in figure 6. Post block
recovery values of upper airway size amounted to 101 ± 7% of baseline values.

Lung volume did not change after injection of reversal agents (7.0 ± 0.5 ml before vs. 6.9 ±
0.4 ml).

Discussion
This study showed that neostigmine administration after recovery from NB impaired
genioglossus and diaphragmatic function in a dose-dependent fashion. Effects were
significantly greater in the upper airway dilator muscle compared with the respiratory pump
muscle. Neostigmine-evoked upper airway muscle dysfunction was associated with a
decrease in upper airway volume, whereas end-expiratory lung volume was unaffected.
Previous administration of vecuronium introduced a brief decrease of minute volume in
response to neostigmine that was not present in untreated rats.

Effects of neuromuscular blocking drugs are muscle dependent,19 and it has been suggested
that upper airway dilator muscles are particularly susceptible to low doses of
nondepolarizing neuromuscular blocking drugs.1,20 Our findings suggest that the upper
airways may also be especially vulnerable to an overabundance of acetylcholine at the
neuromuscular junction; we found that doses of neostigmine that affected neither the TOF
ratio nor the twitch height of the quadriceps femoris muscle nonetheless markedly impaired
genioglossus muscle function and that this impairment was significantly greater than that of
the diaphragm. It is possible that TOF ratio measurements are not sensitive enough to detect
small degrees of skeletal muscle dysfunction from partial paralysis.21,22 Indeed, a decrease
in upper esophageal sphincter resting tone,1 peak inspiratory flow,3 and end-inspiratory
upper airway volume4 can occur in some volunteers recovering from NB, even with
recovery of the TOF ratio to 0.9 –1.1,3,4 Neuromuscular blocking drugs (both
nondepolarizing and depolarizing compounds including neostigmine11) produce a
progressive failure of neuromuscular transmission with increasing rates of stimulation.11,23

The TOF stimulation test uses a stimulation rate of 2 Hz. By contrast, the firing frequency of
the genioglossus during normal inspiration is higher (15–25 Hz),24 such that decreases in
genioglossus activity during partial paralysis may exist under conditions where TOF ratio
and twitch height are normal. This might explain why the phasic genioglossus muscle
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activity was more susceptible to neostigmine than the quadriceps femoris muscle function
assessed by intermittent stimulation with 2 Hz.

We also found that neostigmine decreased genioglossus electromyogram more than the
diaphragm electromyogram, which may be due to a number of factors including but not
limited to differences in discharge rate, chemosensitivity, blood flow, fiber size, and
acetylcholine receptor density. Although our study does not address these mechanisms, we
speculate that the low firing frequency of the diaphragm (diaphragm: 8 –13 Hz;
genioglossus: 15–25 Hz)24 during quiet breathing may account for the lower vulnerability of
the diaphragm to neostigmine.

Animals breathed spontaneously throughout, and mild hypercapnia was present in rats after
recovery of the TOF ratio from vecuronium, when neostigmine was injected. Hypercapnia
might explain why genioglossus activity at time of neostigmine injection was higher than the
diaphragm electromyogram in these rats. In fact, the activating effect of carbon dioxide on
respiratory muscles is stronger at the genioglossus compared with the diaphragm.25 In
animals recovering from vecuronium NB, neostigmine significantly and dose-dependently
decreased minute volume. Because the rats were tracheostomized in our study, these effects
on breathing were not accounted for by airway obstruction and were likely caused by direct
impairment of pump muscle function. We speculate that decrements in minute volume in the
presence of neostigmine may have been a consequence of an impaired chemoreceptive
ventilatory response by an unidentified mechanism, such as release of endogenous opioids
during hypercapnia.26

We observed that neostigmine effects on diaphragmatic function were less intense, and
pathologic breathing did not occur, if the neuromuscular blocking drug vecuronium had
been given previously. Regarding the mechanism of this observation, we speculate from our
data that some residual effects of vecuronium might have been present at the diaphragm at
the time of injection of reversal agents (i.e., at the time of recovery of the TOF ratio to
unity), which protected the muscle from (neostigmine-evoked) depolarizing neuromuscular
block.27 In fact, after recovery from vecuronium-evoked NB, at the time of injection of
neostigmine, diaphragm electromyograms showed some decrease from baseline in our
study, whereas genioglossus electromyograms had recovered to significantly higher values
at this time.

In contrast to studies showing that upper airway muscles are susceptible to NB,1–4 some
data suggest that upper airway patency can be stable in humans during partial NB in
volunteers.28 D’Honneur et al.28 did not find signs and symptoms of upper airway collapse
during partial paralysis at a TOF ratio of 0.5. Although it is unclear why the results differ
between studies, possible explanations include adaptive neuromuscular mechanisms such as
posttetanic potentiation and the genioglossus negative pressure reflex. In fact, D’Honneur et
al.28 decreased the upper airway pressure progressively every three respiratory cycles, such
that the maximum challenge to the airway dilator muscles should have been reached with a
delay of approximately 2 min after initiation of the pressure drop. Accordingly, we speculate
that partial paralysis may impair the “passive”29 inspiratory airway function during (forced)
inspiration, whereas the dynamic upper airway dilator muscle response that compensates for
pharyngeal mechanical loads when the muscles are put under stress29 may be less affected.
This suggestion is also supported by the observation that phasic reflexes are resistant to the
effects of neuromuscular blocking agents.30

Our study provides some insight into the mechanism of the observed ChEI-evoked upper
airway volume decrease. When applied directly into the brain, neostigmine has central
ventilatory effects that are similar to those observed in our study.31,32 However, it is
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unlikely that central effects of neostigmine account quantitatively for its effects on breathing
observed in our study. In contrast to physostigmine, which is a tertiary amine that crosses
the blood–brain barrier freely, neostigmine, a quaternary compound, would not be expected
to move freely across this barrier. This difference has been demonstrated in rats.33 The
effects of neostigmine on upper airway size could potentially be mediated by NB of the
upper airway dilator muscles or by an increase in upper airway stiffness. The latter
mechanism is unlikely to account quantitatively for the neostigmine-evoked decrease in
upper airway diameter. Increased upper airway stiffness can be the consequence of tracheal
traction as a result of increased lung volume34 or increased tonic upper airway dilator
muscle activity. Our data show that in rats that breathe by the physiologic route (i.e., rats
that were not tracheostomized; protocol 3), neostigmine did not affect end-expiratory lung
volume as shown by three-dimensional magnetic resonance imaging. Moreover, neostigmine
did not affect tonic genioglossus activity, one means of affecting airway stiffness. By
contrast, neostigmine decreased markedly phasic genioglossus activity, and this effect at the
upper airway dilator muscle was significantly greater than the impairment of diaphragmatic
function. Therefore, we suggest that the observed decrease in inspiratory upper airway
volume was caused, at least in part, by a neostigmine-evoked weakness of upper airway
dilator muscles.

Our data show that ChEIs not only do not protect, but actually impair upper airway integrity
and ventilation when administered to rats after full recovery from NB. The degree of ChEI-
evoked impairment of upper airway function observed in this study is likely to be
physiologically significant. Decreases in genioglossus activity and upper airway volume
observed in this study are similar to that reported in humans during residual NB at a TOF
ratio of 0.5– 0.8,4 which is known to put patients at risk for postoperative respiratory
complications35 when NB drugs of long duration have been used. However, it is unclear
whether the same doses of neostigmine (0.03–0.12 mg/kg) administered in rats have
comparable respiratory side effects in humans.

Reversal of residual NB is an important goal in terms of patients’ postoperative safety,
because reversal is associated on average with a decreased risk of 24-h postoperative
morbidity and mortality.36 By contrast, omitting antagonism introduces a significant risk of
residual paralysis even with short-acting neuromuscular blocking agents.37 Therefore, it is
important to state that reversal of an existing NB improves patients’ safety, a statement that
is supported by our pilot data. Neostigmine restored genioglossus and diaphragmatic
function to baseline values within 4 min in all rats. By contrast, if the current findings in rats
are relevant in humans, our data would support the view that partial paralysis should be first
identified, and then reversed only if detected, particularly when high doses (0.04 –0.07
mg)7,10 are given.

Limitations
This preclinical study was not designed to mimic clinical practice. Species-dependent effects
of neuromuscular blocking agents have been reported,38 and rats are believed to be more
resistant to depolarizing neuromuscular blocking drugs than humans.38 Therefore, the dose–
response curve of ChEIs with respect to genioglossus muscle electromyogram may be
different in humans compared with this study in rats. Ultimately, dose–response studies in
humans are required to define the risk– benefit ratio on the upper airway muscles of ChEI
when given for treatment of NB. In fact, it has already been shown that the even the TOF
ratio can decrease when 0.04 mg/kg neostigmine is given to humans after recovery of the
TOF ratio from NB.14 A patient fully recovered from neuromuscular block will occasionally
receive neostigmine, and it would be interesting to see how our results translate to what
happens in human volunteers.
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In summary, our data show that neostigmine markedly impairs upper airway dilator volume,
genioglossus muscle function, diaphragmatic function, and breathing when given after
recovery from vecuronium-induced neuromuscular block.
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Fig. 1.
Protocols. Protocol 1: Assessment of neostigmine effects on respiratory muscle function and
breathing. We did not administer neuromuscular blocking drugs (NBDs) in this protocol.
Protocol 2: Assessment of respiratory muscle function and breathing effects of neostigmine
when administered after recovery of the train-of-four (TOF) ratio to unity from vecuronium-
induced neuromuscular blockade. Protocol 3: Magnetic resonance imaging (MRI) of upper
airway volume and end-expiratory lung volume before and after neostigmine. Active control
= glycopyrrolate or atropine. AMD = antimuscarinergic drug; Dia = diaphragm; EMG =
electromyogram; GG = genioglossus muscle; UAW = upper airway.
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Fig. 2.
Peak effects of neostigmine on genioglossus electromyogram (EMG) (squares) and the
diaphragm EMG (circles). Solid lines, closed symbols = neostigmine given without previous
vecuronium administration (protocol 1); dashed lines, open symbols = neostigmine given
after recovery of the train-of-four ratio from neuromuscular blockade (protocol 2). Values
are given in percent of control values observed before neostigmine injection. * P < 0.05,
dose effect, same muscle, same protocol (vs. 0.03 mg/kg). # P < 0.05, dose effect
significantly lower than diaphragm (same protocol). & P < 0.05 versus baseline (before
neostigmine injection, paired t test).
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Fig. 3.
Typical response to administration of neostigmine. Genioglossus (GG) electromyogram
(EMG; raw signal and moving time average [MTA]), diaphragm (Dia) EMG (rectified raw
signal and MTA), respiratory (Resp) flow, and blood pressure (BP) (from top to bottom)
before and after administration of 0.06 mg/kg neostigmine without previous administration
of neuro-muscular blocking drug (protocol 1). Twenty seconds after neostigmine, phasic
activity of the genioglossus and diaphragm were markedly decreased.
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Fig. 4.
Time course of recovery of the genioglossus (open circles) and diaphragm (closed circles)
electromyogram (EMG) from 0.06 mg/kg neostigmine. No vecuronium had been given
previously (protocol 1). Values of variables were averaged every minute until maximum
recovery. Diaphragm and genioglossus EMG varied on a breath-by-breath basis (fig. 3).
EMG recovery was significantly faster at the diaphragm compared with the genioglossus
muscle. * P < 0.05 for between-groups effects (genioglossus vs. diaphragm).
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Fig. 5.
Peak effects of neostigmine on minute ventilation, respiratory rate, and tidal volume in rats.
(A) Effect of neostigmine on minute ventilation after recovery from neuromuscular
blockade. Neostigmine administered after recovery from vecuronium neuromuscular block
impaired minute ventilation in tracheostomized rats. (B) Effect of neostigmine (no previous
neuromuscular blockade). Rats developed rapid shallow breathing, but minute ventilation
remained constant. * P < 0.05 versus baseline. + P < 0.05 for between-groups effects (with
vs. without previous vecuronium injection).
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Fig. 6.
Effects of 0.12 mg/kg neostigmine on upper airway structure. (A) Cross-sectional areas
(CSAs) of rat upper airway. The sagittal view shows the rat in the prone position.
Measurements were made from the junction of the soft and hard palate (cranial margin)
down to 9 mm below (area of the vocal cords). CSAs are significantly decreased after
injection of neostigmine. (B) Upper airway volume at baseline, immediately after injection
of neostigmine and 45 min after injection (recovery). Individual data (open symbols) and
mean ± SEM (closed symbols with error bars). Upper airway volume was significantly
decreased with neostigmine, and mean values recovered 45 min after drug injection.
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