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WE THANK THE EDITORS1 FOR THIS FORUM AND 
THE COMMENTATORS2-6 FOR THEIR DISCUSSION OF 
OUR WORK.7 WE AGREE WITH THE COMMENTATORS 
that determining mechanisms of rapid eye movement (REM) 
sleep motor atonia is of major scientific importance and clini-
cal relevance. The concept that REM atonia is under the con-
trol of one physiological mechanism and one neurotransmitter 
pathway has seduced many of us. The undoubted appeal of the 
current theory—that glycinergic inhibition of motoneurons 
is the only mechanism mediating REM atonia—is its inher-
ent simplicity. However, the fact that several laboratories now 
provide evidence indicating that glycinergic inhibition plays 
only a minimal role in mediating REM atonia7-9 and that other 
neurotransmitter pathways contribute to motor suppression in 
REM sleep10-13 indicates that we need to reevaluate mechanisms 
of REM atonia. If glycinergic inhibition is indeed the dominat-
ing force driving motor inhibition during REM sleep, then why 
does blockade of glycine receptors at the trigeminal motor pool 
not prevent REM atonia in masseter muscles?7 Our work demon-
strates that antagonism of glycine and GABAA receptors at the 
trigeminal motor pool causes a profound increase in masseter 
muscle tone during both wakefulness and non-rapid eye move-
ment (NREM) sleep; however, this same intervention does not 
prevent or even reverse REM atonia, despite the fact that it po-
tently provokes muscle-twitch activity in REM sleep (Figure 
1). In fact, REM atonia persists even when glycine and GABAA 
receptors are blocked and potent glutamatergic agonists are simul-
taneously applied to the trigeminal motor pool. We interpret these 
findings to indicate that (1) glycinergic- and GABAA-mediated 
inhibition plays a minimal role in triggering REM atonia; (2) 
inhibition primarily functions to suppress muscle twitches dur-
ing REM sleep; and, (3) a powerful, yet unidentified, inhibitory 
mechanism or mechanisms override excitation during REM 
sleep. Some commentators offer alternative possibilities for 
our experimental observations; we respond to these discussion 
points below.

MULTIPLE MECHANISMS MEDIATE REM ATONIA

The first issue we address is the notion that there is a consen-
sus or lack of controversy concerning mechanisms generating 

REM atonia. Drs. Chase3 and Soja6 propose that hyperpolariza-
tion of motoneurons by glycine-mediated inhibitory postsyn-
aptic potentials (IPSPs) is the exclusive factor producing REM 
sleep atonia. This assertion stems from their intracellular stud-
ies of motoneurons, which, although important for determining 
aspects of synaptic physiology, do not actually allow one to de-
termine whether such mechanisms trigger physiological chang-
es in muscle tone during REM sleep—this is �����������������one�������������� of the inher-
ent limitations of this method. Nevertheless, if we assume that 
glycinergic inhibition is indeed the only mechanism responsible 
for producing REM atonia, then all lines of evidence should 
support this claim. However, multiple studies,7-10,13 including 
the original intracellular studies themselves,14,15 do not com-
pletely support this oversimplified perspective. Although intra-
cellular recording experiments demonstrate that motoneurons 
are inhibited by glycine, there is evidence that non-glycinergic 
mechanisms are also involved. For example, in Chase et al’s 
study,14 strychnine blocked IPSPs in only 32% (6 of 19 cells) 
of recorded motoneurons during REM sleep; IPSPs remained, 
albeit with reduced amplitudes and frequencies, in 68% of re-
corded cells (see Figure 3 in Chase et al14). It is unlikely that 
residual IPSPs were the result of incomplete glycine-receptor 
antagonism because the dose of strychnine used (i.e., 15 mM) 
was orders of magnitude, i.e., 30,000 times, higher than re-
quired to block glycine receptors on motoneurons in vitro (i.e., 
400 nM).16,17 If glycinergic inhibition is the only mechanism hy-
perpolarizing motoneurons in REM sleep, then why do IPSPs 
remain? The most parsimonious explanation for these observa-
tions is that residual IPSPs are mediated by non-glycinergic in-
hibitory mechanisms. Although GABAergic neurotransmission 
contributes to motoneuron inhibition during REM sleep, this 
mechanism cannot explain residual IPSPs because antagonism 
of GABAA receptors only affects IPSP durations.14 That both 
glycine and GABA influence motoneuron activity in REM sleep 
is not unexpected because glycine and GABA are co-released 
onto motoneurons,16,17 which underscores the point that mul-
tiple transmitters affect motoneuron physiology during REM 
sleep. The mechanism or mechanisms responsible for residual 
IPSPs during REM sleep are unknown.

We also want to emphasize that there has never been a sys-
tematic study demonstrating that motoneuron hyperpolariza-
tion during REM sleep results from glycinergic IPSPs. In fact, 
the only reported study that addresses this issue demonstrates 
that strychnine reduces, but does not prevent, motoneuron hy-
perpolarization during REM sleep—a small but significant de-
gree of hyperpolarization remains despite blockade of glycine 
receptors (see Figure 1 and accompanying statistics from Soja 
et al15). If glycinergic inhibition is the only mechanism respon-
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sible for hyperpolarizing motoneurons during REM sleep, then 
why does it remain after antagonism of glycine receptors? The 
authors of this paper themselves suggest that (1) “residual hy-
perpolarization may result from the presynaptic withdrawal of 
facilitatory influences (i.e., disfacilitation)” or that (2) “a non-
glycinergic inhibitory neurotransmitter may be responsible for 
the residual tonic hyperpolarization.”15 The possible role of dis-
facilitation in motoneuron hyperpolarization during REM sleep 
has not been studied at the cellular level. Therefore, although 
intracellular studies illustrate that glycine inhibits motoneurons 
during REM sleep, this is not the only factor responsible for 
either generating IPSPs or hyperpolarizing motoneurons during 
REM sleep; other mechanisms play a role in generating inhi-
bition/hyperpolarization—mechanisms that require identifica-
tion.

It is important to realize that non-glycinergic mechanisms 
also regulate motor outflow to skeletal muscles during REM 
sleep. For example, Dr. Siegel’s group has demonstrated that 
release profiles of several neurotransmitters change within 
hypoglossal and spinal motor pools during REM-like atonia. 
They report that glycine and GABA levels increase12 and sero-

tonin and noradrenaline levels decrease during REM atonia,13 
suggesting that both increased inhibition and decreased exci-
tation contribute to reduced motoneuron excitability and loss 
of muscle tone during REM sleep. Furthermore, Drs. Horner 
and Kubin, as well as our laboratory, have demonstrated that 
reduced monoaminergic excitation at somatic motor pools con-
tributes to REM sleep mechanisms of motor suppression.10,11,18 
In particular, withdrawal of an excitatory noradrenergic drive 
at trigeminal and hypoglossal motor pools underlies, at least in 
part, the reduction in masseter and genioglossus muscle tone 
in REM sleep.11,18 However, reduced excitation is not the only 
mechanism responsible for muscle atonia during natural REM 
sleep because direct application of excitatory transmitter ago-
nists (e.g., serotonin, noradrenaline, and glutamate) at trigemi-
nal and hypoglossal motor pools cannot reverse REM atonia 
of masseter and genioglossus muscles, despite the fact that 
these same excitatory agents have potent stimulatory effects on 
muscle tone during both wakefulness and NREM sleep.7,11,18-20 
Because REM atonia persists even when glycine and GABAA re-
ceptors are blocked and glutamatergic agonists are simultaneously 
applied to the trigeminal motor pool, we conclude that a powerful, 
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Figure 1—Blockade of glycine and GABAA receptors at the trigeminal motor pool does not prevent masseter muscle atonia during REM 
sleep. A. Typical EMG and EEG traces illustrating that strychnine/bicuculline perfusion into the left trigeminal motor pool increases left 
masseter muscle (LM) tone during waking and NREM sleep; this intervention only provokes muscle twitch activity during REM sleep, it does 
not reverse masseter REM atonia. B. Group data showing that 0.1mM strychnine/bicuculline perfusion increases LM tone in active (AW) and 
quiet waking (QW) and during NREM sleep; masseter activity in tonic REM sleep is unaffected. C. Example EEG/EMG traces from 1 rat 
showing how left masseter muscle activity changes during the transition into and out of REM sleep during baseline and strychnine/bicuculline 
perfusion. Traces illustrate that strychnine/bicuculline perfusion at the left trigeminal motor pool increases LM activity during the NREM and 
waking periods preceding and following REM onset, but that masseter atonia is unaffected by this intervention. D. Group data showing that 
strychnine/bicuculline perfusion increases basal LM tone in NREM and post-REM waking (QW), but not during REM sleep.
Note: * indicates P < 0.05 from baseline levels; # indicates P <0.05 from tonic REM sleep; A.U., arbitrary units. All values are mean ± SEM. 
Figures are adapted from Brooks and Peever (2008).7
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yet unidentified, inhibitory mechanism or mechanisms override 
excitation during REM sleep.7

Together, the preceding lines of evidence demonstrate that 
multiple mechanisms mediate motor outflow to skeletal mus-
cles during REM sleep. Such mechanisms include, but are 
not limited to, increased glycinergic and GABAA-mediated 
inhibition,7,8,14,15 as well as decreased noradrenergic and sero-
tonergic excitation.10,11,18 Although intracellular studies demon-
strate that glycinergic mechanisms inhibit spinal and trigeminal 
motoneurons during REM sleep,14,15,21 accumulating evidence7-9 
indicates that neither glycinergic nor GABAA-mediated inhibi-
tion plays a critical role in triggering REM atonia. We echo the 
sentiments of Drs. Berger2 and Kubin5 who cautiously suggest 
that REM atonia is probably not mediated by a single pathway 
but rather by a multitude of neurotransmitter mechanisms.

Technical Considerations

Some commentators have suggested that certain technical 
limitations with our experimental model prevented us from 
making meaningful conclusions. Although we acknowledge 
that our experimental approach has some limitations, we dis-
agree that they preclude us from making credible assertions; 
indeed, many laboratories use a similar approach to deduce 
mechanisms of brain function during sleep.22-26 We justify the 
claim that our experimental paradigm can be used to generate 
interpretable and meaningful data by addressing commentators’ 
concerns below.

Some commentators have suggested that we cannot inter-
pret our data because the microdialysis technique affects all 
cell types within the trigeminal motor pool. We agree that mi-
crodialysis perfusion simultaneously affects thousands of cells, 
receptors, and synapses within the trigeminal nucleus. In fact, 
we consider this a distinct advantage of the technique because 
only studies that manipulate the activity of an entire motoneu-
ron population (e.g., trigeminal motor pool) can ultimately de-
termine mechanisms responsible for producing physiological 
changes in muscle tone during REM sleep. Intracellular studies 
that examine the activity of one motoneuron at a time can only 
infer that the pathway under study represents the actual mech-
anism operating within the entire motor pool. In our experi-
ments, we acknowledge that our manipulations not only affect 
the 4,000 to 6,000 α-motoneurons,27-29 which are the primary 
constituents of motor pools, but also the supporting neural ele-
ments such as interneurons and glia. However, multiple lines 
of evidence indicate that the net effect (i.e., masseter muscle 
tone) of neurochemical manipulation at the motor pool is medi-
ated by trigeminal motoneurons. For example, we have previ-
ously shown that the microdialysis technique can be used to 
selectively block the AMPA–receptor-dependent excitation of 
motoneurons that causes the characteristic muscle twitches that 
punctuate REM atonia.19 Specifically, we have shown that per-
fusion of a non-NMDA receptor antagonist at the trigeminal 
motor pool completely blocks masseter muscle twitches during 
REM sleep, whereas perfusion of an NMDA receptor antago-
nist does not. These findings fully agree with intracellular stud-
ies showing that REM sleep muscle twitches are mediated by 
AMPA–receptor-driven excitatory postsynaptic potentials onto 
identified motoneurons during REM sleep.30 If our approach 

can successfully block the specific biochemical mechanisms 
that cause motoneurons to trigger REM muscle twitches, then 
why can this same approach not be used to determine whether 
glycinergic inhibition of motoneurons represents the mecha-
nism underlying REM atonia?

Furthermore, if the microdialysis technique primarily af-
fects motor outflow via interneuron-motoneuron interactions, 
then we would have expected changes in both left and right 
masseter muscle tone because trigeminal interneurons within 
the left motor pool also project to and densely innervate the 
right motor pool (and vice versa).31,32 However, in two separate 
studies, we have shown that manipulation of neurotransmission 
in the left trigeminal motor pool never affects right masseter 
muscle tone (see Figure 1 from Brooks and Peever7 and Figures 
3 and 4 from Burgess et al19). Although we have little doubt 
that interneurons are affected by such interventions, we assert 
that changes in muscle tone following drug interventions are 
predominantly mediated by trigeminal motoneurons.

Importantly, Dr. Funk4 noted that the hypoglossal motor 
pool is a homogenous nucleus that contains relatively fewer 
interneurons than the trigeminal motor pool. However, it is im-
portant to note that blockade of glycinergic and GABAergic 
transmission at the hypoglossal motor pool is also unable to re-
verse genioglossus atonia during natural or carbachol-induced 
REM sleep.8,9 Therefore, two series of experiments, one in the 
homogenous hypoglossal nucleus and the other in the trigemi-
nal motor pool, provide complementary evidence that blockade 
of glycinergic- and GABAA-mediated inhibition does not pre-
vent REM atonia.

Some commentators have suggested that indiscriminate dif-
fusion of drugs into nuclei surrounding the trigeminal motor 
pool somehow affected the normal triggering of REM sleep 
mechanisms. Drug diffusion is a ubiquitous problem in most 
studies of this nature, including the iontophoresis method used 
in intracellular recording studies discussed above. The ionto-
phoresis method affects not only the recorded motoneuron, but 
also local interneurons and glia; moreover, the strong currents 
used to eject drugs can also have deleterious side effects on syn-
aptic physiology (see reviews of this method33-35). Therefore, 
similar criticisms apply to the intracellular recording method. 
In our experiments, we acknowledge that drugs may diffuse 
into tissue surrounding the target site; however, we present evi-
dence illustrating that microdialysis perfusate primarily affects 
a small core of neurons in the trigeminal motor pool. First, we 
have shown36 that drug perfusion in the rostral ventromedial 
division of the trigeminal nucleus only affects the activity of 
palatal muscles that are innervated by motoneurons in this re-
gion; it has no effect on masseter muscles, which are inner-
vated by motoneurons in the adjacent dorsolateral division of 
the nucleus,37-39 indicating that drug perfusion only affects a 
small core of tissue. Second, we showed that sleep-wake ar-
chitecture, electroencephalographic spectral power, and right 
masseter muscle activity were unaffected by manipulation of 
neurotransmission at the left trigeminal motor pool,7, 19 suggest-
ing that drugs did not substantially diffuse and affect cells in the 
surrounding nuclei that mediate sleep and generalized muscle 
tone.40 Lastly, if drug diffusion into surrounding nuclei some-
how affected the normal triggering of REM sleep mechanisms, 
then why did blockade of glycine receptors in the homogenous 
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sporadic muscle twitches that punctuate REM atonia. This as-
sertion is consistent with both our work7 and that from intrac-
ellular recording studies.14,15 The data under discussion show 
that antagonism of glycine receptors at the trigeminal nucleus 
potently facilitates masseter muscle twitch activity during REM 
sleep, and intracellular studies show that the largest and most 
frequent glycine-sensitive IPSPs on motoneurons occur during 
periods of REM sleep with muscle twitches.45,46 Therefore, we 
suggest that glycinergic inhibition ultimately functions to op-
pose the glutamatergic inputs30 that trigger REM sleep muscle 
twitches.7,19

Although glycine inhibition is supposed to cause REM ato-
nia, we found that blocking glycine receptors had no effect 
on masseter muscle tone. We suggest that the residual IPSPs 
and hyperpolarization remaining in motoneurons after gly-
cine receptor antagonism14,15 represent the inhibitory mecha-
nism responsible for REM atonia. Accordingly, we conclude 
that glycinergic inhibition plays a negligible role in producing 
REM atonia—this phenomenon is primarily mediated by an un-
identified inhibitory neurochemical substrate or substrates. We 
therefore suggest that the mechanisms mediating REM atonia 
require reevaluation.

Unraveling Mechanisms of REM Atonia

We conclude by discussing some of our recent work that 
continues to identify mechanisms mediating REM atonia. As 
previously discussed, we recognize that our current experi-
mental model7 has limitations; therefore, we have developed 
two additional model systems that obviate such limitations and 
permit dissection of REM sleep mechanisms using unique ap-
proaches. Firstly, we have developed a transgenic mouse model 
for studying how loss of normal glycine- and GABAA-receptor 
function affects REM sleep motor control in behaving mice47, 48 
This model was generated by inserting a mutant glycine recep-
tor subunit into the mouse genome, which results in a 70% and 
90% reduction in normal glycinergic- and GABAA-mediated 
inhibition onto presumptive spinal motoneurons.49 Even though 
somatic motoneurons are virtually unable to respond to glycin-
ergic/GABAergic inhibition, our electrophysiological and be-
havioral data show that REM atonia is perfectly preserved—the 
only disruption in muscle tone in REM sleep was a marked ex-
aggeration of REM sleep muscle twitches.47,48 Such observa-
tions are consistent with the paper under forum discussion.7

We have also established an experimental model that uses 
protein-silencing methods to engineer trigeminal motoneurons 
so that they no longer express the critical chloride transporter 
KCC2 (i.e., potassium chloride cotransporter 2) that mediates 
the inhibitory effects of GABA and glycine.50,51 We used anti-
sense oligonucleotide technology to delete KCC2 from trigem-
inal motoneurons and found significant increases in masseter 
muscle tone during both waking and NREM sleep; however, 
this same intervention did not prevent REM atonia. Blockade 
of glycinergic and GABAergic inhibition only caused potent in-
creases in muscle twitch activity in REM sleep. These findings 
are entirely consistent with the paper under forum discussion.7

In summary, we have three separate but complementary 
experimental paradigms for manipulating glycinergic- and 
GABAA-mediated inhibition at the trigeminal motor pool; 

hypoglossal motor pool,8 which is located in the caudal medulla 
and distant to sleep-regulating circuitry, not prevent the major 
suppression of genioglossus muscle tone in REM sleep?

Finally, some commentators have suggested that REM ato-
nia was not reversed because glycine/GABAA receptors were 
insufficiently antagonized. We admit that we cannot unequivo-
cally refute this possibility; however, our control experiments 
show that strychnine and bicuculline (1) completely reversed 
the major suppression of masseter muscle tone evoked by ex-
ogenous application of high doses of glycine and GABA re-
ceptor agonists (see Figure 10 from Brooks and Peever7), (2) 
increased (above baseline) masseter tone by 502% during wak-
ing and 643% during NREM sleep, and, (3) potently increased 
masseter muscle twitches during REM sleep without affecting 
REM atonia (Figure 1). Because IPSPs that hyperpolarize mo-
toneurons are maximal when REM sleep muscle twitches oc-
cur41 and because we show that muscle twitches increased after 
strychnine/bicuculline application, we contend that glycine/
GABAA receptors were sufficiently antagonized. Furthermore, 
a landmark study from Dr. Kubin’s laboratory shows that doses 
of strychnine and bicuculline significantly higher (2.5 mM)9 
than the concentrations we used (0.1 mM)7 were also unable to 
prevent loss of genioglossus muscle tone in REM sleep when 
applied to the hypoglossal motor pool. Together, these findings 
indicate that glycinergic and GABAA-mediated inhibition plays, 
at most, a minor role in producing REM atonia.

REEVALUATING MECHANISMS OF REM ATONIA

If glycinergic inhibition is indeed this pervasive force that 
drives REM atonia, then why does blockade of glycine recep-
tors at the trigeminal motor pool not prevent it? Firstly, it is im-
portant to recognize that the intracellular method only samples 
a fraction of the motoneuron population and that this method 
has associated sampling biases, e.g., large cells are most easily 
recorded.42,43 Therefore, ���������������������������������������    one������������������������������������     possibility is that glycinergic in-
hibition predominates in only a minority of motoneurons. This 
could explain why antagonism of glycine receptors abolished 
IPSPs in only 32% of recorded motoneurons (with IPSPs re-
maining in 68% of cells)14 and why a significant degree of mo-
toneuron hyperpolarization remained during REM sleep even 
though glycine receptors were antagonized by strychnine.15 This 
assertion is also supported by the fact that not all motoneurons 
within a motor pool are controlled by the same neurochemi-
cal mechanisms. Even though the hypoglossal motor pool is 
considered a homogenous nucleus, there are in fact a variety of 
neurochemical inputs that differentially control motoneuron ac-
tivity, e.g., some motoneurons receive inspiratory inputs, others 
expiratory inputs, and others tonic inputs.42 It is therefore pos-
sible that glycinergic inhibition is responsible for suppressing 
motoneuron activity in only a restricted population of cells.

Dr. Funk4 also raised the point that different motor pools 
may be controlled by different biochemical mechanisms dur-
ing REM sleep, which could explain why postural muscle 
tone is lost while diaphragm muscle activity is spared during 
REM sleep; this concept may also explain why neck and lin-
gual muscle activity are differentially affected by REM sleep.44 
However, we suggest that the most parsimonious explanation is 
that glycinergic inhibition primarily functions to suppress the 
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nucleus in the rat. Brain Behav Evol 1982;20:19-28.

29.	 Chen KN, Wen CY, Shieh JY, Tseng TM. The somatotopy of 
the masticatory neurons in the rat trigeminal motor nucleus as 
revealed by HRP study. Proc Natl Sci Counc Repub China B 
1988;12:146-55.

30.	 Soja PJ, Lopez-Rodriguez F, Morales FR, Chase MH. Effects 
of excitatory amino acid antagonists on the phasic depolarizing 
events that occur in lumbar motoneurons during REM periods of 
active sleep. J Neurosci 1995;15:4068-76.

31.	 McDavid S, Lund JP, Auclair F, Kolta A. Morphological and im-
munohistochemical characterization of interneurons within the 
rat trigeminal motor nucleus. Neuroscience 2006;139:1049-59.

whether we disrupt inhibition via pharmacological, genetic, or 
protein-silencing methods, the results remain the same—depriv-
ing motoneurons of glycine- and GABAA-mediated inhibition 
does not prevent REM sleep atonia. Lastly, we do not doubt or 
even dispute the results from Drs. Chase and Soja’s intracellular 
studies showing that motoneurons are influenced by glycinergic 
inhibition during REM sleep14,15; however, we question the de-
gree to which glycinergic inhibition contributes to motor atonia 
in REM sleep. Accordingly, we suggest that glycine is but one of 
many biochemical pathways responsible for controlling muscle 
tone in REM sleep. We therefore conclude that there is indeed 
considerable uncertainty, and therefore no consensus, concern-
ing the mechanisms that underlie REM atonia.
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