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Carbachol excites sublaterodorsal nucleus neurons
projecting to the spinal cord

E J. Weng, R. H. Williams, J. M. Hawryluk, J. Lu, T. E. Scammell, C. B. Saper and E. Arrigoni

Department of Neurology, Beth Israel Deaconess Medical Center, Boston, MA 02215, USA

Key points

Neuroscience

e Activation of spinally projecting sublaterodorsal nucleus (SLD) neurons inhibits motor
activity, in part through spinal inhibitory interneurons, to produce muscle atonia during
rapid-eye-movement (REM) sleep.

e It has long been hypothesized that acetylcholine released during REM sleep contributes to
REM sleep atonia through activation of SLD neurons.

e We show, using whole-cell recordings in brainstem slices, that acetylcholine directly excites
spinally projecting SLD neurons via M; and M3 muscarinic receptors, and increases afferent
excitatory synaptic input to these neurons.

e These results suggest that acetylcholine contributes to REM sleep muscle atonia through
excitation of spinally projecting SLD neurons.

Abstract Considerable electrophysiological and pharmacological evidence has long suggested
an important role for acetylcholine in the regulation of rapid-eye-movement (REM) sleep. For
example, injection of the cholinergic agonist carbachol into the dorsomedial pons produces
an REM sleep-like state with muscle atonia and cortical activation, both of which are cardinal
features of REM sleep. Located within this region of the pons is the sublaterodorsal nucleus
(SLD), a structure thought to be both necessary and sufficient for generating REM sleep muscle
atonia. Subsets of glutamatergic SLD neurons potently contribute to motor inhibition during
REM sleep through descending projections to motor-related glycinergic/ GABAergic neurons in
the spinal cord and ventromedial medulla. Prior electrophysiological and pharmacological studies
examining the effects of acetylcholine on SLD neurons have, however, produced conflicting results.
In the present study, we sought to clarify how acetylcholine influences the activity of spinally
projecting SLD (SLDsp) neurons. We used retrograde tracing in combination with patch-clamp
recordings and recorded pre- and postsynaptic effects of carbachol on SLDsp neurons. Carbachol
acted presynaptically by increasing the frequency of glutamatergic miniature excitatory post-
synaptic currents. We also found that carbachol directly excited SLDsp neurons by activating an
Nat™—Ca’* exchanger. Both pre- and postsynaptic effects were mediated by co-activation of M;
and M; muscarinic receptors. These observations suggest that acetylcholine produces synergistic,
excitatory pre- and postsynaptic responses on SLDsp neurons that, in turn, probably serve to
promote muscle atonia during REM sleep.
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laterodorsal neurons; TH, tyrosine hydroxylase; TTX, tetrodotoxin; V4, holding potential
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Introduction

During rapid-eye-movement (REM) sleep, skeletal muscle
tone, with the exception of those muscles related to
breathing and eye movements, is dramatically reduced.
Thus, skeletal muscle atonia is a defining feature of REM
sleep. Dysfunction or damage to the supraspinal circuitry
regulating REM sleep motor atonia, such as occurs in
REM sleep behaviour disorder, results in the appearance
of dream-enactment behaviour (Gagnon et al 2006).
Conversely, inappropriate activation of the supraspinal
circuitry regulating REM sleep motor atonia, such as
occurs in narcolepsy with cataplexy, results in sudden
episodes of muscle atonia during wakefulness (Scammell,
2003). A more detailed understanding of the supraspinal
circuitry regulating REM muscle atonia would provide not
only important details of the neurobiology of REM sleep
but probably also the pathophysiological bases of REM
sleep behaviour disorder and cataplexy.

The sublaterodorsal nucleus (SLD) contains neurons
that are crucial for the generation of atonia during REM
sleep (Fuller et al. 2007; Luppi et al. 2012). In rats and mice,
the SLD is located in the dorsal pons immediately ventral
to the caudal laterodorsal tegmental nucleus and the locus
coeruleus (LC; Franklin & Paxinos, 1997; Clement ef al.
2011). This region is also known as the subcoeruleus area
and is likely to be the homologue of the cat peri-locus
coeruleus-a (peri-LCa; Sakai et al. 2001). Considerable
evidence suggests that the SLD is both necessary and
sufficient for driving muscle atonia during REM sleep
(Sakai et al. 2001; Boissard et al. 2002; Lu et al. 2006;
Fuller et al. 2007; Luppi et al. 2011; Vetrivelan et al. 2011).
Pharmacological activation of putative SLD neurons in
cats and rats rapidly produces an REM sleep-like state that
is characterized by muscle atonia and cortical activation,
with prominent EEG theta activity (Lai & Siegel, 1991;
Onoe & Sakai, 1995; Boissard et al. 2002). Electrical
stimulation of the SLD region in rats produces bilateral
or contralateral suppression of muscle tone, depending
on the site of the stimulation (Hajnik et al 2000).
Furthermore, small lesions of this area in cats or rats or
focal disruption of glutamatergic transmission in these
neurons in mice produces REM sleep without atonia,
which is phenotypically very similar to that seen in humans
with REM sleep behaviour disorder (Morrison, 1988; Lu
et al. 2006; Krenzer et al. 2011). Interestingly, degeneration
of the SLD neurons in humans is hypothesized to be a
major component of the pathogenesis of human REM
sleep behaviour disorder (Boeve et al. 2007; Mathis et al.
2007).

Sublaterodorsal nucleus neurons are glutamatergic,
active during REM sleep (Lu ef al. 2006; Clement
et al. 2011; Krenzer et al. 2011), and are thought to
promote atonia through descending projections that
couple synaptically with glycinergic/ GABAergic premotor
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neurons in the spinal cord or ventromedial medulla (Soja
et al. 1991; Boissard et al. 2002; Lu et al. 2006; Fuller et al.
2007; Lai et al. 2010; Krenzer et al. 2011; Vetrivelan et al.
2011; Chase, 2013). During REM sleep, acetylcholine is
thought to participate in the activation of these descending
atonia pathways (Jones, 1991; McCarley, 2007). For
example, when the cholinergic agonist carbachol is
injected in the vicinity of the SLD in rats and, to a lesser
extent, in mice, an REM sleep-like state, including muscle
atonia, EEG desynchronization, rapid eye movements and
ponto-geniculate waves, is induced (Baghdoyan, 1997;
Kubin, 2001). The cat SLD has also been shown to contain
REM sleep-on neurons that are activated by carbachol
(Sakai & Koyama, 1996; Sakai et al 2001). Although
researchers have identified several sites in the medial
pontine reticular formation at which carbachol can elicit
these REM sleep-like phenomena, the SLD region is the
most effective site (Kubin, 2001). Accordingly, the cat SLD
has been shown to contain REM sleep-on neurons that are
activated by carbachol (Sakai & Koyama, 1996; Sakai et al.
2001).

It has been a major challenge to identify SLD neurons
that are active during atonia in an in vifro brain
slice preparation. A particular challenge derives from
the fact that the SLD region is heterogeneous and
includes neurons with no established relationship to REM
sleep atonia. This heterogeneity may explain why pre-
vious electrophysiological studies of SLD region neurons
have found both excitatory and inhibitory responses to
carbachol (Sakai & Koyama, 1996; Brown et al. 2006;
Garcia-Rill et al. 2007; Heister et al. 2009). In an effort
to reconcile these conflicting reports, we developed a
novel approach to help clarify the following two key
issues. (i) How does carbachol affect SLD neurons that
subserve REM sleep atonia? (ii) Does carbachol act
directly on these neurons or indirectly through local or
distant circuitry? Our experimental approach comprised
a combination of retrograde tracing and in vitro electro-
physiology techniques that facilitated the identification of
spinally projecting SLD (SLDsp) neurons and subsequent
characterization of the specific cellular mechanisms by
which carbachol excites SLDsp neurons (Lu et al. 2006;
Krenzer et al. 2011).

Methods
Animal care and ethical approval

We used 103 C57BL/6 male and female mice, between the
ages of 9and 25 days (The Jackson Laboratory, Bar Harbor,
ME, USA). The mice were housed in a pathogen-free
barrier animal research facility maintained ona 12 h—12 h
light—dark cycle (lights on at 07.00 h) at 22°C ambient
temperature and with ad libitum access to food and water.
Care of the mice met the National Institutes of Health
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standards, as set forth in the Guide for the Care and
Use of Laboratory Animals, published by the US National
Institutes of Health (NIH publication no. 85-23, revised
1996), and all protocols were approved by the Beth Israel
Deaconess Medical Center Institutional Animal Care and
Use Committee.

Fluorescent retrograde labelling of SLD neurons

We injected rhodamine-labelled fluorescent latex beads
(~0.1 um diameter; Lumafluor Inc., Naples, FL, USA) into
the ventral horn of the spinal cord. These beads are taken
up by nerve terminals and retrogradely transported. We
initially anaesthetized the mice in an induction chamber
with isoflurane (4-5% in oxygen, using an anaesthetic
vapourizer). We then fixed the mouse in a stereotaxic
frame and reduced the dose of isoflurane to 1-2%. We
incised the skin over the spine and, after appropriate
dissection and laminectomy, we lowered a glass micro-
pipette vertically into the spinal cord to the designated
co-ordinate. To minimize injury to the spinal cord, we
slowly injected 150 nl of beads over 5 min using a
silane-coated glass micropipette (25-30 um tip diameter)
and an air-pressure injection system. The injections
were targeted at laminae VII and VIII at the T1 level
(mediolateral, +0.4 mm and dorsoventral, —0.5 mm;
Franklin & Paxinos, 1997). In these experiments, we used
only mice in which the injection was placed in the ventral
horn. Injections into the dorsal horn retrogradely labelled
the LC but not the SLD, so we excluded mice with labelling
restricted to the LC and mice in which the injection
was restricted to the dorsal horn. Two to five days after
the surgery, we used the injected mice to prepare brain
slices for in vitro recordings. We found many retrogradely
labelled SLD neurons ipsilateral and contralateral to the
injection, and we recorded neurons from either side of the
pons.

Slice preparation and whole-cell patch-clamp
recordings

To prepare brain slices, we anaesthetized mice with iso-
flurane to the point of respiratory arrest, followed by
decapitation. Using a vibrating microtome (VT1000;
Leica, Bannockburn, IL, USA), we cut coronal brain
slices (300 pm thick) in ice-cold artificial cerebral spinal
fluid (ACSF; Hepes-buffered solution) oxygenated with
100% O,. We recorded the slices submerged and perfused
(2 ml min~!) with ACSE. We recorded only retrogradely
labelled neurons (containing the fluorescent beads) in
the SLD region in two or three coronal slices (—4.9 to
—5.5 mm from bregma; Franklin & Paxinos, 1997; Figs
1 and 2). To guide our recordings, we used fluorescence
and infrared differential interference contrast video micro-

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society

Muscarinic activation of pontine atonia neurons

1603

scopy using a fixed stage upright microscope (BX51WI;
Olympus America Inc.) equipped with a Nomarski water
immersion lens (x40/0.8 W) and infrared-sensitive CCD
cameras (300T-RC; DAGE MTI, Michigan City, IN, USA;
or ORCA-ER; Hamamatsu, Bridgewater, NJ, USA). We
recorded in whole-cell configuration at room temperature
using a Multiclamp 700B amplifier (Molecular Devices,
Foster City, CA, USA), a Digidata 1322A interface and
Clampex 9.0 software (Molecular Devices). We monitored
the series resistance at regular intervals, and we discarded
the data if neurons showed an unstable resting membrane
potential or if the series resistance changed by more than
25%.

Data analysis and statistics

We analysed the current-clamp and voltage-clamp
recordings using Clampfit 9.0 (Molecular Devices) and
IGOR Pro 6 (WaveMetrics, Lake Oswego, OR, USA).
We measured the resting membrane potential in control
ACSF and in SLDsp neurons that exhibited spontaneous
firing below 2.5 Hz. We calculated input resistance
before and during carbachol application using 500 ms
hyperpolarizing current pulses in tetrodotoxin (TTX)
and at resting membrane potential. We calculated the
action potential amplitude as the voltage between the
threshold and the action potential peak. We calculated
the action potential duration as the width at the voltage
halfway between the action potential threshold and the
action potential peak. We determined the action potential
threshold as the voltage at which the slope of the action
potential reached >20 V s™!. We calculated the predicted
Na™—Ca’" exchanger reversal potential (Eycx) for a 3:1
stoichiometry as Excx = 3Ena — 2Eca (Weber et al. 2002).
We analysed the spontaneous and miniature excitatory
postsynaptic currents (SEPSCs and mEPSCs) offline using
Mini Analysis 6 (Synaptosoft, Leonia, NJ, USA). We ranked
the synaptic events (5 min in control conditions, the
last 5 min of 10 min carbachol application, and the last
5 min of a 15 min washout) by amplitude and interevent
interval to prepare cumulative probability distributions.
We compared the results using the non-parametric
Kolmogorov—Smirnov test. For all the statistical analyses,
we used StatView (SAS Institute, Cary, NC, USA). We
normalized all the values by dividing the values of control
and treatment samples by the mean of the control sample.
Such normalization conserves the distribution and the
relative variance of the samples, allowing the subsequent
use of Student’s f test. We used Student’s paired t tests
or one-way ANOVA (with repeated measures) followed
by Fisher’s PLSD tests for statistical analysis. A value of
a < 0.05 was considered significant. Results are expressed
as means & SEM.
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Reagents and solutions

The composition of the ACSF was as follows (mm):
140 NaCl, 3 KCI, 1.3 MgSOy, 2.4 CaCl,, 1.4 NaH,POy,
11 glucose and 5 Hepes (pH adjusted to 7.2 with
NaOH, 315-320 mosmol I7!). The pipette solution was
as follows (mM): 120 potassium gluconate, 10 KCI,
3 MgCl,, 10 Hepes, 2.5 potassium ATP, 0.5 sodium
GTP and 0.1 Alexa Fluor 555 hydrazide fluorescence
dye (Invitrogen Co., Carlsbad, CA, USA; pH adjusted to
7.2 with KOH; 280 mosmol 171). We recorded mEPSCs
in TTX (1 wum). For recordings in extracellular low
Nat, we used a choline-based solution in which 80%
of the NaCl was replaced with choline chloride and a
pipette solution in which we replaced 10 mm potassium
gluconate with 10 mm NaCl (final concentration
110 mM potassium gluconate). We purchased TTX,
KB-R7943 mesylate, dihydro-g-erythroidine hydro-
bromide (DHBE), 4-DAMP, AQ-RA-741, PD102807,
VU0255035 and J104129 from Tocris Bioscience (Ellisville,
MO, USA). We purchased all the other reagents from
Sigma-Aldrich (St Louis, MO, USA). We dissolved
KB-R7943 mesylate, 4-DAMP, AQ-RA-741, PD102807,
VU0255035 and J104129 in dimethyl sulfoxide. The final
concentration of dimethyl sulfoxide in the ACSF was
<0.1%.

Histology

Immediately after the preparation of brain slices, we
removed the spinal cords, fixed them overnight in 10%
buffered formalin (Fisher Scientific, Pittsburg, PA, USA),
then cut them into 80 um axial sections on a freezing
microtome and examined them with fluorescence micro-
scopy to validate the location of the injected beads.

After the slice recordings, we fixed the brain slices
(300 um) overnight in 10% buffered formalin. We photo-
graphed the brain slices under fluorescence microscopy to
document the location of retrogradely labelled neurons.
To identify the recorded neurons filled with the red/orange
fluorescent dye (Alexa Fluor 555) we dissolved the beads
in xylene. We dehydrated the recorded slices in a series
of graded ethanols (50, 70, 95 and 100%; 10 min for
each solution) and then placed the slices in xylene for
10 min. This technique thoroughly dissolved the beads,
and we then photographed the slice. By digitally super-
imposing the two images, we mapped the location of
the recorded neurons in relationship to the cluster of
retrogradely labelled cells in the SLD.

Next, we resectioned the recorded slices into 60 pum
sections on a freezing microtome and then processed
them for tyrosine hydroxylase (TH) immunoreactivity.
We incubated the sections overnight in rabbit TH
primary antibody (1:1000 dilution; AB152; lot JC1634159;
Chemicon International/Millipore, Temecula, CA, USA)
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in PBS containing 0.3% Triton X-100 and then the next
day in goat Cy2-anti-rabbit IgG secondary antibody (1:500
dilution in PBS containing 0.3% Triton X-100; Jackson
ImmunoResearch, West Grove, PA, USA) for 2 h. This
rabbit polyclonal antibody is raised against purified rat
pheochromacytoma TH. It recognizes a single band of
62 kDa molecular weight on Western blots of rat brain
(manufacturer) and stains a pattern of neurons in the
rat pons consistent with previous reports (Bruinstroop
et al. 2011). Omission of the TH primary antisera showed
no immunoreactivity above background. We mounted
the sections on gelatin-coated slices, dehydrated them in
ascending concentrations of ethanol, delipidated in xylene
and coverslipped them. We examined the sections under
fluorescence to determine the location of the recorded
neurons with respect to the TH-labelled neurons of the LC
and whether or not they were positive for TH immuno-
reactivity.

Results

Recordings from REM-atonia neurons of the SLD in
brainstem in vitro slices

To facilitate the identification of SLDsp neurons in our in
vitro brainstem slice preparation, we injected fluorescent
latex microspheres (which are physiologically inert) into
the ventral horn of the spinal cord in vivo (Fig. 1). Two to
five days later, the mice were killed for in vitro recordings.
We recorded only from retrogradely labelled SLD neurons
containing the fluorescent microspheres (Figs 1 and 2).
The LC, which is immediately dorsal to the SLD, also
projects to the spinal cord (VanderHorst & Ulfhake, 2006;
Bruinstroop et al. 2011). To avoid any spinally projecting
LC neurons, we focused our analysis on neurons that were
located ventral to the LC and dorsal to the trigeminal
motor nucleus, positive for microspheres but lacking TH
immunoreactivity (determined post hoc).

We found that the SLDsp neurons were a relatively
homogeneous population with electrophysiological
properties distinct from the neighbouring noradrenergic
LC neurons. The SLDsp neurons had an average
membrane potential of —41.2 = 0.8 mV and an average
input resistance of 597 + 51 MQ (n = 32). Seventy-seven
per cent of SLDsp neurons were spontaneously active
(n = 65 in which spontaneous firing was assessed). These
spontaneously active SLDsp neurons had a mean firing
frequency of 3.0 = 0.3 Hz (n = 50) and a mean firing
threshold of 47.3 £+ 0.6 mV (n = 10). The SLDsp neurons
had a relatively narrow action potential (1.91 & 0.09 ms,
n = 50) compared with LC neurons (2.80 = 0.19 ms,
n = 9; P < 0.01; Student’s unpaired ¢ test) and had an
after-hyperpolarization amplitude of —15.2 £ 0.8 mV
(n = 13). In contrast to LC neurons, SLDsp neurons
showed little or no delay in rebound firing during

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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repolarization from hyperpolarizing potentials (SLDsp  or no hyperpolarization-activated current (I;). These
neurons, 151.6 &+ 23.3 ms, n = 24 vs. LC neurons, firing characteristics are similar to those of a previously
685.5 £ 108.7 ms, n = 9; P < 0.01; Student’s unpaired described population in this region (Brown et al. 2006),
ttest). In addition, they lacked low-threshold Ca** spikes  although their spinal projections were not known at the
and had an inwardly rectifying K™ current and little  time.

Figure 1. Whole-cell recordings in brainstem slices of spinally projecting sublaterodorsal (SLDsp)
neurons

A, photographs show the distribution of fluorescent retrogradely labelled neurons in the ventral locus coeruleus
(vLC) and sublaterodorsal nucleus (SLD; left), the same section visualized under bright field illumination (centre) and
represented as a schematic drawing of the nuclei, 4th ventricle (4V); Barrington’s nucleus (Bar); central gray, alpha
part (CGA); central gray, beta part (CGB); dorsomedial tegmental area (DMTQ); dorsal raphe nucleus, interfascicular
(DRI); dorsal tegmental nucleus central (DTgC); dorsal tegmental nucleus pericentral (DTgP); locus coeruleus (LC);
laterodorsal tegmental nucleus (LDT); lateral parabrachial nucleus (LPB); mesencephalic 5 nucleus (Me5); medial
longitudinal fasciculus (mlf); medial parabrachial nucleus (MPB); motor trigeminal nucleus (Mo5); pontine raphe
nucleus (PnR); reticulotegmental nucleus of pons (RtTg); superior cerebellar peduncle (scp); sublaterodorsal nucleus
(SLD); (adapted from Franklin & Paxinos, 1997; scale bar = 200 um). B, the injection site in the T1 ventral horn
(scale bar = 200 um). C, an example of recordings of SLDsp neurons visualized under fluorescent and infrared
differential interference contrast systems and after being filled with Alexa Fluor 555 from the recording pipette
(scale bar = 20 um). D, an example of a recorded SLDsp neuron, filled with Alexa Fluor 555 (left), located
immediately ventral to the locus coeruleus (LC), and negative for tyrosine hydroxylase (TH) immunoreactivity (in
green; centre panel, scale bar = 200 um; right panel, scale bar = 20 um). E, the firing of SLDsp neurons is
characterized by a small delay or no delay in rebound firing during repolarization from hyperpolarizing potentials,
no low-threshold Ca®* spikes, and little or no hyperpolarization-activated current (/,)-mediated depolarizing sag.
F and G, an example of a recorded neuron that was retrogradely labelled from the spinal cord, that was located
ventral of the LC but was positive for TH immunoreactivity (Alexa Fluor 555 in red and TH immunoreactivity in
green; scale bar = 200 pm). This SLD TH-positive spinally projecting neuron has the electrophysiological properties
of a typical LC neuron, including delayed rebound firing on recovery from hyperpolarizing current pulses due to
activation of an A-type current and no /,-mediated depolarizing sag.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Carbachol excites SLDsp neurons through M; and M3
muscarinic receptors

We found that carbachol (15 uM) excites 83% of SLDsp
neurons. Of 54 SLDsp neurons tested, only six were
inhibited and three showed no response. In current-clamp
recordings of SLDsp neurons that were excited, carbachol
induced membrane depolarization (+6.1 £ 0.4 mV;
n = 7) and increased the spontaneous firing rate (by
100.8 £ 25.3%; n = 8; P < 0.01, Student’s paired ¢ test,
carbachol vs. control conditions; Fig. 2). These effects were
not associated with a change in input resistance (control
conditions, 525 &+ 61 M and carbachol, 507 + 61 M;
n = 10; P = 0.54, Student’s paired ¢ test, carbachol
ys. control conditions). In addition, carbachol did not
change the action potential amplitude (control conditions,
58.0 &+ 4.0 mV and carbachol, 57.1 &+ 3.9 mV; n = 9;
P > 0.05, Student’s paired ¢ test, carbachol vs. control
conditions), duration (control conditions 1.78 &= 0.16 ms
and carbachol, 1.81 £ 0.16 ms; n = 9; P > 0.05, Student’s
paired t test, carbachol vs. control conditions) and action
potential threshold (control conditions, —30.1 £ 1.8 mV
and carbachol, —29.2 + 1.9 mV; n=9; P > 0.05, Student’s
paired f test, carbachol vs. control conditions).

In voltage-clamp recordings [holding potential
(V) = —60 mV] from SLDsp neurons excited
by carbachol, carbachol evoked an inward current
(—20.1 £ 5.2 pA; n = 12; P < 0.01, Student’s paired
t test, carbachol vs. control conditions) accompanied
by an increase in membrane current noise. These
effects were maintained in the presence of 1 um TTX
(—20.6 2.2 pA; n=22; P < 0.01, Student’s paired ¢ test,
carbachol vs. control conditions). The carbachol-mediated
current was unaffected by a cocktail of nicotinic receptor

A carbachol B
S — N3 carbachol
L ——
> 2
£l
£ i
0 5 10 15 20 25
Time (min)

Figure 2. Carbachol excites SLDsp neurons

A, the response of a typical SLDsp neuron to carbachol (15 um). B, a
5 min application of carbachol increases the firing frequency of eight
SLDsp neurons. C, the distribution of 72 recorded SLDsp neurons.
The LC is highlighted in grey. The numbers at the bottom indicate
the distance (in millimetres) posterior to bregma.
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antagonists, i.e. hexamethonium chloride (C6; 100 uM)
plus methyllycaconitine citrate (MLA; 10 nMm) plus
mecamylamine (MEGC; 1 uM) plus dihydro-S-erythroidine
hydrobromide (DHPBE; 500 nM), but was abolished by
the muscarinic receptor antagonist scopolamine (10 um),
indicating that carbachol directly excites SLDsp neurons
through muscarinic receptors (Fig. 3). In the presence
of the nicotinic receptor antagonists, carbachol still
evoked an inward current of comparable amplitude
to that in control ACSF (—19.8 £ 3.6 pA; n = 7;
P < 0.01, Student’s paired ¢ test, carbachol + C6
+ MLA + MEC + DHPBE vs. C6 + MLA + MEC
+ DHPE), but not in the presence of scopolamine
(—2.9 £ 0.8 pA; n=9; P > 0.05, Student’s paired t test,
carbachol + scopolamine vs. scopolamine). Application
of pirenzepine, an preferential M; receptor antagonist,
or 1,1-Dimethyl-4-diphenylacetoxypiperidinium iodide
(4-DAMP), a preferential M3/M; receptor antagonist,
both reduced the response of carbachol. Pirenzepine
(10 um) reduced the carbachol-mediated current to
23.34+7.6% (n=28), whereas 4-DAMP (100 nM) reduced it
t043.8 £9.1% (n = 12). It is known that pirenzepine also
binds with relative high affinity to M3 and M, receptors,
although it has much lower affinity for M, (Buckley
et al. 1989). It is unclear whether 10 M pirenzepine can
antagonize the carbachol response at M; receptors. For
instance, it antagonizes ligand-induced responses at M;
receptors in submaxillary gland membranes but not in
subthalamic neurons (Buckley et al. 1989; Shen & Johnson,
2000). Therefore, based on our results with pirenzepine
and 4-DAMP, we concluded that M; receptors are likely
to mediate arbachol excitation of SLDsp neurons, but
the involvement of the Mj subtype was still uncertain.
Combined application of pirenzepine and 4-DAMP
(10 uMm pirenzepine + 100 nM 4-DAMP) abolished the
carbachol-evoked inward current (—1.3 £ 0.6 pA; n = 6;
P> 0.05, Student’s paired ttest, carbachol + pirenzepine +
4-DAMP vs. pirenzepine + 4-DAMP), whereas combined
application of the preferential M,/M, receptor antagonist
AQ-RA-741 and the My-selective receptor antagonist
PD102807 (AQ-RA-741 200 nm + PD102807 1 uM) was
ineffective in antagonizing the carbachol-evoked inward
current (—22.3 + 3.1 pA; n = 7; P < 0.01, Student’s
paired f test, carbachol + AQ-RA-741 + PD102807 vs.
AQ-RA-741 + PD102807). Therefore, and in agreement
with the excitatory response on SLDsp neurons, we
concluded that carbachol acts through M; and/or M;
receptor subtypes (Gq-coupled receptors) but not through
M, and M, subtypes (G;j-coupled receptors). We next used
two selective antagonists for M; and M3 receptors, namely
VU0255035 (M;— selective; Sheffler et al. 2009) and
J104129 (M3—selective; Mitsuya et al. 1999). We found that
both reduced the response of carbachol but did not abolish
it. VU0255035 (1 um) reduced the carbachol-mediated
current to 56.1 & 17.8% (n = 7) and J104129 (50 nM)

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Figure 3. Carbachol excites the SLDsp neurons through M1 and M3 muscarinic receptors

A-C, carbachol (15 uM) activates an inward current (A) that is unaffected by the following cocktail of nicotinic
receptor antagonists: hexamethonium chloride (C6; 100 um) + methyllycaconitine citrate (MLA; 10 nm) +
mecamylamine (MEC; 1 um) + dihydro-B-erythroidine hydrobromide (DHBE; 500 nm; B), but is blocked by the
muscarinic receptor antagonist, scopolamine (10 uM; C). D-F, the preferential My receptor antagonist pirenzepine
(10 um; D) and the preferential M3/M; receptor antagonist 1,1-Dimethyl-4-diphenylacetoxypiperidinium iodide
(4-DAMP; 100 nwm; E) only produce a partial block of the carbachol-mediated current, whereas, when co-applied
(pirenzepine + 4-DAMP) they abolish the effects of carbachol (F). G, combined application of the preferential
My/My receptor antagonist AQ-RA-741 (200 nm) and the My-selective receptor antagonist PD102807 (1 um)
does not block carbachol-evoked inward current. H-J, both the Mj-selective antagonist VU0255035 (1 um; H)
and the Ms-selective antagonist J104129 (50 nwm; /) only produce a partial block of the response of carbachol,
but when co-applied (VU0255035 + J104129) they abolish the effects of carbachol (J). K, summary histogram
of carbachol-mediated current recorded in control artificial cerebrospinal fluid (ACSF; con; n = 22) and in the
presence of C6 + MLA + MEC + DHBE (n = 7), of scopolamine (scop; n = 9), of pirenzepine (pirenz; n = 8),
of 4-DAMP (n = 12), of pirenzepine + 4-DAMP (n = 6), of AQ-RA-741 + PD102807 (n = 7), of U0255035
(n=7), of J104129 (n = 7) and of VU0255035 + J104129 (n = 5). *P < 0.05 and **P < 0.01, Student’s paired
t test, comparing holding currents before and during carbachol applications in the different conditions. P < 0.05,
1P < 0.01, Fg,809) = 9.068, P < 0.001, one-way ANOVA, Fisher’s PLSD, comparing carbachol-mediated current in
control ACSF (con) vs. the carbachol-mediated current of the pharmacologically treated groups (C6 + MLA + MEC
+ DHBE, scop, pirenz, 4DAMP, pirenz + 4DAMP, AQRA741 + PD102807, VU0255035, J104129 and VU0255035
+ J104129). All recordings were conducted in TTX (1 um) and at a holding potential (V4,) of —60 mV.
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Figure 4. Carbachol excites the SLDsp neurons through the activation of an Nat-Ca?t exchanger

A, carbachol (15 um) activates an inward current across the entire voltage ramp, resulting in a parallel shift of
the current-voltage relationship. B, blocking K* conductances with BaCl, (1 mm) does not block the effect of
carbachol. C-F, the effect of carbachol is instead blocked by replacing 80% of extracellular Na™ with choline
chloride (low-Na* ACSF; ), is reduced by BAPTA (10 mm in the recording pipette; D) and is blocked by EGTA
(10 mm in the recording pipette; E) or by the Nat—-Ca?* exchanger blocker, KB-R7943 (KB-R; 35 um; F). All the
current-voltage relationships were obtained using voltage ramps (from —100 to —40 mV; 6 mV s~'). G, examples
of voltage-clamp recordings (V4, = —60 mV) before and during carbachol applications in BaCl, (1 mm), low-Na*
ACSF, with BAPTA (10 mm) or EGTA (10 mwm) in the recording pipette, and in KB-R7943. H, summary histogram
of carbachol-mediated current recorded in control ACSF (con; n = 22; data also represented in Fig. 3H), in BaCl,
(BaCly; n = 6), in low-Na™ ACSF (low Na*; n = 8), with BAPTA or EGTA in the recording pipette (BAPTA, n = 8;
and EGTA, n = 7) and in KB-R7943 (KB-R; n = 12). **P < 0.01, Student’s paired t test, comparing holding currents
before and during carbachol applications. 1P < 0.01, Ff557) = 18.04, P < 0.001, one-way ANOVA, Fisher's
PLSD, comparing carbachol-mediated current in control ACSF (con) vs. the carbachol-mediated current of the

pharmacologically treated groups (BaCl, low Na*t, BAPTA, EGTA and KB-R). All recordings were conducted in TTX
(1 m).
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reduced it to 53.1 + 15.0% (n = 7). Combined
application of VU0255035 and J104129 (VU0255035
1 uM + J104129 50 nm) abolished carbachol-mediated
current (—3.9 £+ 1.6 pA; n = 5; P > 0.05, Student’s
paired ¢ test, carbachol + VU0255035 + J104129 wvs.
VU0255035 + J104129). Altogether, these results strongly
suggest that the carbachol-mediated excitation of the
SLDsp neurons occurs by co-activation of M; and M;
receptor subtypes (Fig. 3).

Carbachol excites SLDsp neurons through the
activation of an Nat-CaZ+ exchanger

We next examined the ionic mechanisms mediating
carbachol excitation of SLDsp neurons. We first
determined the current—voltage (I-V) relationship of the
carbachol response using a voltage ramp protocol (from
—100 to —40 mV, at 6 mV s~!). We then tested whether
cations that can block K* conductances could block the
response of carbachol (Fig. 4). Barium chloride (1 mm)
did not affect the carbachol-evoked inward current
(—23.50 £ 3.42 pA; n = 6; P < 0.01, Student’s paired
t test, carbachol 4+ BaCl, vs. BaCl,; and P = 0.38, one-way
ANOVA, carbachol in BaCl, vs. carbachol in control
ACSF), indicating that the effect of carbachol was not
mediated through a Kt conductance. Carbachol produced
an inward current across the entire voltage ramp, resulting
in a parallel shift of the I-V relationship. This suggested
that the reversal potential of the carbachol-mediated
current is at a potential far from the range of potentials
of our ramp protocol. It has been previously reported
that carbachol excites basal forebrain neurons through
activation of the Na*—Ca®" exchanger (Xu et al. 2006),
which based on the composition of our extracellular and
pipette solutions and a 3 Na*:1 Ca?" stoichiometry, has
a predicted reversal potential of approximately +175 mV
(Weber et al. 2002). To test whether the effect of carbachol
was mediated through an Na™—Ca’" exchanger, we
used the following three approaches: (i) we lowered the
Na™ gradient across the membrane; (iii) we buffered
intracellular Ca®*; and (iii) we blocked the Nat—Ca’*
exchanger with KB-R7943. We first replaced 80% of
extracellular Nat with choline chloride (low-Nat ACSF)
and increased the concentration of Na* in the recording
pipette to 10 mMm. This shifted the predicted reversal
potential of the Na™Ca’* exchanger to approximately
—55 mV and abolished carbachol-evoked inward current
(—0.85 £+ 0.57 pA; n=8; P > 0.05, Student’s paired ¢ test,
carbachol in low-Na™ ACSF vs. control low-Nat ACSF).
The carbachol response was also sensitive to intracellular
free Ca’". We found that the response to carbachol was
greatly reduced when we buffered intracellular Ca** with
1,2-bis-(0-aminophen-oxy)ethane-N,N,N’,N’-tetraacetic
acid (BAPTA; 10 mM in the recording pipette;
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—7.53 & 1.43 pA; n = 8; P < 0.01, Student’s paired
t test, carbachol with BAPTA vs. control conditions with
BAPTA) and it was blocked by EGTA (10 mMm in the
recording pipette; —2.20 + 1.38 pA; n = 7; P > 0.05,
Student’s paired ¢ test, carbachol with EGTA vs. control
conditions with EGTA). In addition, application of
KB-R7943 (35 uM), which at this concentration inhibits
the Nat—Ca** exchanger in forward mode (Iwamoto et al.
1996), completely blocked the carbachol-mediated inward
current (—0.79 £+ 1.75 pA; n = 12; P > 0.05, Student’s
paired ¢ test, carbachol + KB-R7943 vs. KB-R7943).
Altogether, these results strongly suggest that carbachol
directly excites SLDsp neurons by activating an Na*—Ca**
exchanger (Fig. 4).

Carbachol increases glutamatergic input to SLDsp
neurons through presynaptic M, and M3 muscarinic
receptors

We next examined the effects of carbachol on
glutamatergic input to SLDsp neurons. Carbachol
(15 M) administration nearly doubled the frequency of
glutamatergic sEPSCs (control conditions, 3.15 &= 1.00 Hz
and carbachol, 6.12 4+ 1.32 Hz; n = 8§ P < 0.01,
Student’s paired ¢ test; Fig. 5). This effect was reversed
after 20 min if washout, and the sEPSCs were completely
abolished by the AMPA receptor antagonist DNQX
(20 pum; n = 3; recordings in 10 uMm bicuculline at V}, =
—60 mV).

To determine whether carbachol acts on pre-
synaptic glutamatergic terminals, we tested its effects
on glutamatergic mEPSCs. Carbachol increased the
frequency of glutamatergic mEPSCs by 66% (control
conditions, 1.12 4 0.18 Hz and carbachol, 1.87 & 0.37 Hz;
n = 10; P < 0.01, Student’s paired t test; and washout,
1.07 £ 0.21 Hz). Carbachol had no effect on mEPSC
amplitude (control conditions, 12.65 4+ 1.13 pA and
carbachol, 12.44 + 1.17 pA; n = 10; P = 0.59, Student’s
paired ¢ test; washout, 11.97 & 1.36 pA), consistent with
a presynaptic effect. Application of scopolamine (10 um)
completely blocked the effects of carbachol on mEPSC
frequency (scopolamine, 0.80 & 0.14 Hz and scopolamine
+ carbachol, 0.78 4 0.14 Hz; n = 8; P = 0.83, Student’s
paired ttest), indicating that carbachol acts presynaptically
through muscarinic receptors (Fig. 5).

Application of pirenzepine (preferential M; receptor
antagonist) or 4-DAMP (preferential M3/M, receptor
antagonist) reduced but did not block the effect of
carbachol on mEPSC frequency (Fig. 6). In the pre-
sence of pirenzepine (10 um), carbachol still increased
the frequency of glutamatergic mEPSCs by 44%
(pirenzepine, 1.21 +0.12 Hz and pirenzepine + carbachol,
1.74 + 0.15 Hz; n = 8; P = 0.007, Student’s paired
ttest), whereas in 4-DAMP (100 nMm), carbachol increased
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mEPSC frequency by only 14% (4-DAMP, 0.74 £ 0.07 Hz
and 4-DAMP + carbachol, 0.85 £+ 0.09 Hz; n = 10;
P =0.013, Student’s paired ¢ test). Combined application
of pirenzepine and 4-DAMP (10 uM pirenzepine + 100 nM
4-DAMP) completely abolished the effects of carbachol
on the mEPSC frequency (pirenzepine + 4-DAMP,
1.70 £ 0.21 Hz and pirenzepine + 4-DAMP + carbachol,
1.69 £ 0.25 Hz; n = 6; P = 0.95, Student’s paired ¢ test),
whereas combined application of the preferential M,/M,
receptor antagonist AQ-RA-741 and the My-selective
receptor antagonist PD102807 (200 nM AQ-RA-741
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+ 1 uM PDI102807) was ineffective (AQ-RA-741 +
PD102807, 1.26 4 0.19 Hz and AQ-RA-741 + PD102807
+ carbachol, 2.23 £+ 0.29 Hz, n = 7; P = 0.026, Student’s
paired t test). This suggests that carbachol increases the
glutamatergic input to the SLDsp neurons through M;
and/or M3, but not through M, and M, presynaptic
receptors (Fig. 6).

To test this possibility further, we used VU0255035
(M; -selective antagonist; Sheffler et al. 2009) and J104129
(M3-selective antagonist; Mitsuya et al. 1999). Both these
antagonists reduced the effect of carbachol on mEPSC
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Figure 5. The presynaptic effect of carbachol

Amplitude (pA)

A, carbachol (15 M) increases spontaneous excitatory postsynaptic current (SEPSC) frequency without affecting
amplitude. Current traces are shown for a representative SLDsp neuron in control, carbachol and washout (wash)
conditions. B, mean effect of carbachol on sEPSC frequency (n = 8; left panel) and sEPSC amplitude (F(; 19) = 0.641,
P=0.547, one-way ANOVA; right panel). C, effects of carbachol on the miniature excitatory postsynaptic currents
(MEPSCs) shown in a representative SLDsp neuron. The current traces are represented in the left panel and
the cumulative distribution plots of mEPSC interevent interval and amplitude are represented in the centre and
right panels, respectively. Carbachol significantly decreases the interevent interval without affecting the mePSC
amplitude (P values from Kolmogorov—Smirnov test). D, the effect of carbachol is completely abolished in the
presence of scopolamine (10 uM), indicating that carbachol acts on presynaptic muscarinic receptors (current
traces for scopolamine and scopolamine + carbachol are represented in the left panel; cumulative distribution
plots of the mEPSC interevent interval and amplitude are represented in the centre and right panels, respectively;
P values from Kolmogorov—Smirnov test). Spontaneous EPSCs and mEPSCs were recorded at V4, = —60 mV, and
mEPSCs were recorded in TTX (1 um). In the cumulative distributions, results are represented before carbachol
application as dotted lines, during carbachol as bold lines and after carbachol application as thinner lines.
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Figure 6. The presynaptic effect of carbachol is mediated by M4/M3 but not M;/M4 muscarinic receptors
A and B, the preferential M receptor antagonist pirenzepine (10 um; A) or the preferential M3/M; receptor
antagonist 4-DAMP (100 nwm; B) lead to only a partial block of the effects of carbachol on the mEPSC frequency.
C, co-application of pirenzepine + 4-DAMP abolishes the effects of carbachol. D, co-application of the preferential
My/My receptor antagonist AQ-RA-741 (200 nm) and the My-selective receptor antagonist PD102807 (1 um)
are ineffective in reversing the effects of carbachol on mEPSC frequency. Effects of carbachol on the mEPSCs
in the presence of pirenzepine, 4-DAMP, pirenzepine + 4-DAMP and AQ-RA-741 + PD102807 are shown in
four representative SLDsp neurons. The current traces are represented in the left panels and the cumulative
distribution plots of mEPSC interevent interval and amplitude are represented in the centre and right panels,
respectively. Miniature EPSCs were recorded in TTX (1 um) at Vi, = —60 mV. In the cumulative distributions, results
are represented before carbachol application as dotted lines, during carbachol as bold lines and after carbachol
application as thinner lines, and P values refer to Kolmogorov-Smirnov tests.
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frequency but did not abolish it (Fig. 7). In the pre-
sence of VU0255035 (1 uM), carbachol increased the
mEPSC frequency by 46% (VU0255035, 1.13 £ 0.08 Hz
and VU0255035 + carbachol, 1.64 &= 0.16 Hz; n = 7;
P = 0.007, Student’s paired f test), whereas in J104129
(50 nM), carbachol increased the glutamatergic mEPSC
frequency by 25% (J104129, 1.31 £ 0.16 Hz and
J104129 + carbachol, 1.64 + 024 Hz; n = 7;
P =0.024, Student’s paired ¢ test). Combined application
of VU0255035 and J104129 (1 uM VU0255035 + 50 nM
J104129) completely abolished the effects of carbachol
on the mEPSC frequency (VU0255035 + ]104129,
1.63 4 0.34 Hz and VU0255035 + J104129 + carbachol,
1.56 £ 0.37 Hz; n = 5; P = 0.58, Student’s paired
t test). These results indicate that carbachol increases
the glutamatergic input to the SLDsp neurons through
both M; and Mj presynaptic receptors, with the pre-
dominant effect occurring through the Mj subtype.

Discussion

We found that carbachol excites SLDsp neurons both
through a direct postsynaptic effect and by increasing
glutamatergic synaptic inputs. Both of these effects were
mediated through M; and Mj receptors and strongly
suggest cellular mechanisms through which acetylcholine
can contribute to the generation of atonia during REM
sleep.

Carbachol directly excites the SLDsp neurons through
M, and M3 muscarinic receptors

Previous in vivo single-unit recording studies in cats
reported that iontophoretic application of carbachol
activates REM sleep-active neurons in the SLD (Sakai et al.
2001). Identifying and studying these neurons in vitro has
been a challenge because the SLD contains a great variety
of cell types, including glutamatergic, noradrenergic and
GABAergic neurons (Lu et al 2006; VanderHorst &
Ulfhake, 2006; Brown et al. 2008; Bruinstroop et al.
2011) and lacks markers specific for REM sleep-active
neurons. It is therefore not surprising that previous in
vitro studies have found both excitatory and inhibitory
responses to carbachol in neurons of the SLD region
in rats and mice (Brown et al. 2006; Garcia-Rill et al.
2007; Heister et al. 2009). Our findings, which derive
from a selective interrogation of spinally projecting SLD
neurons, reveal that carbachol directly and consistently
excites SLDsp neurons through postsynaptic muscarinic
receptors.

Of the five known muscarinic receptor subtypes, the
M;, M; and M; subtypes are expressed in the SLD region
(Baghdoyan er al. 1994; Mallios et al. 1995). We selected
a combination of widely used antagonists that have poor
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receptor subtype specificity, namely pirenzepine (M, pre-
ferring), 4-DAMP (M3/M; preferring) and AQ-RA-741
(Ma/My preferring), as well as three recently developed
subtype-selective antagonists, namely VU0255035 (M;
selective; Sheffler et al. 2009), J104129 (M3 selective;
Mitsuya et al. 1999) and PD102807 (M, selective; Kitaichi
et al. 1999). We found that the effect of carbachol
on SLDsp neurons was mediated by the M; and M;
receptor subtypes, but not M, and My. The M, receptor
is thought to be the predominant subtype expressed in
GABAergic neurons of the pontine reticular formation,
but not in glutamatergic SLDsp neurons (Coleman et al.
2004; Brischoux et al. 2008). Our results are generally
consistent with this finding. The M; subtype activates
SLD neurons in vitro (Heister et al. 2009), but it has
been reported that manipulation of the M; receptors
in the SLD failed to produce effects on REM sleep
(Velazquez-Moctezuma et al. 1991; Coleman et al. 2004).
It was therefore surprising to find in the present study
that M; receptors contribute to the carbachol-mediated
excitation of SLDsp neurons. In contrast, and in agreement
with our findings, the M3 subtype is thought to activate the
pontine REM generator neurons directly (Sakai & Onoe
1997).

In conclusion, our combined electrophysiological
and pharmacological approach demonstrates that
SLDsp neurons are excited by carbachol and
that this response is mediated by the combined
activation of M; as well as M; postsyanaptic
receptors.

Our experiments also revealed that the postsynaptic
effect of carbachol on SLDsp neurons is mediated by
activation of an Na™—Ca®" exchanger. This conclusion is
supported by the sensitivity of the carbachol-mediated
inward current to extracellular Na® and intracellular
Ca?* concentrations, as well as to KB-R7943, a selective
inhibitor of the Nat—Ca’" exchanger. The Na™—Ca**
exchangers are Ca’" transporters that extrude Ca**
from the cytoplasm with an exchange ratio of three
Na't ions brought in for every extruded Ca’* ion (i.e.
forward mode). This activity generates a net influx of
positive charges that results in a steady-state inward
current and can be accompanied by an increase in
membrane current noise (Xu et al. 2006). All three
isoforms of the Nat—Ca?" exchangers (NCX1, NCX2
and NCX3) are expressed in the brain (Lytton, 2007).
In addition to acetylcholine, other neurotransmitters,
such as orexin-A and thyrotrophin-releasing hormone,
excite target neurons through Gq-coupled signalling and
activation of Na™—Ca®" exchangers (Eriksson et al. 2001;
Burdakov et al. 2003; Xu et al. 2006; Parmentier et al. 2009).
A debate continues, however, over whether these neuro-
transmitters directly affect the Na*—Ca?" exchangers or,
rather, that their increased activity is a consequence
of increased intracellular Ca®* levels. In addition, a
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Figure 7. Carbachol increases glutamatergic input to SLDsp neurons by co-activation of presynaptic M4
and M3 muscarinic receptors

A and B, the M -selective and the Ms-selective muscarinic receptor antagonists, VU0255035 (1 M) and J104129
(50 nwm), produce only a partial block of the effects of carbachol on the mEPSC frequency. C, co-application
VU0255035 (1 um) + 1104129 (50 nm) abolishes the effects of carbachol. The effects of carbachol on the mEPSCs
in the presence of VU0255035, J104129 and VU0255035 + J104129 are shown in three representative SLDsp
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carbachol-mediated increase in intracellular Ca*" levels
could also produce an increase in the voltage-gated Na™
currents (Bulatko & Greeff, 1995). Still, the lack of changes
in the action potential amplitude, duration and threshold
in response to carbachol suggests that it is unlikely that
modulation of the voltage-gated Na™ current contributes
to the carbachol-mediated excitation of SLDsp neurons.
In further support of a mechanism for the activation
of the Na*t—Ca?" exchanger through intracellular Ca**
elevation are the observations that Gq signalling pathways
can activate intracellular Ca®" signalling and that
Na*-Ca?* exchangers become maximally activated when
Ca’* rises above resting levels (Lytton, 2007). Future
studies using Ca?* imaging might be able to provide a
definitive answer concerning this mechanism of action.
Nevertheless, it is clear that, directly or indirectly,
the activation of the Na*—Ca?* exchangers depolarizes
the membrane potential and promotes neuronal
Firing.

Carbachol acts through presynaptic M; and M3
muscarinic receptors to increase excitatory inputs to
SLDsp neurons

Previous microdialysis studies have suggested that
glutamatergic input to SLD neurons is important in REM
sleep regulation. Injection of glutamate receptor agonists
into the SLD region of cats and rats increased the firing of
SLD REM-active neurons and induced a REM-like state
with continuous muscle atonia (Lai & Siegel, 1991; Onoe
& Sakai, 1995; Hajnik et al. 2000). Kynurenate, a glutamate
antagonist, rapidly reversed the muscle atonia induced by
local application of bicuculline in rats, but did not alter the
cortical REM-like state, suggesting that the glutamatergic
input to the SLD is required for the generation of atonia
during REM sleep (Boissard et al. 2002). We found that
carbachol increases glutamatergic synaptic drive to SLDsp

F. J. Weng and others
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neurons, which may serve as an additional excitatory
mechanism for cholinergic activation of atonia pathways.
This observation runs counter to a previous electro-
physiological in vitro study, which found that carbachol
mostly reduced the glutamatergic input to neurons in
the SLD region of rats (Heister et al. 2009). However,
that study did not identify the phenotype of the recorded
neurons, and it is not clear to what extent the recordings
included SLDsp neurons. We also found that carbachol
increased the frequency of mEPSCs without affecting their
amplitude, indicating a presynaptic effect with no change
in postsynaptic efficacy. Using the same pharmacological
approach that we used to identify the muscarinic receptor
subtypes responsible for the postsynaptic response to
carbachol, we found that the effect of carbachol on
the mEPSC frequency was abolished by scopolamine
(non-subtype selective) or by co-application of an M;-
and an Mj-selective antagonist, namely VU0255035 (M,
selective; Sheffler et al. 2009) and J104129 (Mj; selective;
Mitsuya et al. 1999), which is consistent with a muscarinic
presynaptic response mediated by M; and Mj receptor
subtypes. Our pharmacological study also shows that the
M; receptors are the larger contributor of the presynaptic
response to carbachol.

Methods to detect glutamatergic neurons definitively
by the presence of vesicular transporters are relatively
new. Previous studies on glutamatergic inputs to the
SLD used glutamate antibodies, which are neither
sensitive nor specific. Hence, the source of glutamatergic
input to the SLD remains unknown. The lateral
hypothalamus, ventrolateral periaqueductal grey matter,
lateral pontine tegmentum and ventrolateral medulla all
contain glutamatergic neurons and project to the SLD
(Shammah-Lagnado et al. 1987; Lai et al. 1993; Semba,
1993; Boissard et al. 2003), although it is not known
whether the neurons projecting to the SLD from these
regions are glutamatergic. A small number of cells in the
contralateral SLD region and a larger number of cells in the

neurons. The current traces are represented in the left panels and the cumulative distribution plots of mEPSC
interevent interval and amplitude are represented in the centre and right panels, respectively. D and £, summary
bar graphs compare the effects on mEPSC frequency (D) and mEPSC amplitude (E) of carbachol applied alone
(n = 10) and in the presence of scopolamine (10 um, n = 8), pirenzepine (10 um, n = 8), 4-DAMP (100 nwm,
n = 10), 4-DAMP + pirezepine (n = 6), AQ-RA-741 (200 nm) + PD102807 (1 um, n = 7), VU0255035 (1 um,
n=7),J104129 (50 nm, n = 7), and VU0255035 + J104129 (n = 5). *P < 0.05 and **P < 0.01, Student'’s paired
t test comparing the effects on mEPSC frequency and mEPSC amplitude before and during carbachol applications
(carb vs. con; scop + carb vs. scop; pirenz + carb vs. pirenz; 4-DAMP + carb vs. 4-DAMP; pirenz + 4-DAMP +
carb vs. pirenz + 4-DAMP; AQ-RA-741 + PD102807 + carb vs. AQ-RA-741 + PD102807; VU0255035 + carb
vs. VU0255035; J104129 + carb vs. J104129; and VU0255035 + J104129 + carb vs. VU0255035 + J104129).
Effects of carbachol on mEPSC frequency (Fg 59 = 2.635, P = 0.015, one-way ANOVA) and mEPSC amplitude
(Fg,59) = 0.153, P = 0.996, one-way ANOVA), tP < 0.05 and 1P < 0.01, Fisher's PLSD comparing the effects of
carbachol in control ACSF and in the presence of muscarinic receptor antagonists (carb vs. carb in scop; carb vs.
carb in pirenz; carb vs. carb in 4-DAMP; carb vs. carb in pirenz + 4-DAMP; carb vs. carb in AQ-RA-741 + PD102807;
carb vs. carb in VU0255035; carb vs. carb in J104129; and carb vs. carb + VU0255035 + J104129). Miniature
EPSCs were recorded in TTX (1 uMm) at Vj, = —60 mV. In the cumulative distributions, results are represented before
carbachol application as dotted lines, during carbachol application as bold lines and after carbachol application as
thinner lines, and P values refer to Kolmogorov—Smirnov tests.
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ipsi- and contralateral pontine reticular formation were
found to project to the SLD (Lai et al. 1993; Boissard et al.
2003), but their phenotype, too, remains unidentified. In
addition, it is still unclear whether glutamatergic input
to the SLD REM-atonia neurons is stable across all
behavioural states or whether it increases at the onset of
REM sleep. Our results suggest that a muscarinic pre-
synaptic mechanism increases glutamatergic input to SLD
neurons during REM sleep when the levels of acetylcholine
in the dorsal pons are highest (Leonard & Lydic, 1997).
Defining which of these glutamatergic inputs contribute
to the development of atonia should be achievable using
optogenetic stimulation or other techniques.

Physiological significance and neuronal circuitry
controlling REM muscle atonia

Based on present and prior results, it appears most likely
that acetylcholine promotes REM sleep in the dorsomedial
pons by activating two separate sets of REM-generating
neurons; the first set promotes cortical activation through
ascending inputs to the thalamus, the posterior hypo-
thalamus and the basal forebrain, whereas the second
set generates muscle atonia through descending inputs
to glycinergic/ GABAergic premotor neurons in the spinal
cord and ventral medulla (Fuller et al. 2007; Luppi et al.
2012; Chase, 2013). The existence of separate pathways
mediating the cortical and motor components of REM
sleep also provides a possible basis for the occasional
dissociation of atonia and cortical activation during
pathological states such as cataplexy, sleep paralysis and
REM sleep behaviour disorder (Lu et al. 2006; Vetrivelan
et al. 2009, 2011; Luppi et al. 2011). There is general
consensus that descending projections for REM atonia
originate from glutamatergic REM sleep-active neurons
of the SLD, and that during REM sleep the motorneurons
are actively inhibited by glycinergic and GABAergic inputs
and through ionotrophic glycine and GABA, receptors
and metabotropic GABAg receptors (Chase et al. 1989;
Brooks & Peever, 2012; Chase, 2013). There remains,
however, an open debate over the respective contribution
of premotor neurons of the ventromedial medulla vs.
spinal interneurons in mediating REM atonia (Chase,
2013). Moreover, it is possible that premotor neurons
in the medulla and spinal ventral horn are activated
by distinct groups of SLD neurons. Along these lines,
a previous single-unit recording study in cats found
that spinally projecting neurons in the peri-LCo were
inactive during REM sleep (Sakai et al. 1981). Importantly,
however, only a relatively small number of neurons were
sampled, and many of these may have been noradrenergic
neurons, which are known to be silent during REM sleep
(Aston-Jones & Bloom, 1981; Bruinstroop et al. 2011).
Indeed, in cats, glutamatergic subcoeruleus neurons are
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intermingled with noradrenergic neurons of the LC
complex. Therefore, while the medullary pathway may
contribute to atonia in intact animals, the available data
continue to suggest that the SLD—spinal cord pathway is
necessary to produce muscle atonia during REM sleep;
hence, it was the focus of the present study.

Although the amount and onset of REM sleep generated
by local administration of carbachol to the pons vary
depending on the location and dose of the injections,
species or type of preparation (Kubin, 2001), the classical
hypothesis that cholinergic neurons participate in the
genesis of REM sleep is still widely accepted. Indeed,
acetylcholine levels in the dorsal pons are twice as
high in REM sleep compared with slow-wave sleep and
wakefulness (Leonard & Lydic, 1997), and depletion
of acetylcholine inhibits REM sleep, whereas blocking
acetylcholine degradation promotes REM sleep (reviewed
by Jones, 1991). These findings are also consistent
with the report of innervation of the SLD by choline
acetyltransferase-immunoreactive fibres that originate in
the pedunculuopontine and laterodorsal tegmental nuclei
(Jones, 1990; Semba, 1993). Our results provide important
insights into the cellular mechanisms by which acetyl-
choline can activate SLD REM-atonia neurons.

Our findings indicate that acetylcholine produces
synergistic, excitatory pre- and postsynaptic effects
on spinally projecting SLD neurons. These effects
should promote muscle atonia during REM sleep.
Simultaneous withdrawal of monoaminergic, orexinergic
and GABAergic neurotransmission onto SLD neurons
may also contribute to muscle atonia (Jones, 1991;
Vetrivelan et al. 2011; Luppi et al. 2012); however, how
these neurotransmitters and peptides affect the SLD
REM-atonia neurons is still poorly understood and is of
considerable interest for future studies.
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