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Abstract—Muscle atonia is a central feature of adult REM
sleep which has recently been demonstrated to be a compo-
nent of sleep in rats as young as 2 days of age (P2). The
neural generation of atonia, which depends on mesopontine
and medullary structures, is not fully understood in adults
and has never been described in infants. In the present ex-
periments we used electrical stimulation in decerebrated
pups to identify an inhibitory area within the medial medulla
of P7-10 rats. Muscle tone inhibition was consistently found
on or near the midline within the ventromedial medulla, dor-
sal to the inferior olive, in an area that includes the nucleus
gigantocellularis, nucleus paramedianus, and raphe obscu-
rus. Chemical infusions in the same region revealed inhibi-
tory responses to quisqualic acid but not to carbachol or
corticotropin-releasing factor. Next, extracellular recordings
within the medullary inhibitory area revealed neurons with
atonia-on profiles; tone-on neurons were also found, typi-
cally at more lateral sites. Finally, in non-decerebrated pups,
chemical lesions within the inhibitory area resulted in signif-
icant reductions in atonia durations, as well as decoupling of
atonia from a second component of infant sleep, myoclonic
twitching; specifically, twitches occasionally occurred during
periods of high muscle tone, a condition reminiscent of “REM
without atonia” as described in adults.

In summary, we document the existence of an area within
the ventromedial medulla of infant rats that (i) causes atonia
when stimulated; (ii) contains units that exhibit atonia-related
discharge profiles during sleep-wake cycling; and (iii) when
lesioned, results in the partial loss of atonia and decoupling
of the components of sleep. All together, these findings dem-
onstrate that muscle atonia is actively regulated very early in
ontogeny. © 2004 IBRO. Published by Elsevier Ltd. All rights
reserved.
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The active inhibition of muscle tone is a central feature of
REM sleep in adult mammals (Chase and Morales, 1990,
2000). Stimulation studies have revealed two primary in-
hibitory areas within the brainstem: one in the rostral pons
and one in the ventromedial medulla (Magoun, 1944; Sie-
gel, 2000). In adult rats and cats, the pontine inhibitory
area includes the nuclei reticularis pontis oralis and cau-
dalis (Hajnik et al., 2000); the medullary inhibitory area

includes the nucleus gigantocellularis (Gi), nucleus para-
medianus (PM), and nucleus magnocellularis (Lai and Sie-
gel, 1988). Atonia during REM sleep is believed to result
from glutamatergic and cholinergic excitation of medullary
inhibitory nuclei by the pontine inhibitory area, which in turn
produces glycinergic inhibition of spinal and hypoglossal
motoneurons (Lai and Siegel, 1988; Chase and Morales,
1990, 2000; Hajnik et al., 2000). Although the medullary
area comprises the final common path for the production of
atonia (Siegel and Lai, 1994; for review, see Gottesmann,
1999), inactivation of the pontine inhibitory area inhibits the
atonia that would normally result from medullary stimula-
tion, suggesting bidirectional communication between the
two regions (Siegel and Lai, 1994; Kohyama et al., 1998;
Siegel, 2000). When either of these two regions is le-
sioned, animals exhibit “REM without atonia,” character-
ized by the expression of various REM sleep components
against a background of high muscle tone (Morrison, 1988;
Siegel, 2000).

Recent work in our laboratory supports the notion that
the state defined by nuchal atonia and myoclonic twitching
satisfies most standard criteria of sleep (Campbell and
Tobler, 1984; Hendricks et al., 2000). Specifically, in rats
as young as P2, myoclonic twitching is only expressed
against a background of nuchal atonia (Karlsson and
Blumberg, 2002). In addition, sensory threshold increases
during sleep under normal conditions (Seelke and Blum-
berg, 2004) as well as during sleep deprivation (Blumberg
et al., 2003b). Moreover, sleep–wake cycles are regulated
by brainstem and hypothalamic structures (Karlsson et al.,
2004) and, during sleep, bursts of hippocampal ! occur
(Karlsson and Blumberg, 2003).

The developmental relations between infant sleep and
adult sleep continue to be debated (Frank and Heller,
2003, Blumberg et al., 2003a). Particularly relevant to the
present study is the contention that brainstem and more
rostral structures only begin to participate in the regulation
of sleep when the neocortical EEG begins exhibiting state-
dependent differentiation at P12 (Frank and Heller, 2003).
If this contention is correct, then the “central executive
mechanisms” that mediate REM-sleep atonia in adults
should not be active before P12.

Because the neural substrates of REM sleep atonia
are not fully understood in adults and have never been
described in infants, it is possible that infant atonia results
from the passive withdrawal of excitation from spinal mo-
toneurons. Alternatively, atonia during infant sleep could
result from active inhibition, as in adults, but arise from
distinct neurophysiological mechanisms. If infant and adult
atonia are produced by similar mechanisms, however,
then the infant brainstem should contain inhibitory neurons
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within the ventromedial medulla that produce atonia when
stimulated (Hajnik et al., 2000) and exhibit atonia-related
discharge properties (Sakai, 1988; Siegel et al., 1991);
moreover, lesions of this area should produce a state
reminiscent of “REM without atonia” (Schenkel and Siegel,
1989). Here, we find support for each of these predictions,
thereby providing the earliest demonstration in an altricial
mammal of a common atonia-producing mechanism in
infants and adults.

EXPERIMENTAL PROCEDURES

All experiments were performed in accordance with National In-
stitutes of Health guidelines for the care of animals in research
and were approved by the Institutional Animal Care and Use
Committee of the University of Iowa. All efforts were made to
minimize the number of animals used and their suffering.

Subjects

Sixty-two P7-10 Sprague–Dawley Norway rats (Rattus norvegicus)
of both sexes from 33 litters were used (males and females are
evenly represented in all experiments). Body weights ranged from
16.9–27.7 g. Litters were culled to eight pups within 3 days after birth
(day of birth#day 0). Mothers and their litters were housed in stan-
dard laboratory cages (48$20$26 cm) in the animal colony at the
University of Iowa where food and water were available ad libitum. All
animals were maintained on a 12-h light/dark schedule with lights on
at 07:00 h. All experiments were conducted during the lights-on
phase.

Electrical and chemical stimulation of the medullary
inhibitory area

Surgery. A pre-collicular decerebration was performed un-
der isoflurane anesthesia, as described elsewhere (Karlsson et
al., 2004) and a small opening was drilled in the skull above the
medullary area. Unipolar stainless steel electrodes (50 %m; Cali-
fornia Fine Wire, Grover Beach, CA, USA) were inserted bilater-
ally into the nuchal muscle for EMG recording (Karlsson and
Blumberg, 2002).

Procedure. After surgery, the pup was wrapped in gauze to
inhibit movement (Corner and Kwee, 1976) and transferred to a
stereotax equipped such that body temperature could be con-
trolled at approximately 37 °C (Karlsson and Blumberg, 2004).
When secured in the stereotax (David Kopf, Tujunga, CA, USA),
the pup’s head was leveled between bregma and lambda. All
experiments were performed using unanesthetized pups.

Electrical stimulations were performed using 30 animals from
15 litters. Decerebrated infant rats do not exhibit rigidity as do
adults (Kreider and Blumberg, 2000; Karlsson et al., 2004); they
do, however, exhibit a post-surgical period of elevated and stable
tone that lasts approximately 10–30 min (after which time sleep–
wake cyclicity commences). When stable tone was attained, a
concentric, bipolar, stimulating tungsten electrode (1 M&, 3–4 %m
at the tip, Model TM33CCINS; World Precision Instruments, Sara-
sota, FL, USA) connected to a stimulus isolator (Model A395;
World Precision Instruments) and a stimulus generator (Model 48;
Grass, Quincy, MA, USA) was lowered into the medulla. Trains of
electrical pulses (0.2 ms, 30–90 %A, 100 Hz) were delivered for
500 ms every 5 s. When a site was identified in which stimulation
produced nuchal atonia, 3 min of EMG data were collected to hard
disk. After data collection was complete, the stimulation site was
marked by passing 50 %A anodal current through the electrode for
3 s. Because the goal of the present study was to investigate the
medullary inhibitory area, no attempt was made to mark those

sites associated with motor facilitation (although their approximate
location was noted).

Chemical stimulations were performed using 16 animals from
eight litters. The surgical methods were identical to those de-
scribed above. For infusions, a 0.5 %l 33 gauge microsyringe
(Model 7000.50C; Hamilton Co., Reno, NV, USA) was lowered
stereotactically into the medullary inhibitory site that was previ-
ously identified using electrical stimulation (coordinates relative to
lambda AP: '2.5 mm; ML: 0.0 mm; DV: '12.3 mm). Three
neurotransmitter agonists were used (N#4 per group): the ace-
tylcholine agonist carbachol, the glutamate agonist quisqualic
acid, and corticotropin-releasing factor (CRF; Sigma, St. Louis,
MO, USA). All agonists were dissolved in Ringers solution at the
following concentrations: 100 mM for carbachol, 5 mM for quis-
qualic acid, and 0.1 mM for CRF. Control animals received infu-
sions of Ringers solution (n#4). All chemicals were infused at the
same volume and rate (200 nl over 10 s). The concentration,
volume, and infusion rate used were determined from pilot exper-
iments and previously published work (Lai and Siegel, 1988, 1992;
Hajnik et al., 2000). Finally, in two additional infants, EMG elec-
trodes were implanted in the left nuchal muscle, bilaterally in the
lower back (i.e. ilias muscle), and in the right thigh (i.e. vastus
lateralis); these pups received infusions of quisqualic acid as
described above.

For all tests, EMG electrodes were connected to a differential
amplifier (A-M Systems, Carlsborg, WA, USA), and the signal
amplified ($10 k) and filtered (300–3000 Hz), sampled using a
digital interface at 5000 Hz (Model 1401; Cambridge Electronic
Design, Cambridge, UK), and visualized using Spike2 software
(Cambridge Electronic Design).

Neural activity within the medullary inhibitory area

Surgery. Under isoflurane anesthesia, a precollicular de-
cerebration was performed and bipolar nuchal EMG electrodes
were implanted bilaterally in six pups from six litters. In addition,
the infant’s fragile skull was bleached, dried, and then coated with
Vetbond (3M, St. Paul, MN, USA) for added strength. Next, a
custom-built, T-shaped, stainless steel head-plant, designed to
attach to the earbar and nosebar holders of the stereotax, was
glued to the skull over the pretreated area using cyanoacrylate
adhesive gel. This device made it possible to level and stabilize
the pup’s head within the stereotax for recording of neural activity.
After securing the head-plant, a small hole was drilled over the
recording site. Finally, the pup was wrapped in gauze as de-
scribed above.

Procedure. The recording was performed in a stereotax
with body temperature maintained at approximately 37 °C. Within
1–3 h after surgery, pups began exhibiting sleep–wake cycles as
judged by oscillations in muscle tone as well as twitches of the tail
against a background of nuchal atonia (Karlsson et al., 2004). As
soon as cyclicity was observed, an eight-site stainless steel re-
cording electrode (1–2 M&; ALA Science, Westbury, NY, USA),
connected to a unity gain headstage and digital amplifier (Tucker-
Davies Technologies, Alachua, FL, USA), was lowered into the
medial medulla while neurophysiological activity was monitored.
The signals were amplified (10 k) and filtered (500–5 kHz band-
pass) before being sampled at 12.5 kHz. When stable units were
observed and at least one of these units appeared to exhibit
state-dependent activity, the electrode was left in place for 5–10
min before data collection began. Neurophysiological and EMG
data were recorded synchronously for 10 min (encompassing six
to 10 sleep–wake cycles) to hard disk for off-line analysis. At the
end of the experiment, which lasted 2–4 h, the recording site was
marked by passing a 50 %A anodal current through all electrodes
for 3 s.
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Lesions of the medullary inhibitory area

Surgery. Eight non-decerebrated pups from four litters were
used in this experiment. Under isoflurane anesthesia, a 0.5 %l 33
gauge microsyringe (Model 7000.50C; Hamilton Co.) was lowered
stereotactically into the medullary inhibitory site that was previ-
ously identified using electrical stimulation (coordinates relative to
lambda AP: '2.5 mm; ML: 0.0 mm; DV: '12.3 mm). Lesions were
produced by infusing a high concentration of quisqualic acid
(50 mM; 150 nl over 15 s; n#4). Control animals received identical
treatment but received infusion of Ringers solution only (n#4).
Next, bipolar nuchal EMG electrodes were implanted bilaterally.
The pup was placed on a felt pad in a supine position (to enable
observation of twitching in the individual limbs) and lightly re-
strained, as described previously (Karlsson and Blumberg, 2002).
Finally, the pup recovered in an incubator (35 °C) for 3–4 h.

Procedure. After recovery, pups were intubated with 0.3 ml
of warm cream (half-and-half) and transferred to a humidified
recording chamber maintained at 35 °C. A microcamera placed
above the lid of the recording chamber allowed recording of
sleep–wake behaviors, as described elsewhere (Karlsson and
Blumberg, 2002). Video data were recorded using a digital video
system (Vetron, Rebersburg, PA, USA). After 20 min of acclima-
tion to the chamber, behavioral and EMG data were collected for
30 min and recorded synchronized to digital tape for off-line scor-
ing and analysis.

Data analysis

Electrical and chemical stimulation. Data were analyzed
off-line using Spike2 software. For electrical stimulation, EMG
recordings were rectified and amplitudes were measured over
three 500 ms periods: before, during, and after stimulation. Aver-
ages from 10 stimulations were calculated for each pup. For
chemical stimulation, EMG recordings were rectified and ampli-
tudes were measured over the 30-s period immediately before
infusion and the period from 30 to 60 s after infusion (this post-
infusion period was chosen after visual inspection of the data).
Group differences were tested using a single-factor ANOVA and
the post hoc test was Fisher’s PLSD. ( was set at 0.05. For both
electrical and chemical stimulation experiments, a site was con-
sidered atonia-producing if stimulation resulted in a decrease in
EMG amplitude of at least 2 standard deviations from the mean.

Neural activity. Using Spike2, four of the eight recorded
channels that yielded the most heterogeneous unit activity were
selected for analysis. Once the channels were selected, principal
components analysis was used for spike sorting (Lewicki, 1998).
Periods of nuchal atonia (indicative of sleep) and high tone (indic-
ative of wakefulness) were identified from the EMG record, as
described elsewhere (Karlsson et al., 2004). Subsequently, the
firing rates of individual sorted units were compared with the
behavioral state of the animal across six 10 pairs of high-tone and
atonia periods. State-related differences in mean firing rates were
tested using the Wilcoxon matched-pairs signed-rank test (Miley-
kovskiy et al., 2002); for all tests, ( was set at 0.05. Neurons that
significantly increased or decreased their firing rate during high-
tone periods were designated “tone-on” and “atonia-on,” respec-
tively. Neurons that exhibited no significant change during these
periods were designated “indifferent.”

Chemical lesions of the ventromedial medulla. Two kinds of
analyses were performed. First, EMG signals were digitized at 5
kHz using a data acquisition system (BioPac Systems Inc., Santa
Barbara, CA, USA). Next, the EMG signals were summed, inte-
grated, and full-wave rectified, and inspected for duration of tone
or atonia, as described previously (Karlsson and Blumberg, 2002).
The mean duration of tone and atonia periods over the 30-min
recording period was measured. In addition, changes in nuchal

EMG amplitude were tested by measuring 10 1-s artifact-free
samples from each pup. Second, a trained observer, blind to the
experimental conditions, scored a 15-min segment of EMG and
behavioral data for the presence of myoclonic twitching and high-
amplitude movements (Karlsson and Blumberg, 2002). Myoclonic
twitches are phasic, rapid, and independent movements of the
limbs and tail; high-amplitude movements comprise such wake-
related behaviors as stretching, kicking, and yawning (Gramsber-
gen et al., 1970; Blumberg and Stolba, 1996). We and others have
used similar scoring procedures in the past and have found them
to be highly reliable, with inter- and intrarater reliability coefficients
typically exceeding 0.85 (Smotherman and Robinson, 1991;
Blumberg and Lucas, 1994).

In all cases, means are presented with their standard errors.

Histology

After each experiment, the pup was killed with an overdose of
sodium pentobarbital and perfused transcardially with physiolog-
ical saline followed by 3% formalin. Brains were post-fixed in the
skull for 1–2 days in a formalin–sucrose solution and then re-
moved from the skull and fixed for at least 2 more days in a fresh
solution. After fixation the brains were sliced in 50 %m sections
with a sliding microtome (Model SM 2000 R; Leica, Bensheim,
Germany) and stained with Cresyl Violet. The location of the
marking lesions, the tracks from the infusion syringe, and the
extent of the chemical lesions were determined by examining
serial sections.

RESULTS

Electrical stimulation of the medullary inhibitory area

Exploration of the infant medulla revealed that nuchal
atonia was readily produced with placement of the stimu-
lating electrode on or near the midline within a restricted
region of the ventromedial medulla (Fig. 1A). Specifically,
inhibition was consistently obtained on or near the midline
dorsal to the inferior olive. This area comprises the ven-
tromedial parts of the Gi, PM, and raphe obscurus (RO).
Fig. 1B depicts the averaged EMG from 10 stimulation
pulses and Fig. 1C depicts, for a representative infant, the
raw EMG responses to six stimulation pulses. The mean
atonia onset latency, calculated from 10 randomly selected
non-littermates, was 43.9)9.0 ms (range: 16.0–96.0 ms).

Whereas muscle tone inhibition was typically observed
on or near the midline, our observations indicated that
muscle tone facilitation typically occurred at more lateral
sites. This was consistently found within subjects; for ex-
ample, sequential advances of the electrode within the
coronal plane indicated muscle excitation laterally, inhibi-
tion medially, and excitation again on the other side of
midline.

Chemical stimulation of the medullary inhibitory area

To investigate which neurotransmitters might mediate
atonia in infants, three agonists (quisqualic acid, carba-
chol, and CRF) that have been previously demonstrated to
mediate atonia in adult rats and/or cats were infused into
the medullary inhibitory area (Lai and Siegel, 1988, 1992;
Hajnik et al., 2000). ANOVA revealed a significant effect of
group on the percent change in EMG amplitude from base-
line within 30–60 s after infusion (P*0.05; F#4.8;
df#3,12; Fig. 2B). Of the 12 infants infused with carbachol
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(n#4), CRF (n#4), or Ringers solution (n#4), none exhib-
ited a significant reduction in nuchal muscle tone (as de-
fined as a reduction in EMG amplitude exceeding 2 stan-
dard deviations from the mean). In contrast, infusion with
quisqualic acid produced atonia in all four infants tested (a
representative response is depicted in Fig. 2A). For these

subjects, the mean atonia onset latency was 16.1)2.9 s
(range: 8.0–21.7 s); mean duration of atonia was 120.5)
17.1 s (range: 75.7–157.0 s).

Two additional pups were infused with quisqualic acid
into the medullary inhibitory area while EMGs were mea-
sured in the left nuchal muscle, bilaterally in the lower back
(i.e. ilias muscle), and in the right thigh (i.e. vastus latera-
lis). Atonia ensued concurrently in all three muscle groups,
indicating that stimulation of cell bodies within the medul-
lary inhibitory area can produce atonia bilaterally through-
out the body.

Atonia-related neural activity within the medullary
inhibitory area

A total of 20 neurons from six infants were recorded in the
medullary inhibitory area (one to four units were recorded
from each pup). Discharge rates were analyzed and the
units classified as atonia-on, tone-on, or indifferent. Of the
20 recorded units, six exhibited increased activity during
periods of nuchal atonia; these units were located at sites
within ventral Gi, PM, and RO. Six additional units exhib-
ited increased activity during periods of high tone; these
units were located within Gi and PM.

Fig. 3A depicts discharge rates and nuchal EMG of a
representative atonia-on unit. The mean discharge rates
for all atonia-on units was 3.3"/'0.7 Hz (range: 1.9–
5.8 Hz) during periods of muscle atonia and 0.7"/'0.1 Hz
(range: 0.2–1.1 Hz) during periods of high muscle tone.

Fig. 3B depicts discharge rates and nuchal EMG for
one of the six tone-on units. The mean discharge rates for
the tone-on units was 0.6"/'0.7 Hz (range: 0.1–2.0) dur-
ing periods of muscle atonia and 3.9"/'3.0 Hz (range:
0.8–10.3 Hz) during periods of high muscle tone.

Chemical lesions of the medullary inhibitory area
disrupt nuchal atonia

Chemical lesions of the ventromedial medulla produced
significant changes in the expression of atonia. Fig. 4A

Fig. 1. Inhibitory sites in the ventromedial medulla identified using electrical stimulation in P8-10 rats. (A) Coronal sections of the medullary inhibitory
area. Each symbol (") represents one inhibitory site from one pup (H, hypoglossal nucleus; IO, inferior olive; ST, spinal trigeminal nucleus). (B)
Averaged nuchal EMG trace from 10 stimulus pulses applied to the inhibitory area of one pup; the arrows depict pulse onset and offset. (C)
Representative sample of raw nuchal EMG responses to stimulation pulses; the arrows indicate periods of stimulation-induced atonia.

Fig. 2. Quisqualic acid induces nuchal atonia in P8-10 rats. (A) Rep-
resentative nuchal EMG response to infusion of quisqualic acid
(5 mM). The arrow indicates the onset of the infusion (200 nl over
10 s). (B) Percentage change in EMG amplitude from baseline after
infusion of quisqualic acid (QQA), CRF, carbachol, or Ringers. Ampli-
tudes were averaged over the 30-s period immediately before infusion
and the period from 30 to 60 s after infusion. * Significant difference
from carbachol and Ringers. N#4 per group. Mean)S.E.
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presents 10 min of data from a lesioned pup, showing
prolonged durations of high-tone periods and reduced du-
rations of atonia periods in both the left and right nuchal
muscles as compared with the control pup depicted in Fig.
4B. Mean high-tone durations doubled in the lesion group
(6.1"/'1.2 s) in relation to the control group (3.0"/'0.6
s), and this difference was statistically significant (P*0.05;
t#4.7; df#3). Conversely, mean atonia durations were
halved in the lesion group (11.6"/'2.4 s) in relation to the
control group (28.3"/'7.1 s), but this difference only ap-
proached statistical significance (P*0.06; t#3.0; df#3). In
addition, as Figs. 4 and 5 suggest, mean nuchal EMG
amplitude was significantly greater in the lesioned group
(P*0.05; t#2.8; df#6).

Lesions within the ventromedial medulla also disrupted
the tight coupling normally seen between nuchal atonia
and myoclonic twitching (Fig. 5). In the control group, only
1.2"/'0.8 twitches occurred during periods of high mus-
cle tone, representing just five total twitches across all four
pups (the mean number of twitches per 15-min period was
541.0"/'41.3). In contrast, in the lesioned group, a mean
of 20.8"/'2.8 twitches occurred during periods of high
muscle tone; although this represents only a small propor-
tion of all myoclonic twitches recorded (*5%; the mean
number of twitches was 542.2"/'73.6), the 20-fold in-
crease is significant (P*0.01; t#9.3; df#3). Fig. 5A shows,
for a representative lesioned pup, many instances of twitch-
ing against a background of high nuchal muscle tone.

Fig. 3. State-dependent unit discharges in the ventromedial medulla of P7-10 rats. The discharge profile of (A) a representative atonia-on unit and
(B) a representative tone-on unit are presented above their associated nuchal EMG traces. Within each photomicrograph, the arrow indicates the tip
of the electrode. The inset in each of the upper-right corners depicts 50 superimposed action potentials of the sorted unit. For purposes of illustration,
the EMG traces are full-wave rectified.
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Finally, the reconstructed chemical lesions are shown in
Fig. 6. All lesions were within the region that was previously
found to produce atonia in response to electrical stimulation
(see Fig. 1). Interestingly, the two largest lesions produced
greater increases in the expression of mean high-tone dura-
tion (large: 7.6–8.6 s; small: 3.6–4.7 s) and greater de-
creases in mean atonia duration (large: 7.7–8.9 s; small:
11.4–18.6 s).

DISCUSSION

We describe here for the first time an area in the ventro-
medial medulla that is instrumental for the expression of
atonia in infant rats. This area, which includes the Gi, PM,
and RO, (i) causes atonia when stimulated; (ii) contains
neurons that exhibit atonia-related discharge profiles; and
(iii) when lesioned, results in the partial loss of atonia and
decoupling of the components of infant sleep. Altogether,
these findings demonstrate that sleep atonia in infant rats
is an active process that is generated in part within a region
of the medulla that is identical to that previously identified
in adults (Hajnik et al., 2000).

Electrical stimulation activates both fibers of passage

and cell bodies. Therefore, we also performed chemical
stimulations. Quisqualic acid effectively produced atonia
when infused into the ventromedial medulla; the short
latencies to produce atonia (i.e. 8–22 s), and the fact that
midline infusions produced bilateral atonia in multiple mus-
cle groups in two of our subjects, supports the notion that
cell bodies located on or near the midline mediate muscle
atonia in infant rats. This notion is consistent with a previ-
ous study in young adult rats that found that sites produc-
ing bilateral (as opposed to only contralateral) inhibition of
atonia were located medially within the medulla and were
more prominent in younger subjects (i.e. 8- vs. 16-week-
olds; Hajnik et al., 2000).

In contrast with quisqualic acid, neither CRF nor car-
bachol was effective. The failure to find effects of CRF and
carbachol may or may not indicate developmental differ-
ences in the neuropharmacological control of atonia in
rats. First, thus far, CRF has only been shown to be
effective in adult cats (Lai and Siegel, 1992). Second, even
in adult cats, distinct regions of the medulla are differen-
tially responsive to infusions of glutamate and carbachol
(Lai and Siegel, 1988). Finally, failure of infant rats to
respond to carbachol may reflect species differences in the

Fig. 4. Lesions of the medullary inhibitory area of P8-10 rats disrupt expression of nuchal atonia. Representative EMG traces after an infusion of (A)
highly concentrated quisqualic acid (50 mM) or (B) Ringers solution into the medullary inhibitory area showing bilateral responses in the left (L) and
right (R) nuchal muscles. Each recording is 10 min long.
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role of the cholinergic system in activating REM sleep or
one of its components (Boissard et al., 2002).

Only a few previous experiments have documented
state-dependent unit activity in unanesthesized pups
(Tamásy et al., 1980; Corner and Bour, 1984). The inher-
ent difficulties associated with recording from neurons in
infants have led most researchers to rely on anesthetized
or in vitro preparations in which behavioral states are, of
course, absent (Leinekugel et al., 2002). Thus, an in vivo
preparation that combines the control of anesthetized re-

cordings while preserving the spontaneous rapid cycles of
sleep and wakefulness was developed and is introduced in
the present study. The fact that decerebrated infant rats,
soon after surgery, begin cycling rapidly between sleep
and wakefulness makes this preparation ideal for studies
aimed at exploring neural population patterns across the
sleep–wake cycle (Karlsson et al., 2004). A similar proce-
dure was recently reported in non-decerebrated adult rats,
but extensive training was required for these restrained
animals to exhibit sleep–wake cycles (Lee et al., 2004).

Here, we report clear instances of state-dependent unit
activity within the ventromedial medulla. Three types of
discharge profiles were described: atonia-on, tone-on, and
indifferent. The discharge profiles of the atonia-on neurons
compare well with ventromedial medullary tonic REM-on
neurons that have previously been described in adult cats
(Siegel et al., 1979; Kanamori et al., 1980; Steriade et al.,
1984; Sakai, 1988). In addition, REM-on units in the med-
ullary inhibitory area of narcoleptic dogs discharge vigor-
ously during cataplexy (Siegel et al., 1991).

The stimulation and recording studies described above
suggest the presence of neurons that govern sleep atonia
in infants. However, to rule out the possibility that the
discharge profile of the neurons is merely correlated with—
but not causal to—atonia, the cells of the inhibitory area
were lesioned using highly concentrated quisqualic acid. It
was found that the expression of atonia was significantly
reduced in the lesioned pups. Moreover, EMG amplitude
increased in the lesioned pups, consistent with a previous
report in adult cats (Holmes and Jones, 1994).

Rat pups exhibit two tightly coupled sleep components
as early as P2: myoclonic twitching and atonia (Karlsson
and Blumberg, 2002). As shown here, lesions of the med-
ullary inhibitory area result in the partial decoupling of
myoclonic twitches and atonia (i.e. twitches were occa-
sionally detected against a background of high muscle

Fig. 5. Myoclonic twitches (MTs) and atonia are decoupled after lesions of the medullary inhibitory area in P8-10 rats. Representative nuchal EMG
trace after an infusion of (A) highly concentrated quisqualic acid (50 mM) or (B) Ringers solution into the medullary inhibitory area (150 nl over 15 s).
The horizontal bars beneath the EMG traces indicate periods of high muscle tone; vertical bars indicate instances of myoclonic twitching.

Fig. 6. Reconstruction of the medullary lesions produced by quis-
qualic acid in experiment 3. The lesions from each of four P8-10 pups
are designated by different shades of gray. The coronal sections are
50 %m thick and 250 %m apart; the upper section is caudal to the lower
section. See abbreviations in Fig. 1.
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tone). This decoupling of the two sleep components is
reminiscent of “REM without atonia” as described previ-
ously (Mirmiran, 1982; Morrison, 1988; Siegel, 2000).

Experiments in adult rats and cats indicate that the
medullary inhibitory area alone is not sufficient to generate
atonia (Siegel et al., 1986; Kohyama et al., 1998). Consis-
tent with these findings, we have observed that rats as
young as P2 also do not exhibit atonia when decerebrated
between the medulla and mesopontine region (Karlsson
and Blumberg; unpublished observations). In conjunction
with previous findings in decerebrated and intact infants of
different ages (Karlsson et al., 2004), it appears then that
sleep–wake cyclicity during infancy depends upon integra-
tion of activity between the mesopontine and medullary
areas.

The present study adds to a growing body of evidence
indicating coherent organization of a sleep state in infant
rats that depends upon coordination within brainstem and
forebrain structures. First, as in adults during REM sleep,
myoclonic twitching occurs only against a background of
nuchal atonia (Karlsson and Blumberg, 2002). Second,
hippocampal ! activity at P2 is also expressed predomi-
nantly during periods of nuchal atonia (Karlsson and Blum-
berg, 2003). Third, myoclonic twitching is disrupted by
decerebrations that are caudal, but not rostral, to the me-
sopontine region (Kreider and Blumberg, 2000). Fourth,
over the first postnatal week, cyclicity between periods of
high muscle tone and atonia is increasingly modulated by
structures within the anterior hypothalamus (Karlsson et
al., 2004), perhaps including the ventrolateral preoptic
area (Saper et al., 2001). Importantly, all of these sleep
processes have been demonstrated in pups well before
the onset of a differentiated EEG at P12 (Gramsbergen et
al., 1970; Corner and Kwee, 1976). Finally, the present
findings demonstrate that a well-established component of
REM sleep in adults, nuchal atonia, is produced by activa-
tion of neurons within the ventromedial medulla, providing
perhaps the strongest and most direct evidence to date of
common neural substrates for sleep in infants and adults.
This finding, in conjunction with those discussed above, is
difficult to reconcile with the view that sleep in infant rats
before P12 is “not controlled by central executive sleep
mechanisms” (p. 29, Frank and Heller, 2003).

In summary, the medullary inhibitory area in infant rats
appears functionally identical to the corresponding adult
inhibitory area. We hypothesize that, early in ontogeny, the
medullary inhibitory area is modulated by a mesopontine
circuit and that this circuit is sufficient to generate sleep–
wake cyclicity (Karlsson et al., 2004). We further hypothe-
size that this neural circuit forms the foundation for all REM
sleep processes upon which further elaborations occur
during development.
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