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Study objectives: The injection of cholinergic drugs in the pons has
been largely used to induce REM sleep as a useful model to study
different processes during this period. In the present study, microinjec-
tions of carbachol in the nucleus reticularis pontis oralis (NRPO) were
performed to test the hypothesis that eye movements and the behavior
of extraocular motoneurons during induced REM sleep do not differ
from those during spontaneous REM sleep.

Methods: Six female adult cats were prepared for chronic recording of
eye movements (by means of the search-coil technique) and electro-
encephalography, electromyography, ponto-geniculo-occipital (PGO)
waves at the lateral geniculate nucleus, and identified abducens mo-
toneuron activities after microinjections of the cholinergic agonist car-
bachol into the NRPO.

Results: Unilateral microinjections (n = 13) of carbachol in the NRPO
induced REM sleep-like periods in which the eyes performed a con-
vergence and downward rotation interrupted by phasic complex rapid

eye movements associated to PGO waves. During induced-REM sleep
abducens motoneurons lost their tonic activity and eye position codi-
fication, but continued codifying eye velocity during the burst of eye
movements.

Conclusion: The present results show that eye movements and the
underlying behavior of abducens motoneurons are very similar to those
present during natural REM sleep. Thus, microinjection of carbachol
seems to activate the structures responsible for the exclusive oculomo-
tor behavior observed during REM sleep, validating this pharmacologi-
cal model and enabling a more efficient exploration of phasic and tonic
phenomena underlying eye movements during REM sleep.
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RAPID EYE MOVEMENT (REM) SLEEP IS CHARAC-
TERIZED BY ABSENCE OF ANTIGRAVITY MUSCULAR
TONUS AND BY HIGH-FREQUENCY AND LOW-AM-
PLITUDE electroencephalographic (EEG) activity and phasic
high-amplitude spiky potentials—recorded mainly in pontine,
geniculate, and occipital areas—named ponto-geniculo-occip-
ital (PGO) waves, which are associated to the occurrence of
rapid eye movements and sporadic muscular twitches.' During
recent decades, considerable effort has been made to find neural
structures and neurotransmitters underlying these phenomena,
demonstrating the important role of pontine cholinergic mech-
anisms in the generation of the REM sleep state.” Although
there are some discrepancies about which sites in the pons are
the most effective in REM sleep generation,® two major areas
in the medial pontine reticular formation have been proposed
as being involved: the peri-locus coeruleus a, just ventral to the
locus coeruleus,” and the ventral part of the nucleus reticularis
pontis oralis (NRPO).?

Cholinergic activation of the NRPO has been used to ap-
proach the mechanisms underlying muscular atonia,”!'" cor-
tical and hippocampal activities,'*"* and PGO waves at the
lateral geniculate nucleus (LGN).*'* However, there are no
studies on the behavior of the oculomotor system during cho-
linergically induced REM (i-REM) sleep. Recently, binocular
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eye position and the underlying activities of abducens (ABD)
motoneurons have been precisely described along the spon-
taneous sleep-wake cycle in cats,'>'® spawning new data on
the behavior of this motor system during sleep. Thus, dur-
ing spontaneous REM sleep, the recording—by means of the
search-coil technique—of the position of the eyes shows the
existence of a convergence and maintained downward rotation
of the eyes. This tonic position of the eyes is broken by high-
frequency bursts of complex rapid eye movements during
REM sleep' that coincide with the occurrence of PGO waves
at the LGN.">!720 Each rapid eye movement during REM sleep
comprises 2 consecutive rotations in opposite directions, in
which abducting movements are faster than adducting ones."
The extracellular recording of ABD motoneurons shows a
strong decrease in their tonic firing rate during REM sleep,
with a loss of eye-position codification. By contrast, ABD
motoneurons continue to codify eye velocity during rapid eye
movements in REM sleep.'¢

Thus, the precise study of the oculomotor system has been
revealed as a useful model for studying tonic and phasic phe-
nomena occurring during REM sleep. The aim of the present
work was to characterize the behavior of the oculomotor sys-
tem during cholinergic i-REM sleep and to compare it with the
behavior during spontaneous REM sleep. In this work we have
recorded the movement of both eyes—using the search-coil
technique—and the activity of identified ABD motoneurons af-
ter unilateral microinjection of carbachol into the NRPO of the
cat. Present results enable us to demonstrate the similarity be-
tween tonic and phasic phenomena underlying eye movements
and the behavior of extraocular motoneurons during natural
REM sleep and cholinergic i-REM sleep.
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Figure 1—Experimental design and injection sites. Teflon-coated
stainless-steel coils were fitted to the scleral margin of both eyes.
A stimulating electrode (St.) was implanted on the VIth nerve (VI
n.) to identify abducens (ABD) motoneurons (Mn) by means of
antidromic field potential and collision test (inset). Extracellular
activity was recorded with a glass micropipette directed toward
the ABD nucleus through the cerebellum. Injection sites are rep-
resented with dots in a reconstruction of the sagittal plane of the
brainstem 2 mm from the midline. Dotted gray lines represent
the edges of neuronal structures not included in the sagittal plane
shown. FTG: gigantocellular tegmental field; FTM: magnocellu-
lar tegmental field; IO: inferior olive; LR: lateral rectus; NRPO:
nucleus reticularis pontis oralis.

MATERIAL AND METHODS
Subjects

Six female adult cats (2.4-3.7 kg) of European strains, ob-
tained from an authorized supplier (University of Cordoba,
Spain), were used as experimental subjects. Experiments were
performed in accordance with the European Union directive
609/86/EU and current Spanish legislation (RD 1201/2005) for
the use of laboratory animals. Every effort was made to mini-
mize the number of animals used and their suffering.

Chronic Preparation

Animals were prepared for chronic recording of eye move-
ments, EEG, electromyography, PGO waves at LGN level, and
simultaneous recording of identified ABD motoneurons as pre-
viously described.!®*! Briefly, animals were anesthetized with
sodium pentobarbitone (35 mg/kg, 1.P.) following a protective
injection of atropine (0.5 mg/kg, .M.) aimed at preventing va-
gal reflexes. Under aseptic conditions, the cats were implanted
bilaterally with Teflon-coated stainless-steel coils sutured to the
scleral margin of the eye (Figure 1). In the same surgical act,
a 6 x 6 mm hole was drilled through the occipital bone to al-
low access to the posterior brainstem via the cerebellum. Bipolar
silver stimulating electrodes were implanted bilaterally on the
VIth nerve (Figure 1) at its exit from the brainstem (stereotaxic
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coordinates, lateral 3.5 and posterior 1, according to Berman??).
The final location of the stimulating electrodes was adjusted to
evoke the maximum abducting eye movement with the minimum
electrical stimulation (50 ps, cathodic square pulses of < 0.1 mA
of current intensity). Screw electrodes were implanted bilaterally
over the frontal cortex for EEG, bipolar stainless wires in the
trapezius neck muscles for electromyography, and bipolar silver
electrodes in the LGN (lateral 8.6 and anterior 5.5, according to
Berman??) for the recording of PGO waves during i-REM sleep.
The final location of each LGN bipolar electrode was adjusted
by recording the neuronal activity in response to flashes of light.
A head-holding system, consisting of 3 bolts cemented to the
skull perpendicular to the stereotaxic plane, was also implanted.
Eye coils and polysomnographic recording electrodes were con-
nected to a socket attached to the holding system. The animals
received postoperative systemic treatment with antibiotics and
antiinflammatory and analgesic drugs. Throughout the experi-
mental period, antibiotics, local anesthetics, and corticoids were
topically applied to the cranial window and the eyes.

Drug Administration

At the beginning of the experiments, the ABD nucleus was
localized by the recording of the antidromic field potential
produced by the electrical stimulation of their ipsilateral VIth
nerve and the NRPO pharmacologically mapped (P-2 to -4, L 2
and H -3.5 to -5.5, according to Berman??) by pressure micro-
injection of carbachol with a glass micropipette (7-8 um of tip
diameter). At the coordinates in which microinjection of car-
bachol induced a REM sleep episode with shortest latency, a
guide tube (24G) was chronically implanted, keeping its tip at
4 mm from the NRPO. During experimental sessions, microin-
jections of carbachol were performed by means of an injection
tube (30G)—coupled to a 2 pL. Hamilton syringe—which was
advanced through the guide tube up to the NRPO. Fifty to 300
nanoliters of carbachol (250 uM; Sigma Chemicals, St Louis,
MO) prepared in phosphate-buffered saline solution (0.1 M, pH
7.4) were delivered over a period of 4-6 s in each experiment.
Control experiments were performed by injecting the vehicle
solution alone.

Recording Sessions

One to 2 weeks later, when there was total recovery from sur-
gery, animals were habituated to the experimental set-up. Every
24 days, for 2-3 h per day, animals were lightly restrained by
elastic bandages, with their head fixed to the recording table by
means of the head-holding system. After 1 to 5 sessions, animals
remained calm. Their heart and respiratory rates were not differ-
ent from those of free animals, showing no signs of discomfort
or stress. Recording sessions were carried out for a maximum of
8-12 weeks. At the beginning of each session, a glass micropi-
pette filled with 2 M NaCl was advanced through the cerebel-
lum towards either the left or the right ABD nucleus, which was
identified by the recording of the antidromic field potential in-
duced by electric stimulation of the ipsilateral VIth nerve (inset
in Figure 1). Recorded neurons were identified as motoneurons
by antidromic activation and collision test from the electrical
stimulation of the ipsilateral VIth nerve. Eye movements, poly-
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somnographic activity, and unitary activity of ABD motoneurons
were recorded after carbachol administration. Eye movements
were recorded with the scleral search-coil technique,” and were
calibrated at the beginning of each experimental session by rotat-
ing (£ 10 deg) the magnetic field frame about both the horizontal
and vertical planes. Eye position, polysomnographic, field, and
unitary electrical activities were stored digitally on a computer
by means of an analog-digital converter (CED 1401 Plus, Cam-
bridge Instruments, Cambridge, UK). Eye-position signals and
unitary electrical activity were sampled at 500 Hz and 17 kHz, re-
spectively. Polysomnographic activities were sampled at 5 kHz.
Neural activity signals were filtered at 1 Hz high-pass and 10 kHz
low-pass, allowing the recording of PGO waves at ABD level.
At the end of the experimental period, animals were anesthetized
with sodium pentobarbitone (50 mg/kg I.P.), and transcardially
perfused with saline and 4% paraformaldehyde, to anatomically
confirm the location of the implanted guide tube and electrodes,
and the recording zone.

Analysis of Eye Movements

The ocular disparity between the eyes before and after drug
administration was calculated as the difference in their relative
position. Upward and leftward rotations of the eyes were con-
sidered positive, and downward and rightward ones as nega-
tive. Subtraction of the right from the left eye position in the
horizontal plane denoted positive values for divergence and
negative values for convergence. Similarly, interocular dispar-
ity was calculated for the vertical plane, with positive values
indicating that the left eye was more upwardly rotated than the
right eye, and vice versa. To obtain a representative value for
interocular disparity during a time period, interocular disparity
values were averaged along this time.

Possible differences in the codification of rapid eye move-
ments before and after carbachol microinjection were examined
by analyzing the relationship between eye velocity and ampli-
tude. Eye velocity was calculated as an average difference with
an interval of 6 ms (Spike2, Cambridge Instrument, UK). The
peak velocity of the eye during the movement was plotted as
a function of the amplitude, and a linear regression analysis
was performed. The slope of the fitted line was used to find
differences in the codification of rapid eye movements during
i-REM sleep. Student’s ¢ tests and a one-way ANOVA for re-
peated measures were performed in SPSS (v 14.0, SPSS Inc.).
Statistical significance was set at P <0.05. All results are shown
as mean = SD.

Analysis of ABD Motoneuronal Sensitivity to Eye Position and
Velocity

To study the relationship between the firing rate of ABD mo-
toneurons and the position and velocity of the ipsilateral eye
after cholinergic activation of the NRPO, each identified ABD
motoneuron was recorded just after unilateral microinjection of
carbachol. To calculate the sensitivity of each motoneuron to eye
position, the mean firing rate in spikes per second (sp/s) during
fixations was plotted as a function of the mean eye position in
the horizontal plane during the same intervals. In order to avoid
interference with rapid eye movements, the first 300 ms after
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each rapid eye movement were not considered in the analysis.
The slope of the regression line for this relationship— “&” (sp/s/
deg)—represents the sensitivity of the neuron to eye position. To
characterize the sensitivity of ABD motoneurons to eye velocity
during rapid eye movements observed in the course of i-REM
sleep, the maximum firing frequency was plotted as a function
of the peak velocity of the eye during each rapid eye movement.
The slope of the regression line for this relationship— “7”” (sp/s/
deg/s)—defined the sensitivity of the neuron to eye velocity. In
order to describe the behavior of recorded motoneurons, collect-
ed data were included in a first-order linear model* : FR =F + kP
+rP’, where FR is the firing rate, F the firing rate at eye position
zero, k the sensitivity to eye position (P), and 7 the sensitivity to
eye velocity (P”). The position threshold of motoneurons (Th)
was calculated as —F /k. Data for each analyzed motoneuron in
this study are shown in Table I.

RESULTS

The behavior of the oculomotor system was studied in 6 adult
female cats before and after 13 unilateral microinjections of the
cholinergic agonist carbachol (50-300 nL; 250 uM) into the
NRPO (P-2to -4, L2 and H -3.5 to -5.5, according to Berman??;
Figure 1). Figure 2 displays an example of EEG, neck elec-
tromyography, and PGO wave activities recorded at the LGN,
and horizontal and vertical eye movements before and after car-
bachol microinjection (gray bar). Unilateral microinjections of
carbachol into the NRPO induced at short latency (1.0 + 0.4
min; n = 13) a tonic convergence and downward rotation of
the eyes, monocular rapid eye movements of small amplitude,
and isolated PGO waves at the LGN. During this period, the
neck muscles remained active, although their activity decreased
progressively, and EEG activity did not change in either ampli-
tude or frequency. These phasic and tonic components call to
mind the different signs that occur during the natural transition
between non-REM and REM sleep, and so we designated the
period induced transition (i-transition). The duration of the i-
transition period was variable, with a mean duration of 13.3 +
11.4 min (n = 13). Unlike what occurred before a spontaneous
transition period, the transition and REM sleep induced by car-
bachol microinjection were not preceded by a non-REM sleep
phase, as can be seen for the homogeneous amplitude of the
EEG trace and the absence of divergence and elevation of the
eyes. Although each i-transition period was generally followed
by a REM sleep, on occasions i-transition was broken by brief
periods of alertness in which PGO waves and rapid eye move-
ments disappeared (asterisk in Figure 2).

Thus, cholinergic activation of the NRPO induced 2 types
of phenomena affecting the oculomotor system differentially
during i-transition and i-REM sleep: tonic phenomena, denoted
by modulation of the alignment of the visual axes, and phasic
phenomena consisting of rapid eye movements associated with
the occurrence of PGO waves.

Tonic Phenomena Affecting the Oculomotor System After
Cholinergic Activation of the NRPO

Before carbachol microinjections, alertness periods were
characterized by a low amplitude EEG, phasic and tonic neck
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Figure 2—Eye movements and interocular disparities during cholinergically induced transition and REM sleep. Representative polygraphic
recording and eye movements induced by carbachol (vertical gray bar) in the NRPO. From top to bottom: state qualifying bar for alertness
(A, white bar), induced transition (i-Transition, gray), and induced REM (i-REM, black), electroencephalography (EEG), rectified electro-
myography (EMG) of the neck muscle, lateral geniculate nucleus (LGN) activity, left (gray traces) and right (black traces) horizontal (LH,
RH) eye position, ocular disparity in the horizontal plane (LH-RH), left (gray traces) and right (black traces) vertical (LV, RV) eye position,
and ocular disparity in the vertical plane (LV-RV). Carbachol microinjection during alertness (A) induced at short latency a transition period
(i-Transition) followed by an induced REM (i-REM) sleep period. The i-transition period was characterized by the beginning of convergence
and downward rotation of both eyes and miniature monocular isolated rapid eye movements in coincidence with isolated ponto-geniculo-
occipital (PGO) waves at the LGN. In this example, the discontinuous state bar indicates an interruption of the i-transition period in which
PGO waves, rapid eye movements, convergence, and downward rotation disappeared. The beginning of the i-REM period was identified by
the occurrence of a burst of complex binocular rapid eye movements in coincidence with a burst of PGO waves at the LGN. Direction left (1),

right (r), up (u), and down (d) of eye movements and calibrations for each trace are indicated.

muscular activity, absence of PGO waves at the LGN, and spon-
taneous eye movements consisting of saccades—which rotated
both eyes from a visual target to another—and visual fixations
in between (Figure 2 left). Interocular disparity during alert-
ness—calculated as the differences in the horizontal (LH-RH
in Figure 2) and vertical (LV-RV in Figure 2) position between
the eyes—showed mean values of 0.18 + 0.22 deg (n = 5) and
0.02 = 0.11 deg (n = 5) for the horizontal and vertical planes,
respectively. After carbachol microinjection, the beginning of
the i-transition period was characterized by a slow, progressive
convergence of the eyes in the horizontal plane. Although its
intensity was variable, this convergence was present through
the whole i-REM sleep, showing a mean interocular disparity in
the horizontal plane of 11.50 + 3.38 deg (n = 5). In the vertical
plane, the beginning of the i-transition period was characterized
by a downward rotation of both eyes, which remained down-
wardly rotated during the whole i-REM sleep period. The mean
value of the maximum stabilized downward eye position to
which the eyes tended was —19.05 + 6.33 deg (n = 5). The mean
vertical interocular disparity during i-REM sleep was 0.73 +
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1.25 deg (n = 5). When interocular disparity values during i-
REM sleep were compared with those during alertness before
microinjection, differences were found for the horizontal plane
(P <0.01; n=5) but not for the vertical one.

Phasic Phenomena Affecting the Oculomotor System After
Cholinergic Activation of the NRPO

Tonic convergence and downward rotation during i-REM
sleep were broken by the occurrence of rapid eye movements
associated to PGO waves. During rapid eye movements, the de-
gree of convergence of the eyes decreased and the eyes quickly
rotated upward in the vertical plane (Figure 2). Both rapid eye
movements and PGO waves developed progressively after mi-
croinjection of carbachol into the NRPO. During the i-transition
period, rapid eye movements were isolated and mainly mon-
ocular, with low amplitude and velocity (Figure 3A, B). As the
i-transition period progressed, eye movements became bigger,
faster, and binocular. At the beginning of the i-REM sleep period,
eye movements become complex and grouped in clusters (Figure
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Figure 3—Each part of the figure shows, from top to bottom,
the activity in left and right lateral geniculate nucleus (LGN,
and LGN,) (superimposed for easy comparison) and the veloc-
ity (LH’, RH’) and position (LH, RH) of the left and right eyes,
respectively. Recording of the left and right LGN and eyes are
in gray and black, respectively. A. During induced transition (i-
Transition), primary ponto-geniculo-occipital waves (PGO) (head
arrows) coincided with monocular rapid eye movements of the
contralateral eye. C. During induced REM (i-REM) sleep, each
cluster of complex-two-component (C,, C)) rapid eye movements
coincided with a cluster of PGO waves. During i-REM, primary
PGO waves occurred contralateral to the direction of the first
component of the movement of the eye. B and D show an average
(n=40) of LGN activities and eye velocity and position triggered
by the peak velocity of the isolated rapid eye movement during
i-transition and by the second component of complex eye move-
ment during i-REM sleep, respectively.

3C, D). Each of these simple or complex rapid eye movements
was associated to a PGO wave at LGN level (Figure 3). During
the i-transition periods, isolated eye movements were restricted
to the horizontal plane. These movements consisted of very small
abducting rotations ( < 5 deg) that mainly affected the eye ip-
silateral to the direction of rotation (Figure 3A, straight arrows
on eye position traces). Along the i-transition periods, pairs of
monocular (oppositely directed) eye movements were coupled,
in such a way that the time latency between these 2 consecutive
eye movements decreased, becoming zero during i-REM sleep.
Thus, during i-REM sleep, each rapid eye movement comprised
2 consecutive components with opposite directions (Figure 3C,
D). The first component (C, in Figure 3C, D)—a very brief eye
movement—was followed by a larger second component (C, in
Figure 3C, D) directed to the contralateral side. With respect to
these components, earlier and bigger (primary) PGO waves (ar-
rowheads in Figure 3) were recorded at the LGN contralateral
to the direction of the first component, and delayed and smaller
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(secondary) PGO waves at the LGN contralateral to the direction
of the second component. Figures 3B and D show an average
(n = 40) of PGO waves and velocity and position of the eyes
in the horizontal planes triggered by the peak eye velocity dur-
ing i-transition and i-REM sleep, respectively. Moreover, rapid
eye movements occurred in clusters of up to 9 consecutive high-
velocity movements during i-REM sleep. The mean intracluster
frequency was 7.4 = 1.4 Hz (n =200, 4 animals).

To test the differences in the codification of isolated rapid
eye movements during i-transition and the 2 components of
complex eye movements during i-REM sleep, the relationship
between peak eye velocity and amplitude was analyzed. In the
horizontal plane, the mean slope of the relationship between
eye velocity and amplitude during the i-transition period was
41.8 £ 9.1 deg/s/deg (n = 8) (Figure 4A), while during i-REM
sleep the mean slope was 61.8 + 7.0 deg/s/deg (n = 8) (Figure
4B) and 32.8 £ 6.0 deg/s/deg (n = 8) (Figure 4C) for the first and
second component, respectively. All comparisons were statisti-
cally significant (**P < 0.01 and *P < 0.05) (Figure 4D).

Qualitative Behavior of ABD Motoneurons During i-REM Sleep.

With the aim of characterizing motoneuronal activity under-
lying rapid eye movements during i-REM sleep, the activity
of 22 identified ABD motoneurons was recorded after cholin-
ergic activation of the NRPO. During alertness, the activity of
ABD motoneurons showed an increase in their firing rate as the
eyes rotated ipsilateral to the recorded side (Figure 5A). Dur-
ing eye fixations, ABD motoneurons showed a tonic discharge
that was proportional to the abducting rotation of the ipsilateral
eye. During saccades directed toward the recorded side, ABD
motoneurons produced a burst of action potentials whose maxi-
mum firing rate was proportional to the peak eye velocity. Dur-
ing saccades directed contralateral to the recorded side, ABD
motoneurons showed a pause.

During i-REM sleep, ABD field activities were character-
ized by the presence of biphasic or triphasic waves that cor-
responded to respectively primary or secondary PGO waves
at the ipsilateral LGN. ABD-PGO waves were associated to
a complex rapid eye movement whose first component was
contralateral or ipsilateral, depending on whether the recorded
wave was biphasic (white arrowheads in Figure 5B) or triphasic
(black arrowheads in Figure 5B), respectively. The presence of
each type of ABD-PGO wave was associated to the behavior of
ABD motoneurons. Triphasic ABD-PGO waves coincided with
a very short burst—usually 1 to 3 action potentials—followed
by a pause in ABD motoneuron activity. This burst induced a
small ipsilateral rotation of the eyes, faster in the ipsilateral eye
(C, in Figure 5B). During the occurrence of biphasic ABD-
PGO waves, ABD motoneurons displayed a pause in their fir-
ing rate followed by a burst and tonic discharge. This burst and
tonic discharge induced an ipsilateral rotation that was bigger
in the ipsilateral eye (C, in Figure 5B). In order to establish the
temporal and spatial relationship between ABD-PGO waves,
the activity of ABD motoneurons, and eye movements, simul-
taneous recording was performed at both ABD nuclei. Figure 6
shows the average (n = 80) of ABD-PGO wave activities, the
firing rate of 2 identified ABD motoneurons—1 in each ABD
nucleus—and the position and velocity of the eyes. The 2 types
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Figure 4—Comparison of dynamic properties of rapid eye movements induced by cholinergic activation of the NRPO. Relationship be-
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movement during induced transition (i-T), and the first and second components of complex eye movements during i-REM sleep. Differences
between all types of rapid eye movement were significant (**P < 0.01; *P < 0.05).
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of ABD-PGO wave occurred simultaneously, in such a way that
when one type of PGO wave was recorded in one ABD nucleus,
the other type was recorded in the contralateral one (Figure 6A).
Accordingly, motoneurons displayed opposed firing discharge
profiles in each ABD nucleus (Figure 6B). Thus, whereas in
one ABD nucleus, motoneurons showed a burst followed by a
pause, in the other ABD nucleus they showed a pause followed
by a burst. This push-pull activation of ABD nuclei produced
the 2 consecutive components that constituted the rapid eye
movements (Figure 6C, D) during i-REM sleep.

Eye Signal Codification of ABD Motoneurons During i-REM Sleep

In order to know the eye signal codification of ABD mo-
toneurons during i-REM sleep, the sensitivity to the position
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(k) and velocity () of 9 identified ABD motoneurons was ana-
lyzed (Table 1). During i-REM sleep, only 3 of 9 analyzed ABD
motoneurons maintained some tonic activity, but displayed a
high variability in their discharge and a negligible relationship
with eye position (closed circles in Figure 7A). In these few
motoneurons, the value of R? was less than 0.2 (P < 0.05). The
mean slope of the relationship between firing rate and eye posi-
tion (k) during i-REM sleep was 1.6 = 1.5 sp/s/deg (n = 3) (k in
Table 1). By contrast, the maximum firing discharge during the
burst was proportional to the velocity of rotation of the ipsilat-
eral eye in the abducting direction (closed circles in Figure 7B;
Table 1). The mean slope of the relationship between firing rate
and peak eye velocity during i-REM sleep was 1.3 + 0.5 sp/s/
deg/s (n =9) (r in Table 1). Open and closed circles and dotted
and continuous lines in Figure 7 represent the data and linear
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Figure 5—Activity of abducens motoneurons during alertness and induced REM sleep. Example of the activity of an identified motoneuron
recorded in the left abducens (ABD, ) nucleus during alertness and induced REM (i-REM) sleep. During alertness (A), ABD motoneurons
showed a burst and tonic firing rate (FR) that was proportional to the velocity and position of the ipsilateral eye during rotations in the abduct-
ing direction. During i-REM sleep, the activity of ABD motoneurons was dependent on the occurrence of ponto-geniculo-occipital (PGO)
waves. During biphasic PGO waves recorded at the ABD level (empty arrowheads), motoneurons produced a pause followed by a burst and
tonic discharge in their firing, whereas during triphasic PGO waves (filled arrowheads), motoneurons produced a very short burst followed by
a pause. This activity of ABD motoneurons induced a complex rapid eye movement with two consecutive opposed components (C, and C)).
Positive and negative values denoted left- (1) and right- (r) directed movements in the horizontal plane.
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100 deg/s |

250 ms

| | | 140 sp/s

regression lines for the same motoneuron recorded during alert-
ness and i-REM respectively.

DISCUSSION

In the last few decades, many studies have been performed on
pontine cholinergic induction of REM sleep, indicating that the
NRPO is a key structure for the generation and maintenance of
phasic and tonic phenomena underlying REM sleep. Microin-
jections of cholinergic agonists in the NRPO induce long- term
increases of REM sleep that are blocked by atropine, a selective
muscarinic antagonist. However, there are some differences in
the response to cholinergic agonist between felines and rodents®.
Whereas in rats*>** and mice*’ the cholinergic agonist carbachol
seems to play a facilitative role for REM sleep—increasing the
amount of REM sleep by hours without changing the latency of
the first episode—in cats it induces REM-sleep-like activities
a few minutes after injections.”®* Although the origin of these
differences is unknown, cholinergic i-REM sleep in cats has
been employed as a useful model for studying neural mecha-
nisms underlying classical signs of REM sleep, such as muscu-
lar atonia,”!" cortical and hippocampal activities,'>'* and PGO
waves at LGN level.*!* Nevertheless, except for some partial
descriptions,®?* eye movement kinematics and neural oculomo-
tor control have remained uncharacterized during cholinergic i-
REM sleep. In this paper, eye movements and ABD motoneuron
activities during carbachol i-REM sleep were compared with
those recently described!>'¢ as taking place during spontaneous
REM sleep. This comparison may help to establish the validity
of the carbachol model for the study of the oculomotor system,
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providing in-depth knowledge of the mechanisms responsible
for eye movements during REM sleep.

Tonic and Phasic Phenomena Affecting the Oculomotor System
During Cholinergic i-REM Sleep

In all the experiments, carbachol microinjection into the
NRPO induced at very short latency a tonic convergence and
downward rotation of the eyes and single monocular rapid eye
movements paired with PGO waves, in the presence of low-
amplitude EEG and muscular tonus. With the exception of the
low amplitude and high frequency of the EEG, this state was
identical to that observed during the spontaneous transition
to REM sleep.” In contrast to the natural sleep-wake cycle,
where transition periods usually last less than one minute,"
the i-transition period persisted for a long time, reaching
more than 30 minutes in 2 of the performed microinjections.
Similar states have been previously described as “dissociated
states”,”?*? in which PGO waves were reported to be inde-
pendent of rapid eye movements.** A recent description of
eye movements during transition and REM sleep—using the
binocular search-coil technique, a much more precise tech-
nique than the more popular electro-oculography—strongly
suggests that low-amplitude rapid eye movement during the
i-transition period has passed unnoticed in previous studies.'s
Nevertheless, it is important to emphasize that in the present
experiments, no i-REM sleep was observed without a previous
i-transition phase. This i-transition period was similar to the
spontaneous transition period—which is characterized by iso-
lated PGO waves at the LGN***" and cortical slow waves***!
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Table 1—Eye Position and Velocity Sensitivity for 9 Identified
Abducens Motoneurons Recorded During Induced Rapid Eye
Movement (i-REM) Sleep

Th k R? r R?

1 - - - 2.0 0.95
2 -31.4 0.6 0.15 0.9 0.65
3 - - - 1.3 0.83
4 - - - 1.0 0.84
5 -19.4 0.9 0.13 0.8 0.84
6 -13.1 33 0.20 0.9 0.71
7 - - - 1.9 0.69
8 - - - 1.4 0.56
9 - - - 1.3 0.79
Mean+SD -213+93 1.6£1.5 1.3+£0.5

To describe the behavior of identified abducens motoneurons, col-
lected data were included in a first-order linear model*: FR = f +
k P+ rP’, where FR represents the firing rate of the motoneuron,
/, the rate at eye position zero, k the sensitivity to the position (P),
and r the sensitivity to the eye velocity (P’). The position of the
eye at which abducens motoneurons started to discharge (7/) was
calculated as —f /k. During i-REM sleep, some motoneurons did
not show tonic discharge (-).

preceding spontaneous REM sleep—except that no synchro-
nization in the EEG was observed.

Tonic phenomena during i-REM sleep were characterized by
a downward rotation and convergence of the eyes in the verti-
cal and horizontal planes, respectively. Misalignment between
the visual axes of the eyes during spontaneous REM sleep has
been described previously in monkeys,* and more recently the
existence has been demonstrated of a dependence of interocular
disparity on each of the different phases of the sleep-wake cycle
in the cat.”” The results shown in this paper completely agree
with those obtained during spontaneous REM sleep, demon-
strating the existence of common mechanisms underlying tonic
phenomena during spontaneous and cholinergic i-REM sleep
at the NRPO. Cholinergic activation of the NRPO also induced
other tonic phenomena during i-REM sleep, such as an EEG
desynchronization and loss of muscular tonus.®%!1:3243.44

Previous works have also reported that administration of
carbachol in the NRPO induces phasic phenomena such as
PGO waves at the LGN, muscular twitches, high-amplitude
inhibitory postsynaptic potentials in motoneurons, and rapid
eye movements, all similar to those occurring during spontane-
ous REM sleep.!!#32434547 Ag previously reported,®** carbachol
microinjection induced with a short latency a REM-sleep-like
state without previous non-REM sleep.

As during the spontaneous sleep-wake cycle in the cat,' rap-
id eye movements during i-transition periods were qualitatively
different from those observed during i-REM sleep. During i-
transition, rapid eye movements were mainly monocular, iso-
lated, and in the abducting direction. Each eye movement was
associated to the occurrence of a primary PGO wave recorded
at the LGN contralateral to the direction of rotation, as during
the spontaneous transition period.'> These eye movements con-
trasted with the more complex 2-component and clustered eye
movements during i-REM sleep. We found that during i-REM,
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primary PGO waves occurred at the LGN contralateral to the
one at which the first component was directed, and ipsilateral
to the second component. These data agree with a previous
description regarding spontaneous REM sleep.!” By contrast,
most authors agree that rapid eye movements during spontane-
ous REM sleep are directed toward the side where the primary
PGO wave is recorded.'”?° This discrepancy is understandable,
taking into account that the second component of eye move-
ment is usually bigger than the first, so that it is not surprising
that the first component has hitherto passed unnoticed.

Regarding the eye-velocity/amplitude relationship, present re-
sults coincide with those reported by Marquez-Ruiz and Escud-
ero'*in the case of spontaneous transition and during REM sleep,
and by Vanni-Mercier et al.* in the case of the second component
during spontaneous REM sleep. The slope of this relationship for
all these eye movements is higher than those reported for sac-
cades during alertness, although some discrepancies exist with
other authors who reported values for those during REM sleep
equal to*** or lower than®**' those during alertness.

Finally, the similarity in the internal burst frequency between
spontaneous' and cholinergic i-REM sleep supports the exis-
tence of a common bursting generator mechanism underlying
rapid eye movements and the concomitant PGO waves during
spontaneous and pharmacological i-REM state.®!*

ABD Motoneuron Behavior Underlying Eye Movements Induced
by Cholinergic Activation of the NRPO

During the last few years, the model of carbachol i-REM sleep
has been used to study how muscular atonia is induced in differ-
ent populations of lumbar,”**6 masseter, '**35? and hypoglossal***?
motoneurons in cats. The present study is the first characterizing
the behavior of the oculomotor motoneurons under the carbachol
model of REM sleep. During i-REM sleep, the activity of iden-
tified ABD motoneurons was characterized by a low or absent
tonic activity and by phasic activation and inhibition activities
associated to PGO waves. Biphasic and triphasic PGO waves
recorded in the ABD nucleus corresponded with, respectively,
primary and secondary PGO waves at the ipsilateral LGN, as
previously reported during spontaneous REM sleep.''%1? As de-
scribed for spontaneous REM sleep,'® each type of ABD-PGO
wave was present simultaneously in each ABD, inducing an an-
tagonic behavioral pattern in the activities of ABD motoneurons
in each ABD nucleus. Thus, when biphasic PGO waves were re-
corded in one ABD nucleus, the ipsilateral motoneurons showed
a pause followed by a burst-tonic activity. At this time, a triphasic
PGO wave was recorded in the contralateral ABD nucleus, and
motoneurons in this ABD showed a short burst denoted by one or
two action potentials followed by a silence.

Regarding eye-signal codification, ABD motoneurons failed
to encode eye-position signals after unilateral microinjection of
carbachol into the NRPO. Eye-position signal deficit during i-
REM sleep could be due to a premotor disfacilitation and/or
to an active inhibition acting on ABD nuclei. Previous studies
in spontaneously sleeping animals, where fuzzy codification of
eye-position signal was also reported, describe an increase in
antidromic field potential latency of the ABD nucleus during
REM sleep, suggesting that ABD motoneurons are actively in-
hibited during this state.'® However, a disfacilitation at the prep-
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Figure 6—Temporal relationship between PGO waves, abducens
motoneuron activity, and horizontal eye movements. Average (n
= 80) of simultaneously recorded (left side in gray; right side in
black) ponto-geniculo-occipital (PGO) waves in both abducens
(ABD) nuclei, the firing rate (FR) of 2 identified ABD motoneu-
rons—each recorded in a different ABD nucleus—and the left
and right eye position (LH, RH) and velocity (LH’, RH”) in the
horizontal plane. The average was triggered by the triphasic PGO
waves. The peri-stimulus histogram for the firing rate was con-
structed with a bin size of 5 ms. When a biphasic PGO wave was
recorded in one ABD, a triphasic PGO wave was recorded in the
other ABD nucleus, and vice versa. During the recording of bi-
phasic PGO waves, ABD motoneurons were firstly inhibited and
thereafter activated, whereas during the triphasic waves, motoneu-
rons were briefly activated and then inhibited. This push-pull re-
sponse of the two ABD nuclei shaped a conjugated eye movement
directed first toward the side on which the triphasic PGO wave
(C,, black arrows) occurred, followed by another toward the con-
tralateral side (C,, gray arrows).

ositus hypoglossi nucleus—responsible for eye-position signals
in the horizontal plane?'**3>—should be considered, since neu-
rons recorded in the interstitial nucleus of Cajal (the vertical
eye-position generator)®® lost vertical position signals during
spontaneous REM sleep.’’ By contrast, ABD motoneurons con-
tinue codifying eye-velocity signals during i-REM sleep, as
during spontaneous REM sleep.'®

In conclusion, present results show that eye movements and
the underlying ABD motoneuronal activities induced by cho-
linergic activation of the NRPO are very similar to those pres-
ent during natural spontanecous REM sleep in cats. Thus, in this
species, microinjection of carbachol seems to activate common
structures responsible for exclusive oculomotor system behav-
ior observed during spontaneous and cholinergic i-REM sleep.
Present results add evidence that the NRPO participates in the
generation and maintenance of eye movements during REM
sleep, validating—from the standpoint of oculomotor behav-
ior—the carbachol model and enabling continuation of the ex-
ploration and systematic study of phasic and tonic phenomena
underlying eye movements during REM sleep.
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Figure 7—Codification of eye position and velocity by abducens
motoneurons during induced REM sleep. Identified abducens
(ABD) motoneurons (n = 9) were recorded during induced REM
(i-REM) sleep, and their firing rate was analyzed with respect to
the position (A) and velocity (B) of the ipsilateral eye in the hori-
zontal plane. During i-REM sleep, the majority of ABD motoneu-
rons lost their tonic activity, and in those cases in which some ton-
ic activity remained, the correlation of activity with eye position
(black dots and regression line in A) was poor with respect to the
case of alertness (open circles and dashed line). B. By contrast, the
maximum firing discharge of ABD motoneurons correlated with
the peak velocity of the eye during rapid eye movements (black
dots and regression line), as during alertness (open circles and
dashed line). Gray lines correspond to the linear regression lines
for each analyzed motoneuron. Parametric and statistical values
for each motoneuron are given in Table 1.
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