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The Contribution of Synaptic Inputs to Sustained
Depolarizations in Reticulospinal Neurons

Myriam Antri,>* Karine Fénelon,’* and Réjean Dubuc'>2
'Département de Kinanthropologie, Université du Québec a Montréal, Montréal, Québec, Canada H3C 3P8, and 2Groupe de Recherche sur le Systeme
Nerveux Central, Département de Physiologie, Université de Montréal, Montréal, Québec, Canada H3C 3]7

Sensory stimulation elicits sustained depolarizations in lamprey reticulospinal (RS) cells for which intrinsic properties were shown to
play a crucial role. The depolarizations last up to minutes, and we tested whether the intrinsic properties required the cooperation of
synaptic inputs to maintain RS cells depolarized for such long periods of time. Ascending spinal inputs to RS cells were reversibly blocked
by applying xylocaine over the rostral spinal cord segments. The duration of the sustained depolarizations was markedly reduced. The
membrane potential oscillations in tune with locomotor activity that were present under control condition were also abolished. The
contribution of excitatory glutamatergic inputs was then assessed by applying CNQX and AP-5 over one of two simultaneously recorded
homologous RS cells on each side of the brainstem. The level of sensory-evoked depolarization decreased significantly in the cell exposed
to the antagonists compared with the other RS cell monitored as a control. In contrast, local application of glycine only produced a
transient membrane potential hyperpolarization with a marked reduction in the amplitude of membrane potential oscillations. Locally
applied strychnine did not change the duration of the sustained depolarizations, suggesting that mechanisms other than glycinergic
inhibition are involved in ending the sustained depolarizations in RS cells. It is concluded that excitatory glutamatergic inputs, including
ascending spinal feedback, cooperate with intrinsic properties of RS cells to maintain the cells depolarized for prolonged periods,

sustaining long bouts of escape swimming.
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Introduction

Neural activity depends on interactions between synaptic inputs
and intrinsic membrane properties (Harris-Warrick and Marder,
1991; Marder, 1998; Steriade, 2001; Soto-Trevifio et al., 2005;
Marder and Goaillard, 2006). Understanding such interactions is
particularly challenging in mammals because of the great com-
plexity of their CNS and simpler models are needed. The CNS of
lampreys provides excellent accessibility to cell networks as well
as the possibility to identify detailed cellular mechanisms under-
lying behaviors (McClellan and Grillner, 1984; Di Prisco et al.,
1997, 2000; Parker and Grillner, 1998; Grillner et al., 2001). In the
spinal cord, synaptic inputs were shown to be essential to gener-
ate the basic locomotor pattern (Buchanan, 1999, 2001), and yet,
postinhibitory rebound and bistable membrane properties con-
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tribute significantly (Wallén and Grillner, 1987; Matsushima et
al., 1993; el Manira et al., 1994; Tegnér et al., 1997).

We previously demonstrated in the lamprey model that in-
trinsic membrane properties play a crucial role in the activation
of brainstem reticulospinal (RS) neurons in response to sensory
inputs (Di Prisco et al., 1997, 2000). At low stimulation strengths,
synaptic responses are elicited in RS cells, the size of which in-
creased linearly with the stimulation strength (Di Prisco et al.,
1997) (see Fig. 3). Further increasing the stimulation intensity
produced depolarizing plateaus that require the activation of
NMDA receptors. We showed that once triggered, the depolariz-
ing plateaus in RS cells were associated with the onset of locomo-
tion in an in vitro semi-intact preparation, where the brainstem
and rostral spinal cord were exposed with the tail left attached to
freely swim behind. BAPTA injection into the recorded RS cell
abolished the depolarizing plateaus. This indicated that intrinsic
properties were involved and that they were calcium-dependent.
We then showed that the sustained depolarizations were abol-
ished by flufenamate suggesting that a calcium-activated nonse-
lective cationic current (I-,y) produced the depolarizing pla-
teaus in RS cells. In other systems, depolarizing plateaus have
been shown to be voltage-dependent (Kiehn, 1991). This was not
seen for the sustained depolarizing plateaus we described in RS
cells, despite the presence of calcium mediated intrinsic proper-
ties. Therefore, to avoid confusion, we will now use the term
“sustained depolarizations” rather than “depolarizing plateaus.”

In semi-intact preparations, the sustained depolarizations
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intrinsic properties to maintain the RS
cells depolarized for long periods of time.

Materials and Methods

Semi-intact lamprey preparation. The experi-
ments were performed on larval sea lampreys
(Petromyzon marinus, n = 51) collected from
streams entering Lake Champlain. All surgical
procedures conformed to the guidelines of the
Canadian Council on Animal Care and were
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approved by the University Animal Care and
Use Committees of the Université de Montréal
and Université du Québec a Montréal. Before
dissection, the animals were anesthetized with
tricaine methanesulphonate (MS 222, 100 mg/l,
Sigma) and transferred to a solution of oxygen-
ated (with 100% O,), cold Ringer’s, pH 7.4, of

B1 C1

the following composition (in mm): 130 NaCl,
2.1KCl, 2.6 CaCl,, 1.8 MgCl,, 4 HEPES, 4 dex-
trose and 1 NaHCOj;. The rostral part of the
body down to the caudal gills was dissected ex-
tensively so that the skin, muscles and viscera
were removed. The brain and the rostral spinal
cord were exposed with the underlying cranium
and notochord. The remaining caudal part of
the body was left intact to freely swim in the
recording chamber. A complete brain transec-
tion was performed rostral to the mesencepha-
lon for decerebration purposes. In 7 experi-
ments, the skin covering the dorsal head region
was left attached.

This semi-intact preparation was then trans-
ferred to the recording chamber continuously
perfused with cold oxygenated Ringer’s
(8—10°C). The rostral, dissected end of the
preparation was pinned down to a silicone elas-
tomer (Sylgard, Paisley Products) at the bottom
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of the recording chamber, whereas the tail be-
hind was completely free to swim in the deeper
end of the chamber (Fig. 1 A).

Recordings and stimulation. In all experi-
ments, the recorded RS cells were located in the
middle rhombencephalic reticular nuclei
(MRRN) on both sides of the brain. The re-
corded cells were in all cases the giant Miiller
cells visually identifiable and bilaterally paired
(Rovainen, 1967; Rovainen et al., 1973). Single
and paired (bilaterally homologous cells) intra-
cellular recordings of RS cells were performed.
Neurons were impaled under visual inspection

Figure 1.  Effects of blocking spinal cord feedback with xylocaine on sensory-evoked sustained depolarizations. A, The exper-
imental set-up. Stimulation of the ascending lateral columns (S stim) was used to confirm that xylocaine blocked the connections
between spinal cord and brainstem. Sustained depolarizations were intracellularly recorded from RS cells after mechanical pres-
sure (M stim) applied to the skin covering the head, or electrical stimulation of the trigeminal nerve (Vth stim). Xylocaine was
locally ejected in a circular bath tightly fitted on the rostralmost spinal segments. B, €, Sustained depolarizations of different
durations (top) and EMGactivity (bottom) recorded in two different preparations under control (B7 and C7), xylocaine (B2 and (2)
and after washout (B3 and €3). The EMG activity was recorded at segmental level 30. Note the absence of EMG activity under

using sharp glass microelectrodes filled with 4 m
potassium acetate (80—130 M()). Only RS cells
with a stable resting membrane potential lower
than —65 mV and having action potentials with
amplitudes of >70 mV (truncated in the fig-
ures) were included in the data analysis. The

xylocaine (B2 and €2) and the recovery of EMG bursts after washout (B3 and €3).

could last for minutes. This raised the question as to whether
intrinsic properties alone could provide such long-lasting sus-
tained depolarizations in RS cells. We hypothesized that synaptic
inputs could cooperate with the intrinsic properties to prolong
the sustained depolarizations once elicited. This issue was ad-
dressed in this study. We now show that spinal cord inputs do
contribute as well as excitatory glutamatergic inputs. Inhibitory
inputs however did not shut off the sustained depolarization.
Altogether our results indicate that synaptic inputs can modulate

intracellular recordings were made using an
Axoclamp 2A amplifier in bridge mode (Axon
Instruments) connected to a computer via a
Digidata 1322 interface (Axon Instruments).
The intracellular signals were digitized using Clampex 9.2 software
(pCLAMPY pack program; Axon Instruments). Off-line analysis was
performed using Clampfit 9.2 software (Axon Instruments).

Different modes of sensory stimulation were applied to elicit sustained
depolarizations in RS cells. Mechanical pressure was applied to the skin
of the head using a fine probe (tip diameter of 0.5 mm) kept at the same
temperature as the bathing Ringer’s solution. The probe was held above
the preparation attached to a strain gauge connected to a computer-
controlled step motor. The number of steps needed to reach the prepa-
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ration was calculated. Once the motor was acti-
vated, the probe moved down applying A
pressure to the skin after which it ascended back
to its initial position. The number of steps was
kept unchanged for all trials so that the stimu-
lation (pressure) could be repeatedly applied at
the same intensity for several trials, while mon-
itoring the exact moment of the stimulation.
Electrical stimulation of the trigeminal nerve
(Vth cranial nerve) was also used as a mean for
eliciting sustained depolarizations in RS cells.
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Stimulation shocks of 1 ms (0.3—8 nA at 2-50 & 1
Hz) were applied with a glass-coated tungsten ®
microelectrode (0.5-2 M{), 10-25 um tip; 3 80
homemade) for periods lasting between 100 ms 5
and 7 s. The stimulation was delivered using a IS «
Grass S88 stimulator (Grass Instrument) con- E p
nected to a stimulus isolation unit (SIU; Grass =5
Instrument). Pinching the caudal dorsal fin of &8 -
the body with fine forceps was also used to elicit s
the sustained depolarizations in RS cells. Each % 0
stimulation trial was followed by a resting pe- Control
riod of at least 5 min to ensure that the record-
ings were made during steady conditions, with B
as little habituation of the responses as possible. . 60

The swimming bouts were monitored by re- L:’ 1
cording electromyographic (EMG) activity uni- S 509
laterally or bilaterally. Pairs of Teflon-coated g 1
stainless steel wires (50 wm in diameter; Cali- 'g 404 ! .t
fornia Fine Wire) were inserted in myotomes at =) 1
the same rostro-caudal level on each side of the g B0
body (Fig. 1A). The EMG recordings were am- e 1
plified (1000X), filtered (bandwidth: 30 to 500 g
Hz) and digitized at a sampling rate of 5 kHz. © 1

Drug application. A small circular bath (2-3 § 10:
mm in diameter) made of elastomer-type ma- =

terial (Reprosil, Vinyl Polysiloxane, Dentsply
Caulk) was tightly fitted over the spinal cord,
between the third and fourth segments. The
small bath, carefully sealed with Vaseline, was
first filled with a small drop of Ringer’s solution
colored with the inert dye Fast Green, a visual
control to ensure that the bath was not leaking.
Then, the small bath was filled with xylocaine
(0.01 mg/ml, AstraZeneca) to reversibly block
ascending spinal inputs to RS cells. The anes-
thetic, mixed with Fast Green, was ejected into
the small bath through the needle of a 1 ml syringe mounted on a micro-
manipulator. A 60—75 min washout period, where xylocaine was re-
placed with Ringer’s, was allocated in some cases (n = 10) for spinal
inputs to RS cells to recover. In 5 cases, sensory inputs ascending in the
dorsal columns were blocked before xylocaine application. The dorsal
columns on both sides were lesioned 1 or 2 spinal segments caudal to the
level of the last pair of gill pores. Histological sections of the lesioned area
were made to verify that the lesion included only the dorsal columns and
not other spinal cord funiculi.

During locomotion, a mixture of glutamatergic antagonists, CNQX
and AP-5 (1 mm, 2 mM, respectively, n = 15 RS cells), the inhibitory
neurotransmitter glycine (1 mm, n = 19 RS cells) or the glycine receptor
antagonist strychnine (500 um, n = 4 RS cells) was locally ejected over
one of two homologous RS cells recorded simultaneously on each side of
the brainstem. The drugs were ejected on average 11.9 * 1.1 s after the
sensory stimulation ended, not to interfere with the onset of the elicited
sustained depolarizations. The responses of the homologous RS cell con-
tralateral to the ejection served as a control. The ejections were made by
applying positive pressure pulses (10200 ms) through glass micropi-
pettes using a Picospritzer (General Valve Corporation). As previously
described by us and others (Paggett et al., 2004; Viana Di Prisco et al.,
2005), care was taken to produce much localized actions of drugs. The

Figure 2.
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Durations of sensory-evoked depolarizations before, during xylocaine and after washout. 4, Plot showing the mean
depolarization duration (= SEM) of 8 —10 trials measured in 20 experiments under control (ascending order), xylocaine, and after
washout obtained in 10 experiments. Note the thick black line separating the experiments showing no significant decrease in
duration after xylocaine from those that did. B, Histogram illustrating the mean depolarization durations for the 20 experiments
shown in A4, under control (black), xylocaine (gray) and after washout (white). €, Histogram depicting the mean depolarization
durations under the three experimental conditions, for all the trials having, in control condition, a depolarization duration shorter
(left), and longer (right) than 25 5. **p << 0.01; ***p << 0.001; ns, Nonsignificant.

drugs were ejected close to the tissue and the ejected solution was colored
with Fast Green as a visual indicator for monitoring the extent of the
diffusion. The outflow of the recording chamber was positioned near the
ejection site to restrict the ejection to the immediate vicinity of the re-
corded RS cells. Ejections of Fast Green mixed with Ringer’s did not
produce any effect on RS cells (Brocard and Dubuc, 2003). In some cases,
tetrodotoxin (TTX, 1 um) was bath applied before and after bath perfu-
sion of glycine (100 um).

All the above-mentioned drugs were purchased from Sigma, stored
frozen in aliquots of stock solutions and diluted to the desired concen-
tration in fresh Ringer’s before use.

Data analysis. RS cells show sustained depolarizations with superim-
posed rhythmic membrane potential oscillations in response to sensory
stimulation. The mean depolarization duration (in seconds) was mea-
sured in control, under xylocaine and, in 10 cases, after the washout
period. The starting point for the measurement of the depolarization
durations was when the values of the membrane potential (V) started to
depolarize (above the resting level) right after the stimulation artifact.
The end point was when the V| values returned back to resting (or
prestimulation) values. The effects of CNQX/AP-5 ejections were char-
acterized by comparing the sustained depolarization durations of the
control with that of the tested RS cells. The start and duration of the
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ejections (in seconds) were measured from the Picospritzer marker trace
output. The effect of the drug mixture was also measured on the area of
the EPSPs.

The effects of glycine ejections were characterized using several param-
eters: (1) the duration of the drug ejection (obtained from the Pico-
spritzer marker trace output), (2) the maximum membrane potential
hyperpolarization (in mV), (3) the duration of the drug effect measured
from the time elapsed between the beginning of the drug effect (i.e.,
intersection between a line fitted through the initial and sustained part of
the depolarization and the first point where the V,,, decreased bellow this
fitted line) and the time when V,, returned to the depolarization level, (4)
the latency (in seconds) between the start of the ejection (from the Pico-
spritzer marker trace output) and the beginning of drug effect, (5) the
time constant (tau) obtained by first, fitting an exponential curve be-
tween the beginning of the drug effect and the maximum hyperpolariza-
tion and then, taking the time (in ms) at which 63% of the maximum
hyperpolarization was reached, (6) the return to baseline (subtracting the
duration of the ejection from the duration of the effect).

The effect of the glycine receptor antagonist, strychnine, was also char-
acterized. The duration (in seconds) of the sustained depolarizations of
the control RS cells were measured and compared with that of the test RS
cells.

The sustained depolarizations were accompanied by swimming in the
semi-intact preparations. In all the experiments where membrane poten-
tial oscillations were clearly visible in RS cells during swimming under
control condition, their amplitude was measured before and during drug
ejections by subtracting a peak value from the following trough value.
Because the ejections were done rapidly after the start of the sustained
depolarizations, only 8 consecutive steady oscillations were measured in
control and in the presence of the drugs, during a bout of locomotion.

The swimming cycle duration was determined by measuring the time
lapse between the onsets of two consecutive EMG bursts on the same side
using homemade software.

Statistical analyses were done using Origin software (Origin Lab Cor-
poration). A Student’s paired ¢ test was used to compare means between
two groups. A one-way ANOVA, followed by a Tukey’s test for post hoc
analysis, was used to compare means between more than two groups. A
Pearson’s correlation analysis was also performed to test whether two
groups were linearly correlated. A confidence level of p < 0.05 was con-
sidered statistically significant.

Results

Sustained depolarizations elicited by sensory stimulation in RS
cells varied considerably in duration from relatively short depo-
larizations to longer events that could even last more than a
minute (3-110 s). Variability was observed within as well as be-
tween preparations. We previously showed that intrinsic proper-
ties played a crucial role in the sustained depolarizations (Di
Prisco et al., 1997, 2000). We now examined whether synaptic
inputs from the spinal cord (Dubuc and Grillner, 1989; Vinay
and Grillner, 1993; Einum and Buchanan, 2004) as well as gluta-
matergic excitatory inputs in general could add to the intrinsic
properties to prolong the depolarizations of RS cells.

The contribution of spinal inputs to sustained
depolarizations elicited in RS cells

Action potential conduction was reversibly blocked in both as-
cending and descending spinal cord axons by locally applying the
anesthetic xylocaine in a well constructed over the rostral spinal
segments (Fig. 1 A). The duration of the trigeminal-evoked sus-
tained depolarization and locomotor activity were examined. In
preliminary experiments, glass coated tungsten microelectrodes
(0.5-2 M), 10-25 um tip; homemade) were used to micro-
stimulate the ascending axons in the lateral spinal columns (Fig.
1, S stim) to confirm the blockade of spinal inputs by xylocaine.
The rostro-caudal position of the stimulating microelectrode was
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Figure3.  Effects of blocking ascending spinal inputs with xylocaine on sensory-evoked de-
polarizations in the absence of sensory feedback from the dorsal columns. A, After the bilateral
lesion of the dorsal columns, sustained depolarizations were intracellularly recorded from RS
cells in response to electrical stimulation of the trigeminal nerve (Vth stim). Sustained depolar-
izations (top) and EMG activity (bottom) recorded under control (A7), after xylocaine locally
ejected ina circular bath fitted on the rostralmost spinal segments (A2) and after washout (43),
in one preparation. Note that EMG bursts recorded at segmental level 30 were abolished under
xylocaine (42, EMG) and recovered after washout (43, EMG). B, Histogram of the mean depo-
larization durations of five experiments under the three experimental conditions. **p << 0.01,
ttest.

5-10 spinal segments caudal to the xylocaine bath. In all cases, the
synaptic responses elicited by lateral column stimulation under
control condition were abolished by xylocaine. Furthermore,
during xylocaine, the trigeminal sensory stimulation failed to in-
duce swimming indicating that the drug was efficiently blocking
the connections between the brainstem and the spinal cord (Fig.
1 B2,C2, EMG traces). In 20 of 22 recorded RS cells, the sustained
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depolarizations were still present (Fig.
1B2,C2), but there was a significant de-
crease in the duration of the sustained de-
polarizations (Fig. 2 A, B, xylocaine). In 10
of these cases, the RS cells were recorded
long enough to obtain full or partial recov-
ery (Fig. 2A, B, washout). After a washout
period of 45—-60 min, the sustained depo-
larizations recovered with a duration sim-
ilar to that of control condition (Fig. 2 B)
(control = 28.8 * 4.5 s; xylocaine =
10.3 = 1.1 s; washout = 31.5 = 7.2 s; p <
0.01 for xylocaine, one-way ANOVA; n =
20). Swimming activity also recovered
(Fig. 1 B2 vs 1B3; 1C2 vs 1C3 EMG traces).
In 2 of the 22 RS cells, xylocaine abolished
the sustained depolarizations altogether
(data not shown).

Interestingly, the effects of blocking as-
cending spinal inputs to RS cells varied de-
pending on whether the sustained depo-
larizations were of short (Fig. 1BI) or of
long duration (Fig. 1CI). Xylocaine signif-
icantly reduced the duration of the sus-
tained depolarizations when the latter
lasted 25 s or more (Fig. 2A). In the 9 neu-
rons with depolarizations shorter than
25 s, xylocaine did not significantly reduce
the duration (Fig. 2C) (<25 s; control =
12.5 * 1.8 s vs xylocaine = 10.1 = 1.8 s;
p>0.05, ttest; n = 9), whereas in the other
11 neurons in which the depolarizations
lasted >25 s, there was a significant reduc-
tion after xylocaine (Fig. 2C) (>25s; con-
trol = 43.4 * 4.9 s vs xylocaine = 8.9 *
1.7 s p < 0.001, t test; n = 9).

In 12 of 20 RS cells, membrane poten-
tial oscillations were clearly visible during
swimming in control condition. Xylocaine
abolished the oscillations in all cases. One
such example is illustrated in Figure 1C2.
In the remaining 8 RS cells, the membrane
potential oscillations were not large
enough in control condition to allow
quantification of their amplitude before
and after xylocaine.

We then investigated the effects of re-
versibly blocking ascending inputs coming
from the spinal cord in the absence of sen-
sory feedback. In 5 experiments, the dorsal
columns were bilaterally transected at the
level of the rostralmost spinal segments.
The duration of the trigeminal-evoked
sustained depolarizations recorded in RS
cells was then measured after the reversible
blockade of the remaining ascending spi-
nal inputs by locally applying xylocaine as

described above. In control condition, long-lasting sustained de-
polarizations associated with locomotor activity were still in-
duced in the absence of sensory feedback from the body (dorsal
column lesion) (Fig. 3A1). Xylocaine application over the rostral
spinal segments elicited a significant decrease in the duration of
the sustained depolarizations (Fig. 3A2), as previously observed
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Figure 4.  Sensory-evoked depolarizations in two simultaneously recorded homologous RS cells. 4, Drawing illustrating the

experimental set-up. Paired intracellular recordings from two homologous RS cells located on either side of the brain were
performed. One cell always served as the control RS cell (cRS cell) allowing drug ejections to be made over the tRS cell on the
opposite side. BT-B5, Sustained depolarization recorded simultaneously in both cells at different trigeminal nerve stimulation
intensities (7.0,7.6,11.0,8.0and 8.0 A, respectively). The depolarization varied similarly in the two RS cells from very short (BT,
35), to much longer (B5, 50 5). Note the alternating pattern of membrane potential oscillations observed in B5 (inset). €, Plot of
the stimulus-response relationship for the control (cRS cell, black circles) and the test (RS cell, gray circles) RS cellsillustrated in B.
The stimulation intensity varied from 7 to 11 A and the response durations from 3 to 55 s.

in experiments where the dorsal columns were left intact. After a
60 min washout period, the reduction partially reverted back to
control values (Fig. 3A3,B) (control = 39.3 * 6.5 s, xylocaine =
9.4 = 1.7 s, washout = 24.8 = 10.7 s, p < 0.01, one-way ANOVA;
n=>5).

Opverall, these results suggest that the spinal cord inputs as-
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cending in the ventral and/or lateral columns contribute to main-
taining RS cells depolarized for a longer period of time. More-
over, the rhythmic membrane potential oscillations seen in RS
cells during locomotion would require spinal cord inputs.

The effects of blocking excitatory glutamatergic inputs on
sustained depolarizations

The previous results stressed the contribution of spinal inputs to
the sustained depolarizations in RS cells. The overall contribu-
tion of glutamatergic synaptic inputs (not only spinal) was then
examined on semi-intact preparations. Homologous RS cells on
either side of the brainstem were recorded intracellularly while a
mixture of ionotropic glutamate receptor antagonists (1 mm
CNQX, 2 mM AP-5) was locally ejected over one of the recorded
RS cells, the other cell serving as a control (Fig. 4A, test and
control RS cells). First, we established that two homologous RS
cells on either side exhibited sensory-evoked sustained depolar-
izations of identical durations (Fig. 4 BI-B5). The response du-
rations to a unilateral sensory stimulation were the same in the
ipsilateral and contralateral RS cell populations (Fig. 4C). The
membrane potential oscillations were however antiphasic in the
two homologous RS cells recorded on either side (Fig. 4 B5, inset).
Because the ionotropic glutamate receptor antagonists were lo-
cally applied on one of the recorded RS cells [test RS (tRS) cell], it
was necessary to determine the time course of the effects of the
drugs. This was examined on the subthreshold synaptic responses
elicited in RS cells (n = 4) by single shocks delivered to one
trigeminal nerve at a low frequency (0.1 Hz) for 2 min (Fig. 5A).
Preliminary data indicated that the effects were more promi-
nent when the injections were made over the dendrites of RS
cells, lateral to the soma rather than directly over the cell
bodies (data not shown). Figure 5BI shows an example of the
gradual decrease in EPSP area with time for one RS cell. The
data for the four recorded cells are illustrated in Figure 5B2.
The synaptic responses began to decrease 10-20 s after the
ejection and the effect was about maximal after 60 s. This
indicated that the effects of the antagonists could be examined
during the course of the sustained depolarizations. The effects
were thus examined for 15 pairs of homologous RS cells re-
corded in 10 semi-intact preparations in which swimming was
monitored through EMG recordings (Fig. 6 A). The glutamate
receptor antagonists CNQX and AP-5 were ejected on average
8.9 * 1.2 s after the beginning of the sustained depolarization
for a mean duration of 50.9 = 16.9 s. As expected from the
previous experiments (Fig. 5), the ejection did not produce an
immediate effect. Instead, there was a gradual decrease in the
membrane potential of the test RS cell compared with the
control RS cell on the other side (Fig. 6C). Although the drug
ejection ended before the end of the locomotor bout, the
membrane potential of the test RS cell failed to return to the
depolarization level comparable to that of the control RS cell
on the nonejected side. Whereas the duration of the responses
of two homologous cells was very similar and perfectly corre-
lated under control condition (Fig. 6 B,D1), the depolariza-
tion durations of the test RS cells were shorter (Fig. 6D2).
Pooling the 15 pairs together showed a significant reduction of
32.2% in the depolarization duration of the test RS cells com-
pared with the control homologous RS cells (cRS cells: mean
depolarization duration = 100 = 12.2% of control; tRS cells:
mean depolarization duration = 67.8 * 8.3% of control; p <
0.01, ttest; n = 15 pairs). These results suggest that in addition
to intrinsic properties, ionotropic glutamate receptor activa-
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Figure 5.  Effects of a local application of a mixture of CNQX (1 mm) and AP-5 (2 mm) on

sensory-evoked subthreshold responses ina RS cell. 4, Experimental set-up whereby glutamate
receptor antagonists were locally pressure ejected over one RS cell. BT, A typical gradual reduc-
tion of the trigeminal-induced EPSPs is shown for one RS cell in control and after 20-, 30-, and
60-s exposure to the glutamate receptor antagonists. B2, Time course of EPSP areas (relative to
control value) in four RS cells (different preparations) after exposure to the glutamate receptor
antagonists. Traces in BT are from the experiment represented by the inverted triangles.

tion contributes to maintaining RS cells depolarized for a long
period of time.

The glutamate receptor antagonists CNQX and AP-5 also in-
duced a gradual decrease in the amplitude of membrane potential
oscillations related to the locomotor activity (Fig. 7). In 5 exper-
iments, the mean oscillation amplitude decreased from 100 =*
13.1% of control before ejection, to 67.3 = 9.7% of control 40 s
after ejecting CNQX and AP5 ( p < 0.05, ¢ test; n = 5). However,
there were no significant changes in EMG burst frequency or area
after the local application of the antagonists over one RS cell on
one side (Fig. 6C). For instance, the EMG burst frequency on the
ejection side was 1.3 = 0.2 Hz in control versus 1.2 * 0.2 Hz after
the drug ejection (40 s). The values were the same on the opposite
side. The mean area of the EMG bursts ipsilateral to the ejection
was 837.9 £ 275.5 mV.s in control versus 642.8 £ 229.6 mV.s
after ejection (40 s). On the contralateral side, mean area of the
EMG bursts was 457.5 * 240.3 mV.s in control versus 318.6 =
143.4 mV.s after ejection ( p > 0.05, paired t test; n = 10 EMG
pairs).
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The effects of glycine receptor agonist
and antagonist on

sustained depolarizations

The above results suggest that intrinsic
properties as well as excitatory synaptic
transmission contribute to maintaining
RS cells into a depolarized state. We inves-
tigated whether inhibitory amino acid
transmission contributed to ending the
sustained depolarizations. RS cells receive
fast inhibitory glycinergic inputs from dif-
ferent sources such as the ascending dorsal
and lateral columns in the spinal cord and
from the trigeminal nerve (Dubuc et al.,
1993a,b; Vinay et al., 1998a,b; Einum and
Buchanan, 2004). Using the experimental
paradigm described above, glycine (1 mm)
was ejected on one of two homologous RS
cells recorded simultaneously, during sus-
tained depolarizations (n = 19 pairs) in-
duced by sensory stimulation. Unlike the
slow and gradual effects of the mixture of
CNQX and AP-5, the effects of glycine
were rapid (Fig. 8A). The ejection of the
drug (durations ranging from 6.9-11.1 s;
mean duration = 8.5 * 0.4 s) produced a
transient hyperpolarization ranging in
amplitude from —5.36 to —20.61 mV with
a mean value of —12.4 = 0.8 mV. During
the hyperpolarization, spiking activity
ceased. Glycine acted very rapidly with a
latency ranging from 0.04 to 0.45 s (mean
0.20 £ 0.04 s). The RS cell membrane po-
tential hyperpolarized very quickly, as
characterized by the very fast time con-
stant (tau) ranging from 117.3 to 1726.7
ms (mean = 594.2 = 100.0 ms). The du-
ration of the membrane hyperpolarization
(ranging from 8.8 to 21.69 s; mean =
15.4 *= 1.4 s) was proportional to that of
the glycine ejection (r = 0.46; p = 0.02;
n = 19). In 56 trials (out of 66 trials), the
ejection was stopped before the end of the
sustained depolarization and the mem-
brane potential promptly returned back to
the pre-ejection level, similar to that of the
control cell. The time required for the test
cell to return to control depolarizing val-
ues ranged from 2.3 to 13.0 s with a mean
of 7.1 £ 1.3 s (Fig. 8A).

In 8 of the 19 pairs of RS cells, mem-
brane potential oscillations were clearly
visible under control condition. The am-
plitude of the oscillations was measured
before and during the ejection of glycine
(Fig. 8 B). In 4 of 8 tested RS cells, the os-
cillations were no longer visible after gly-
cine. In the other 4 cases, the oscillation
amplitude decreased from 8.8 = 0.3 mV to
2.2 = 0.2 mV after glycine ejection (p <
0.001, t test; n = 19). The frequency of the
locomotor activity remained unchanged,
most likely because the ejections were lo-
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experimental set-up. B, Paired intracellular recordings from two homologous RS cells on either side of the brainstem (control and
test RS cells) showing sustained depolarizations induced by mechanical stimulation of the tail (arrow) under control condition. €,
Local ejections of the glutamate receptor antagonists (gray horizontal bar) over the tRS cell. Note that the membrane potential
depolarization decreased in the cell exposed to the glutamate receptor antagonists without affecting the contralateral control
neuron (cRS cell). EMG activity (bottom traces) recorded at segmental level 30 from the control (cEMG) and test (tEMG) sides.
Recordingsin Band Care from the same neurons. D, Duration of sensory-evoked sustained depolarizations for the control (RS cell,
black circles) and the test (RS cell, gray circles) RS cells before (D7) and after local ejections of CNQX and AP-5 over the test RS cells
(D2). Note that in the 10 pairs of simultaneously recorded homologous RS cells, the control RS cells and test RS cells display
sustained depolarizations with similar durations under control condition (DT). After a local ejection of CNQX and AP-5, the
sustained depolarizations in the test RS cells are in general of a shorter duration (D2).
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Figure7. Effect of the glutamate receptor antagonists, (NQX and AP-5, on the amplitude of
RS cell membrane potential oscillations during locomotion. A, Gradual decrease in the oscilla-
tion amplitude of one RS cell after the local application of CNQX (1 mm) and AP-5 (2 mm) at
time = 0 s (dotted line). B, Plot showing the mean amplitude (== SEM) of a series of eight
consecutive membrane potential oscillations measured in control and 40 s after the local ejec-
tions of CNQX and AP-5 for five RS cells.

calized over only a few RS cells out of the several hundreds in the
nucleus. The effects of glycine were then examined on the
current-voltage (I-V) relationship in RS cells. Glycine was bath-
applied (100 um) for 20—40 min in the presence of TTX (1 um).
Current pulses (500 ms; from —4 to 2.5 nA, average of 3 trials)
were injected in the recorded RS cells (n = 2). Glycine produced
a 14% decrease in the membrane input resistance of the recorded
cells (from 13.1 to 11.2 M) (Fig. 8C).

As indicated above, RS cells receive glycinergic inputs from
various sources, including the spinal cord. Glycinergic inputs
could therefore provide an inhibitory signal at the end of the
sustained depolarizations to provide a common repolarizing in-
put to RS cells. To test this, the glycine receptor antagonist,
strychnine (500 uMm), was locally applied over one of two homol-
ogous RS cells. In control condition as well as after strychnine
ejection, both the control and the test cells had sustained depo-
larizations with similar durations (Fig. 9A, control; Fig. 9B,
strychnine). In all experiments, strychnine ejection never pro-
duced significant change in the duration of sustained depolariza-
tions (p > 0.05, t test; n = 4 pairs). Interestingly, however,
strychnine ejection abolished the membrane potential oscilla-
tions and increased the firing frequency of the test cells (Fig.
9A, B, insets).

Overall, these results indicate that glycine transiently hyper-
polarizes RS cells during the sustained depolarizations without
terminating the latter, whereas the glycine receptor antagonist
probably increases the firing frequency through a decrease in
inhibitory inputs.
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Discussion

We have previously shown that sensory inputs elicit sustained
depolarizations in RS cells that are crucial for escape swimming in
lampreys. Intrinsic membrane properties of the RS cells were
shown to play a crucial role in these sustained depolarizations.
We now show that blocking spinal inputs prevents the sustained
depolarizations from lasting for very long periods of time and
locally blocking AMPA and NMDA receptors of RS cells also
reduces the amplitude and duration of the sustained
depolarizations.

Cooperation between intrinsic and synaptic properties

In accord with the present results, we now propose that cooper-
ation occurs between intrinsic and synaptic properties to tempo-
rally amplify the sustained depolarizations. The possible mecha-
nisms by which this cooperation could occur is schematically
illustrated in Figure 10. The “triggering sensory inputs” produces
disynaptic excitation in RS cells via the activation of AMPA and
NMDA receptors (hatched filling) followed by a sustained depo-
larization. The sustained depolarizations were shown to be pre-
vented by chelating the intracellular calcium with BAPTA or add-
ing flufenamate (Viana Di Prisco et al., 2000). We then concluded
that intrinsic properties via the activation of an I,y were essen-
tial (“intrinsic properties”; in gray). The present results suggest
that the excitatory synaptic inputs allow for a temporal amplifi-
cation of the sustained depolarizations. Thus, we propose that as
the I,y activation diminishes, excitatory glutamatergic synaptic
inputs (“maintaining synaptic inputs”; in black), some of which
coming from the spinal cord, would kick in to boost the I,y
activation. This would maintain the RS cells depolarized perhaps
via additional calcium entry through NMDA receptors. Toward
the end of the sustained depolarizations, both the intrinsic and
the synaptic properties would gradually diminish. The RS cells
would then repolarize and swimming end. It is unknown whether
other active repolarization mechanisms such as common inhib-
itory inputs are involved.

Contribution of spinal cord inputs
RS cells are part of a spino—bulbo-spinal loop that plays a key role
in controlling locomotion (Dubuc and Grillner, 1989; Vinay and
Grillner, 1993). RS cells activate spinal interneurons and mo-
toneurons (Rovainen, 1974; Buchanan, 1982; Buchanan and Co-
hen, 1982; Buchanan et al., 1987; Ohta and Grillner, 1989), and in
turn, they receive inputs from the spinal cord locomotor net-
works (Dubuc and Grillner, 1989; Vinay and Grillner, 1993; Ei-
num and Buchanan, 2004, 2005, 2006). Our results suggest that
spinal inputs to RS cells are also involved to temporally amplify
the sensory-evoked sustained depolarizations in RS cells. In the
absence of spinal cord inputs, the RS cells were activated for a
much shorter period of time (<25 s). Functionally, maintaining
RS cells depolarized for long periods of time with additional tem-
poral amplification may allow the lamprey escape response (Mc-
Clellan and Grillner, 1983; McClellan, 1984) to be of sufficient
duration for the animal to escape far away from the stimulus.
Similar mechanisms may occur in other vertebrates including
goldfish and zebrafish. These species display a vigorous escape
reaction in response to sensory stimulation involving the reticu-
lospinal system (Eaton et al., 1988, 2001; Fetcho and Faber, 1988;
Gahtan et al., 2002).

The spinal neurons at the source of this temporal amplifica-
tion could be the same than the ones previously described to
provide a rhythmic monosynaptic input to reticulospinal cells
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during fictive locomotion (Einum and A
Buchanan, 2004, 2005; Buchanan and Ei-
num, 2008). The ascending spinal neurons
were also described anatomically and
shown to be more numerous in the very
rostral segments of the spinal cord (Vinay
et al,, 1998b). These projections ascend in
the lateral or ventral columns.

The rhythmic membrane potential os-
cillations seen in RS cells during the swim-
ming bouts were completely abolished by
blocking the transmission between the spi-
nal cord and the brainstem. RS cells have
been shown to be rhythmically active dur- EMG
ing locomotion in several animal species, 3
including mammals (Orlovsky, 1970a,b; M Stim
Drew et al.,, 1986) and lampreys (Kasicki B
and Grillner, 1986; Dubuc and Grillner,
1989; Kasicki et al., 1989; Vinay and Grill-
ner, 1992). Orlovsky proposed in the early
1970s that the rhythmic modulation in cat
RS cells originated from the spinal loco-
motor networks (Orlovsky, 1970a). This
remained a hypothesis for several years
until the in vitro preparation of the lam-
prey brainstem/spinal cord was used to
show that spinal cord inputs participated
at least in part in the modulation of RS
cells (Dubuc and Grillner, 1989). Results
from the present study now indicate that
spinal inputs are not only partly partici-
pating, but that they appear to be the sole
contributors to the rhythmic modulation
of RS cell activity during locomotion.

tRS cell

cRS cell

tEMG

tEMG

Figure 8.

Effects of local ejections of glycine (1 mm) on sensory-evoked sustained depolarizations, membrane potential oscil-
lations, and input resistance of RS cells. 4, Local application of glycine (gray horizontal bar) over one (tRS cell) of two homologous
cells produce a transient hyperpolarization without ending the sustained depolarization evoked by a mechanical stimulation (M
stim) of the tail. The EMG activity (bottom traces) was recorded at segmental level 30 from both sides (cEMG, tEMG). B, Local
ejections of glycine also strongly reduce the membrane potential oscillatory pattern, without affecting the swimming episode
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Glutamatergic and glycinergic

synaptic inputs

The ejection of ionotropic glutamate re-
ceptor antagonists over one of two homol-
ogous RS cells induced a marked decrease in membrane oscilla-
tions and depolarization level in the cell receiving the drugs. The
membrane potential progressively returned to resting levels de-
spite the maintained depolarization in the control cell on the
opposite side of the brainstem. Glutamatergic inputs thus likely
contribute in maintaining RS cells into a depolarized state. A
quantitative estimate of the synaptic inputs contribution cannot
be provided. We cannot determine if all targeted glutamate re-
ceptors were blocked with the local ejections. Ejections over den-
drites of RS cells, lateral to the soma, were more effective. Gluta-
mate receptors were shown to be more densely distributed on the
dendrites of spinal neurons in lampreys (Moore et al., 1995).
Because the dendritic arborization of large RS cells within the
MRRN is very extensive, the antagonists may require time to
diffuse to the small ramifications of the RS cell dendrites deep in
the tissue and we cannot assume that all ionotropic glutamate
receptors were blocked.

It is tempting to propose that excitatory glutamatergic inputs
coming from the spinal cord will be the most important in main-
taining RS cells depolarized. However, we cannot rule out that
other excitatory sources are involved during active locomotion.
Several regions send excitatory glutamatergic projections to lam-
prey RS cells such as the mesencephalic locomotor region (Sirota
et al., 2000) and the ventral thalamus in the diencephalon (El

glycine ejection.

injections in presence of TTX before and after glycine ejection (top traces). The /—/relationship (bottom) is plotted before and after

Manira et al., 1997). Inputs from the periphery could also play a
role Relay cells from trigeminal and vestibular inputs are also
glutamatergic (Alford and Dubuc, 1993; Viana Di Prisco et al.,
1995). It is noteworthy, however, that we found no difference in
the duration of the sustained depolarizations before and after
dorsal column lesion, indicating that somesthetic inputs from the
body are unlikely to contribute much. To determine if the gluta-
matergic inputs are mostly originating from the spinal cord, it
would have been interesting to study the effects of CNQX and
AP-5 ejection under xylocaine condition. However, because of
the long time needed for the antagonists to act (between 30 and
60 s) and the short duration of the sustained depolarizations after
xylocaine, this was not possible.

In contrast to blocking ionotropic glutamate receptors, gly-
cine ejections onto the soma of a single RS cell caused an almost
instantaneous, transient hyperpolarization of the RS cell mem-
brane potential. Glycine did not end the sustained depolarization
as the membrane potential of the test RS cell returned to a depo-
larized state similar to that observed in the control cell very
shortly after the ejection. These results also support that the sus-
tained depolarizations seen in RS cells are not voltage-dependent
as the glycine-induced hyperpolarization failed to end the ongo-
ing depolarizations. Moreover, the I,y does not undergo
voltage-dependant inactivation (Partridge et al., 1994; Zhang et
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Figure 9.  Effects of local ejections of strychnine (500 um) on sensory-evoked sustained depolarizations. 4, The control condi-
tion. Sustained depolarizations intracellularly recorded from two homologous RS cells, control (cRS) and test (tRS), in response to
mechanical tail stimulation (M stim, arrow). Swimming activity was recorded ipsilateral to the tRS cell at segmental level 30
(tEMG). B, Effect of strychnine. The drug was locally applied over the test RS cell (tRS). Note that strychnine was applied from the
beginning to the end of the sustained depolarization (gray horizontal bar). Insets, Parts of the traces (shaded areas) recorded
under control or strychnine are shown at a faster time scale below (A) or above (B) the respective recordings. Tracesin A and B are
from the same pair of neurons. Note that strychnine neither prolonged the sustained depolarization of the tRS cell nor affected the
CRS cell on the opposite side. Strychnine had also no effect on the swimming bout. However, strychnine abolished the membrane
potential oscillations and increased the firing frequency of the tRS cell.

al,, 1995). However, voltage-dependent long-lasting depolariza-
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Baufreton et al., 2003; Zhu et al., 2005;
Derjean et al., 2005; Lee and Tepper,
2007). GABA is also an important inhibi-
tory neurotransmitter contained in several
neuronal groups in the hindbrain of lam-
preys (Robertson et al., 2007). We per-
formed preliminary experiments to test
possible GABA contribution and found
that it did not end the sustained depolar-
izations in 16 RS cells.

Whether the return to the previous de-
polarization level was due to intrinsic
properties of the cell involving an I, or
due to change in synaptic drive cannot be
determined. The very similar time course
of the sustained depolarizations observed
in two homologous RS cells suggests com-
mon synaptic inputs likely to play a crucial
role in shutting down the sustained depo-
larizations. An excitatory drive could be
relieved simultaneously for the entire pop-
ulation of the RS cells or a common syn-
aptic inhibitory input could be activated.
We have not found that inhibitory drive yet.

The oscillation amplitude was reduced
by the application of glycine. The mecha-
nisms by which this occurs remain to be
established but a resistance shunt conse-
quent to the drug-induced hyperpolariza-
tion is a possibility.

Finally, the locomotor cycle showed no
change after glycine and CNQX/AP-5local
application onto a single RS cell. A com-
plete block of all glutamatergic inputs pro-
jecting to the whole MRRN nucleus may
be required to modify locomotor activity.

In conclusion, we provide evidence
that excitatory synaptic inputs cooperate
with intrinsic membrane properties to
temporally amplify the sustained depolar-
izations in RS cells to elicit long bouts of
escape swimming.
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RS cells depolarized for long periods of time as the intrinsic excitation would start to die-off.
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