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Evidence That Glycine Mediates the Postsynaptic Potentials That
Inhibit Lumbar Motoneurons During the Atonia of Active Sleep

Michael H. Chase, Peter J. Soja, and Francisco R. Morales

Departments of Physiology and Anatomy and the Brain Research Institute, UCLA School of Medicine, Los Angeles,
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Postsynaptic inhibition of somatic motoneurons underlies
the atonia of active sleep. This inhibitory control depends,
in large measure, on the bombardment of motoneurons dur-
ing active sleep by a unique class of large-amplitude inhib-
itory postsynaptic potentials (IPSPs). These potentials are
present only during this behavioral state and have therefore
been designated as active sleep-specific IPSPs (AS-IPSPs).
The present study was concerned with determining the neu-
rotransmitter that mediates these AS-IPSPs.

Lumbar motoneurons were recorded intracellularly during
quiet and active sleep in intact, undrugged, normally re-
spiring cats. The frequency and waveform parameters of the
inhibitory postsynaptic potentials recorded from these mo-
toneurons were examined following the microiontophoretic
juxtacellular administration of strychnine (a glycine receptor
antagonist) and picrotoxin and bicuculline (GABA receptor
antagonists).

Microiontophoretically applied strychnine abolished the AS-
IPSPs and a majority of smaller-amplitude 1PSPs. Neither
picrotoxin nor bicuculline modified the frequency, amplitude,
or rising phase of the AS-IPSPs or the smaller-amplitude
IPSPs. We conclude that the postsynaptic inhibitory drive
that impinges on motoneurons during active sleep is prin-
cipally mediated by glycine or a glycinergic substance.

During the state of active sleep, lumbar motoneurons receive a
sustained barrage of inhibitory postsynaptic potentials (IPSPs;
Morales et al., 1987). These IPSPs, which contribute to the
suppression of motoneuron activity that occurs during this be-
havioral state, were divided into 2 groups. The first group con-
sisted of IPSPs that were characterized by their large amplitude;
these have been designated as “active sleep-specific” (AS-IPSPs)
because they are only present during active sleep (Morales and
Chase, 1982; Morales et al., 1987). The second group comprised
IPSPs that were smaller in amplitude and resembled IPSPs that
were present during quiet sleep and wakefulness as well as during
active sleep (Morales and Chase, 1982; Morales et al., 1987).
The present study was performed to determine whether the
inhibitory amino acids, glycine and GABA, mediate the IPSPs
of active sleep. We focused our attention on giycine and GABA
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because these substances have been implicated in the postsyn-
aptic inhibition of spinal cord motoneurons in anesthetized and
in acutely prepared decerebrate animals (see reviews by Curtis,
1969; Davidoff and Hackman, 1983; Young and MacDonald,
1983).

Our experimental approach was to examine the effect of an-
tagonists of glycine (i.e., strychnine) and GABA (i.e., picrotoxin
and bicuculline) on the frequency of occurrence and on the
waveform parameters of the IPSPs that occur during the
non-REM periods of active sleep. The convulsant properties of
strychnine, picrotoxin, and bicuculline and their effects on
numerous physiological systems and cell groups (Curtis, 1969)
precluded their systemic or intrathecal injection. Therefore, to
circumvent these problems and to localize the site of action of
these inhibitory neurotransmitter antagonists, they were ad-
ministered juxtacellularly, by microiontophoresis, onto the sur-
face of motoneurons that were being recorded intracellularly
during naturally occurring episodes of quiet and active sleep.
Portions of this work have been presented previously (Morales
et al., 1984; Soja et al., 1986).

Materials and Methods

Chronic implant procedures. Experiments were performed on 5 intact
unanesthetized, normally respiring cats. Complete details regarding the
surgical procedures for preparing the lumbar vertebral column for in-
tracellular recording of motoneurons in the chronic cat have been pre-
sented in previous publications, as have procedures for recording ponto-
geniculo-occipital (PGO) waves, the cortical EEG, and the states of sleep
and wakefulness (Morales et al., 1981).

Intracellular recording and microiontophoretic procedures. The sciatic
motoneuron pools were located using a single-barrel glass micropipette
filled with 2 m K*-citrate. After locating these pools, the single-barrel
micropipette was removed and replaced with an electrode that was
composed of parallel glass micropipettes (Soja et al., 1987). One mi-
cropipette was used for intracellular recording; 2 other micropipette
barrels were used for the microiontophoretic ejection of substances. The
tips of the recording and drug barrels were staggered [mean intertip
distance, 70.0 = 11.5 um (SD)] so that substances could be released
next to the motoneuron soma from which intracéllular records were
obtained. A mixture of dental cement and quick-drying cyanoacrylate
was used to bond the barrels and shanks of the pipettes together; the
composite micropipette assembly was then coated with a thin film of
water-insoluble dental sealant. Details regarding the configuration of
the micropipette tips were noted for each electrode and compared with
measurements taken immediately after recording periods. Data ob-
tained with composite electrodes whose tip configurations differed
markedly after a recording session from their original dimensions were
discarded.

The intracellular recording micropipette, which was filled with 2 M
K+-citrate, was utilized to monitor the activity of sciatic motoneurons,
which were identified by antidromic nerve stimulation via a perma-
nently implanted peripheral nerve cuff electrode (Morales et al., 1981).
One of the ejection micropipettes, depending on the drug to be tested,
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Figure 1. Example ofa digitized (50 usec/bin) spontaneously occurring
IPSP recorded from a lumbar motoneuron during the state of active
sleep. A computerized system (Morales et al., 1985) was used to digitize
the membrane potential, identify IPSPs, and calculate their frequency
of occurrence and individual waveform parameters, as illustrated by
letters A-G. A and B, data points that define the foot and peak, respec-
tively, of each IPSP; C, amplitude of the IPSP determined by the ab-
solute voltage difference between B and A; D, 10-90% rise time (the
asterisk on the rising phase indicates the data point nearest to 10% of
the potential’s amplitude); E, 10-90% decay time (the asterisk on the
decay phase indicates the data point nearest to 90% of the potential’s
decay time); F and G together, IPSP half-width; G, IPSP half-decay-
width. The amplitude of this spontaneous IPSP was 1.76 mV; its 10—
90% rise time, 10-90% decay time, half-width, and half-decay-width
were 0.75, 2.95, 2.70, and 1.90 msec, respectively. Antidromic spike
amplitude, 71 mV.

was filled with either of the following solutions, which was prepared
fresh on the day of each experiment: strychnine nitrate (10-15 mm in
165 mm NaCl, pH 6.5), picrotoxin (saturated solution in 165 mm NaCl,
pH 6.5), or bicuculline methiodide (10 mm, in 165 mm NaCl, pH 4.0).
The remaining ejection micropipette was filled with a NaCl solution
(165 mm), which was used for automatic current neutralization. Sub-
stances were released by applying a constant current to the ejection
barrel (which was made relatively positive) from a programmable cur-
rent generator (Medical Systems, Neurophore BH-2). “Backing” cur-
rents (— 10 nA) were routinely applied to the ejection barrels. The effect
of each amino acid antagonist on lumbar motoneurons was examined
separately during any given recording session.

Membrane potential activity was recorded using a high-input-imped-
ance amplifier. The membrane potential activity was monitored on an
oscilloscope; it was also recorded on a polygraph and stored on magnetic
media (FM tape recorder, Vetter Model D). In addition, the EEG, EMG,
EOG, and PGO activity as well as a voltage signal denoting the onset
and duration of drug ejection were recorded on tape.

Analysis of the frequency and waveform of spontaneous IPSPs. The
frequency and waveform characteristics of IPSPs were analyzed using
a microcomputer system which first digitized the tape-recorded mem-
brane potential and then stored the data on hard disk cartridges (Morales
et al., 1985). Inhibitory synaptic potentials were detected automatically
and displayed on a graphics terminal; their frequency and waveform
characteristics were then determined. Data segments of the high-gain
intracellular recordings were sampled from each motoneuron during
quiet sleep and the non-rapid eye movement periods of active sieep.!
IPSPs were classified as simple inhibitory potentials (i.e., those poten-
tials that did not possess inflections on their rising phase), as well as
composite inhibitory potentials (Morales et al., 1985). IPSP frequency
was expressed as the number of potentials (single and composite) per
second.

! The IPSPs that occur during the REM periods of AS were not analyzed in the
present study because of the large fluctuations in membrane potential and mo-
toneuron discharge present during these episodes (Chase and Morales, 1982, 1983).

For the determination of waveform parameters, only simple IPSPs
were examined; special attention was paid to exclude from the waveform
analysis not only those potentials whose decay (i.e., repolarization) phase
was interrupted by other spontaneous potentials, but also potentials that
did not return to within 10% of their initial zero voltage level (or foot,
see Fig. 1). The following waveform parameters of simple IPSPs were
determined: peak amplitude, 10-90% rise time, rate-of-rise, 10-90%
decay time, half-width, and half-decay-width (Fig. 1). Data representing
each waveform parameter were expressed as the mean + SD for each
motoneuron in the control and experimental (drug) populations. The
group mean + SEM of the individual means was then obtained for the
control and experimental populations of motoneurons.

Segregation of IPSPs for decay phase analyses following the microion-
tophoretic ejection of GABA antagonists. As presented in Results, the
GABA antagonists exerted an unexpected effect that was limited to the
repolarization phase of the IPSPs. Therefore, separate IPSP partitioning
procedures and analyses were carried out, as described below, to ex-
amine this aspect of the data.

The time course of the repolarization of synaptic potentials depends
on a number of factors, such as the duration of the underlying synaptic
current as well as the cable properties of the cell. These factors also
influence the synaptic potentials’ rising phase (Rall, 1967; Rall et al.,
1967; Jack et al., 1971). In order to determine the extent to which the
GABA antagonists affected only the repolarization phase of spontaneous
IPSPs, it was necessary that the rising phase of the IPSPs, under drug-
free conditions, be equivalent to the rising phase of the IPSPs recorded
under postdrug conditions (see Results). Thus, for this analysis, all sim-
ple potentials recorded during active sleep were selected for an exam-
ination of their decay phase in both control and postdrug groups on the
basis of their having similar 10-90% rise times.

In the control drug-free population, the group mean 10-90% rise time
of the AS-IPSPs was 0.82 + 0.14 msec (see Table 1, Morales et al.,
1987). A subpopulation of these simple AS-IPSPs was selected for anal-
ysis of their decay phase only if their 10-90% rise times exceeded 0.68
msec but were less than 0.96 msec. This range of rise times corresponds
to 1 SD above and below the group mean rise time for the AS-IPSPs.
The small-amplitude IPSPs were also subjected to a comparable rise
time partitioning procedure (10-90% rise-time range, 0.58-0.63 msec;
see Morales et al., 1987). The 10-90% decay-time was then defined as
the duration of a potential beginning at a point corresponding to 90%
of its amplitude and ending when it reached 10% of its amplitude on
its decay phase (Fig. 1E). Tables 1 and 2 summarize the waveform
parameters of simple AS-IPSPs and small-amplitude IPSPs with com-
mon rise times that were recorded under drug-free conditions (Morales
etal., 1987). The decay phase of these control IPSPs was then compared
with the decay phase of IPSPs with comparable rise times which were
recorded from cells exposed to the GABA antagonists.

Statistical procedures. The distributions of IPSP waveform parame-
ters that were skewed and whose variances were different during be-
havioral states (i.e., quiet sleep vs. active sleep) were compared utilizing
a nonparametric statistical test (Mann-Whitney U test). Differences be-
tween control and experimental groups were considered to be statisti-
cally significant at p < 0.05. Differences in the distribution of IPSP
frequencies across the control and postdrug population of motoneurons
were determined using a x2 test at p < 0.05. The Pearson method was
utilized for the correlation analyses between different waveform param-
eters.

Results

Lumbar motoneurons were impaled during either quiet sleep
or the transition into active sleep; all cells were monitored
throughout subsequent episodes of active sleep. The effects of
microiontophoretically applied inhibitory amino acid antago-
nists were examined on a total of 35 motoneurons. The average
action potential amplitude of these cells was 68.5 = 7.1 mV
(£ SD, range, 55-85 mV). Each amino acid antagonist was
¢jected juxtacellularly during quiet sleep or during the initial
period of active sleep. The IPSP data that were recorded during
active sleep under drug-free conditions, as presented in Morales
et al. (1987), served as a control for the [PSP data obtained
following the juxtacellular microiontophoresis of strychnine, pi-
crotoxin, and bicuculline methiodide.
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Strychnine was ejected, juxtacellularly, onto 12 cells during quiet
sleep and onto 7 cells during the initial period of active sleep.
It was released using an average ejection current of 119.7 +
65.5 nA (range, 36-250 nA) over an average time period of 1.5
+ 0.6 min (range, 0.5~3.0 min).

As previously reported, the membrane potential of lumbar
motoneurons during the atonia of active sleep was dominated
by the presence of large-amplitude AS-IPSPs and small-ampli-
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Figure 3. IPSP frequency distribution among motoneurons recorded
during active sleep under control, drug-free conditions (4) and following
the juxtacellular microiontophoretic application of strychnine (B). As
shown in A4, 88% of the motoneurons exhibited IPSP frequencies in
excess of 50 potentials/sec. In contrast, in B, 79% of the motoneurons
exposed to the juxtacellular application of strychnine were subjected to
a substantially weaker inhibitory bombardment, which was character-
ized by IPSP frequencies below 50 potentials/sec. Note that in 32% of
the motoneurons tested with strychnine, no spontaneous IPSP activity
was detected.
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Figure 2. Effect of microiontophoreti-
cally ejected strychnine on the mem-
; brane potential activity of a sciatic mo-
/ 4 toneuron recorded during the atonia of
' i active sleep. Each trace is a high-gain
record of membrane activity before (4)
and after (B) strychnine ejection. Note
that the control membrane potential ac-
tivity during the atonia of active sleep
was characterized predominantly by
large-amplitude spontaneously occur-
ring IPSPs (4), which were completely
abolished (B) following the ejection of
strychnine (15 mm, 225 nA, 1.5 min).
The tip of the recording micropipette
extended 60 um beyond the ejection
micropipette (see Materials and Meth-
ods), thus allowing strychnine to be
ejected adjacent to the somatic portion
of the motoneuron. Antidromic spike
amplitude, 66 mV.

‘ 0.5mV

tude IPSPs (Morales and Chase, 1982; Morales et al., 1987). In
6 motoneurons, strychnine was effective in blocking, completely,
all IPSPs. Figure 24 is an example of a high-gain intracellular
recording of membrane activity from a lumbar motoneuron
during the atonia of active sleep. This cell was impaled during
the preceding episode of quiet sleep; its membrane activity was
monitored throughout the transition and then during the entire
episode of active sleep. Figure 2B is a sample record of high-
gain membrane activity in the same cell following the juxta-
cellular ejection of strychnine; note that IPSP activity was com-
pletely suppressed and remained so throughout the period of
active sleep.

In the remaining 13 cells, following strychnine application,
there was some residual IPSP activity, all of which was of small
amplitude (see below); the mean IPSP frequency was only 39.9%
of the control, drug-free value (control, 80.3 + 35.2 IPSPs/sec;
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Figure 4. Distribution of the amplitudes of spontaneous IPSPs re-
corded during active sleep from the same lumbar motoneuron before
(open histogram) and following the microiontophoretic ejection of
strychnine (dotted histogram). Arrows indicate the median value of each
IPSP population. Note that before strychnine, 50% of the potentials
were larger in amplitude than the largest potential which was detected
following the microiontophoretic ejection of strychnine (10 mm, 250
nA, 2.75 min).
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Figure 5. Scattergrams depicting the
relationship between the peak ampli-
tude and 10-90% rise time of sponta-
neous IPSPs recorded during active
sleep before (4) and immediately fol-
lowing (B) the microiontophoretic ejec-
tion of strychnine. IPSPs were still pres-
ent following strychnine ejection (10
mum, 100 nA, 3.0 min); however, they
consisted entirely of small-amplitude
potentials. The 2 ellipses in C represent
the 90% confidence regions (Sokal and
Rohlf, 1981) of the data points corre-
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strychnine, 31.9 + 28.7 IPSPs/sec). This difference was statis-
tically significant (p < 0.05).

Figure 3 consists of bar histograms depicting the frequency
of the spontaneous IPSPs recorded from all motoneurons under
control conditions (4) and following the microiontophoretic
gjection of strychnine (B). Note that these distributions are
markedly different. In the control group, all motoneurons dis-
played IPSP activity; the IPSP frequency of the majority of
motoneurons was greater than 50 potentials/sec. In contrast, the
majority of motoneurons tested with microiontophoretic strych-
nine (78.9%) displayed IPSP activity that occurred at frequen-
cies less than 50 potentials/sec; moreover, 32% of the cells ex-
hibited no IPSP activity whatsoever.

Waveform characteristics of the spontaneous IPSPs which
remained following microiontophoretic ejection of strychnine

Amplitude and rising phase. The mean IPSP amplitude for the
entire sample of motoneurons recorded during the control, drug-
free periods of active sleep was 0.86 = 0.03 mV. In contrast,
the group mean amplitude, during active sleep, of the IPSPs
which remained following strychnine microiontophoresis was
0.52 = 0.03 mV, or 60.5% of the control value (p < 0.05).
Figure 4 is an example of the distribution of IPSP amplitudes
in the same motoneuron before and immediately following the
juxtacellular ejection of strychnine. The median amplitude of
the simple IPSPs in this record was 0.67 mV (indicated by the
dotted line and arrow in Fig. 4). Following the ejection of strych-
nine, only a few IPSPs were present, and these were of small
amplitude (median amplitude, 0.44 mV). For the 13 cells in
which IPSPs remained following strychnine, the group mean
rise time (0.61 + 0.01 msec) was not statistically different from
the corresponding control value (0.68 + 0.01 msec; p > 0.05).
The rate-of-rise of the spontaneous IPSPs which remained fol-
lowing strychnine was reduced by 33.9% compared with the
corresponding control value (control, 1.27 + 0.03 mV/msec;
strychnine, 0.84 + 0.03 mV/msec; p < 0.095).

Figure 5 presents scattergrams (4, B) of the relationship be-
tween amplitude and rise time of all simple IPSPs recorded
during active sleep from a motoneuron before and after the
gjection of strychnine. A relatively large number of IPSPs (n =
136) were present prior to strychnine administration, and, as
described previously (Morales et al., 1987), a direct correlation
existed between IPSP amplitude and 10-90% rise time (r = 0.72,
p < 0.05). However, following strychnine administration, very
few IPSPs remained (n = 13); no correlation existed between
their amplitude and rise time (r = 0.47, p > 0.05). The ellipses
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in Figure 5C depict the confidence regions (Sokal and Rohlf,
1981) within which are located 90% of the data points shown
in the scattergrams in Figure 5, 4, B. The ellipse representing
the IPSPs recorded during active sleep (clear ellipse) was greater
in area and displaced to the right compared with that constructed
for the IPSPs recorded following the juxtacellular ejection of
strychnine (dotted ellipse). These data suggest that the popu-
lation of large-amplitude IPSPs that are present during the ato-
nia of active sleep are absent following the microiontophoretic
ejection of strychnine.

Decay phase. The group mean half-width and half-decay-width
of all simple IPSPs that remained following strychnine admin-
istration were shorter by 33.8 and 46.2%, respectively, com-
pared with control drug-free values (half-width: control, 2.07 +
0.06 msec and strychnine, 1.37 + 0.06 msec; half-decay-width:
control, 1.47 + 0.06 msec and strychnine, 0.79 + 0.05 msec).
These differences were statistically significant in both cases (p
< 0.05).

To summarize, in cells in which potentials remained following
the juxtacellular ejection of strychnine, an analysis of the wave-
form parameters of individual potentials clearly indicted that
they were small-amplitude, short-duration IPSPs.

Picrotoxin and bicuculline

IPSP frequency

Experiments were also performed to determine whether the
GABA antagonists, picrotoxin and bicuculline methiodide, could
modify the frequency or the waveform parameters of motoneu-
ron IPSPs during active sleep. The actions of these substances
on 16 sciatic motoneurons were examined (12 motoneurons
with picrotoxin; 4 with bicuculline). For all cells the mean ejec-
tion current applied to the picrotoxin-containing drug barrel
was 134.2 + 75.8 nA (range, 53-320 nA) over an average time
period of 1.3 £ 0.5 min (range, 0.5-2.0 min). The mean ejection
current and time for bicuculline methiodide were 75.5 + 37.6
nA (range, 35-125 nA) and 2.0 = 0.5 min (range, 2-4 min),
respectively.

Neither picrotoxin nor bicuculline blocked IPSP activity dur-
ing active sleep. The mean IPSP frequency following the mi-
croiontophoretic ejection of picrotoxin was 89.9 + 34.6 IPSPs/
sec and 63.9 = 35.8 IPSPs/sec following bicuculline ejection;
these values were not statistically different from the control
values (p > 0.05, each case). Bar histograms (Fig. 6, 4, B)
depicting the frequency of spontaneous IPSP activity recorded
across all motoneurons under control conditions and from the
entire sample of motoneurons tested following the microion-



tophoretic ejection of picrotoxin and bicuculline were remark-
ably similar to those obtained under control drug-free conditions
(p > 0.05, each case). This is in marked contrast to the effects
observed following the microiontophoretic ejection of strych-
nine.

Peak amplitude and rising phase

The group means for peak amplitude, 10-90% rise time and
rate-of-rise for all simple IPSPs present during active sleep were
analyzed separately for all those motoneurons exposed to the
microiontophoretic application of picrotoxin and bicuculline.
These parameters did not differ significantly compared with
corresponding control, drug-free values (p > 0.05, each case).
Moreover, neither picrotoxin nor bicuculline had an effect on
the amplitude of those simple IPSPs which were selected on the
basis of their having similar rise times (p > 0.05, Tables 1 and
2).

Amplitude distributions as well as scattergrams depicting IPSP
amplitude versus 10-90% rise time were indistinguishable from
those of the control, drug-free group. Thus, unlike strychnine,
the frequency, amplitude, and rising phase of spontaneous IPSPs
following picrotoxin and bicuculline ejection during active sleep
did not differ significantly during experimental and control con-
ditions.

IPSP decay phase. Picrotoxin and bicuculline exerted an un-
expected action on the repolarization phase of the IPSPs. Com-
pared with control IPSPs, the group means for the 10-90% decay
time, half-width, and half-decay-width of the IPSPs were
significantly reduced during active sleep by picrotoxin and
bicuculline. Table 1 summarizes the data for AS-IPSPs with
common rise times. Table 2 summarizes the data for the small-
amplitude IPSPs, which were also selected on the basis of com-
mon rise times.

These data indicate that picrotoxin and bicuculline did not
differentially modify the decay phase of any particular group of
IPSP, but acted on all spontaneously occurring IPSPs of active
sleep. An example of the differences in decay phase is presented
in Figure 7, wherein IPSP activity was monitored in the same
cell during active sleep before and after picrotoxin microion-
tophoresis. Simple AS-IPSPs were selected, aligned by their peak
amplitude, automatically averaged, and then plotted using a
microcomputer. There were comparable numbers of IPSPs be-
fore and after drug administration. Following drug release, the
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Figure 6. PSP frequency distribution among motoneurons recorded
during the atonia of active sleep under control, drug-free conditions (4)
and following the juxtacellular microiontophoretic application of pic-
rotoxin and bicuculline methiodide (B). The data in the control group
are the same as described in Figure 34. The overall distribution of IPSP
frequencies following the administration of these GABA antagonists
was similar to that observed under control, drug-free conditions (p >
0.05).

average peak amplitude and rising phase were not statistically
different (p > 0.05). However, the 10-90% decay time and half-
decay-width were markedly shorter. These values were 2.32 +
1.05 and 1.66 * 0.71 msec before picrotoxin; following its re-
lease, they were 1.62 = 0.78 and 1.28 £ 0.51 msec, respectively
(» < 0.05). These data correspond to a 30.2 and 22.9% reduc-
tion, respectively, in the values of these waveform parameters.
In the 4 motoneurons tested with bicuculline, the decay phase
of all IPSPs following bicuculline was also significantly shorter
compared with control, drug-free IPSPs (Tables 1 and 2).

To summarize, these data demonstrate that the GABA an-
tagonists picrotoxin and bicuculline did not modify IPSP fre-
quency of occurrence, amplitude, or rising phase, although they

Table 1. Effect of microiontophoretically administered GABA antagonists on the waveform parameters

of AS-IPSPs with commeon rise times

AS-IPSP waveform Control Picrotoxin Bicuculline
parameters (n=10) (n=12) (n=4)

Peak Amplitude (mV) 1.03 + 0.05 0.98 + 0.09 0.85 £ 0.09
10-90% rise time (msec) 0.79 + 0.01 0.79 + 0.01 0.79 + 0.01
Rate-of-rise (mV/msec) 1.23 = 0.15 1.32 = 0.06 1.10 £ 0.11
10-90% decay time (msec) 2.15 + 0.12 1.49 + 0.09t 1.45 + 0.09%
Half-width (msec) 2.23 £ 0.06 1.75 £ 0.05* 1.79 = 0.12%
Half-decay-width (msec) 1.59 + 0.05 1.08 + 0.02* 1.12 + 0.11%

The n value in parentheses indicates the number of cells analyzed in each population of motoneurons (control vs.
picrotoxin or bicuculline). Each waveform value represents the group mean + SEM for all cells in each population.
Spontaneous AS-IPSPs recorded from individual motoneurons in each population were selected such that their 10-90%
rise times exceeded 0.68 msec but were not more than 0.95 msec (see Material and Methods for details). Neither
picrotoxin nor bicuculline altered the amplitude or rising phase of these IPSPs (p > 0.05); however, each of these
compounds markedly reduced their decay phase. The symbols indicate a significant difference from corresponding control

values (* p < 0.0005, ¥ p < 0.01, £ p < 0.05, Mann-Whitney U test).
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Figure 7. Effect of microiontophoretically ejected picrotoxin on the
decay phase of AS-IPSPs. Each trace represents the computerized av-
erage of all AS-IPSPs. Picrotoxin, which was ejected during active sleep
(150 nA, 2.0 min), did not alter the amplitude, 10-90% rise time, or
rate-of-rise of the AS-IPSPs (p > 0.05). In order to compare effectively
the decay phase of these IPSPs, their amplitudes were normalized. The
rising phases of the averaged AS-IPSPs before and after picrotoxin were
nearly superimposable. Note, however, that following picrotoxin, the
decay phase of the AS-IPSPs was significantly depressed (p < 0.05).
The averaged 10-90% decay time, half-width, and half-decay-width
were reduced by 30.2, 16.7, and 22.9%, respectively. Similar results
were obtained with bicuculline (see text for details). Antidromic spike
amplitude, 72 mV.

did shorten the repolarization phase of both AS-IPSPs and the
small-amplitude IPSPs of active sleep.

Discussion

The present study was concerned with determining whether
glycine and/or GABA are involved in mediating the IPSPs that
bombard lumbar motoneurons during the atonia of the non-
REM periods of active sleep. The frequency of occurrence and
waveform parameters of these IPSPs were examined following
the juxtacellular microiontophoretic administration of the gly-
cine antagonist, strychnine, and the GABA antagonists picro-
toxin and bicuculline; these data were compared with those that
were obtained previously under control drug-free conditions.
The actions of these neurotransmitter antagonists on various
inhibitory synapses will be discussed with respect to their effects
on the IPSPs of active sleep.

Strychnine

It is well established that strychnine markedly reduces or abol-
ishes Ia and recurrent inhibition as well as the postsynaptic

inhibition induced by stimulation of the brain-stem reticular
formation (Curtis, 1962, 1969; Kawai and Sasaki, 1964; Llinas,
1964; Curtis et al., 1968a, b; Larson, 1969; Cullheim and Kel-
lerth, 1981). In addition, we have recently demonstrated that
strychnine suppresses the IPSPs that are induced in lumbar
motoneurons during the atonia of active sleep following stim-
ulation of the medullary nucleus reticularis gigantocellularis (Soja
et al., 1987).

Microiontophoretic experiments have convincingly shown that
strychnine antagonizes the postsynaptic inhibitory actions of a-
and B-amino acids such as glycine and 8-alanine, but not those
of v-amino acids such as GABA (Curtis et al., 1968a, b). Auto-
radiographic studies have shown dense labeling of *H glycine
in the ventral horn neuropil (Price et al., 1976). Indeed, van
den Pol and Gorcs (1988) recently reported that lumbar mo-
toneurons and their proximal dendrites receive numerous gly-
cine-immunoreactive boutons. These and other studies provide
evidence that glycine (or a structurally related compound) is
probably a neurotransmitter that is released from the terminals
of segmental inhibitory interneurons that impinge on a-moto-
neurons (Curtis et al., 1968a, b; Werman et al., 1968; see also
reviews by Curtis, 1969; Davidoff and Hackman, 1983; Young
and MacDonald, 1983). Our finding that AS-IPSPs were sup-p
pressed or abolished by microiontophoretic strychnine strongly
suggests, on the basis of this compound’s documented actions,
that these inhibitory potentials are also mediated by glycine or
glycine-like substances.

We suggest that the AS-IPSPs are generated by local spinal
cord inhibitory interneurons because there is no evidence to
support the existence of a long monosynaptic inhibitory pro-
jection to motoneurons of the lumbar spinal cord from brain-
stem sites (Jankowska et al., 1968; Baldisseraetal., 1981). Spinal
cord Ia inhibitory interneurons or Renshaw cells may be con-
sidered as candidate sources; their inhibitory actions on spinal
motoneurons are known to be reduced or abolished by strych-
nine (Curtis, 1962, 1969; Larson, 1969; Curtis et al., 1976;
Cullheim and Kelilerth, 1981). In addition, the motor inhibitory
interneurons recently described by Hongo et al. (1983) may be
involved in generating these IPSPs. At the present time only
Renshaw cells can be excluded from participating in the post-
synaptic inhibition of lumbar motoneurons during the atonia
of active sleep (Morales et al., 1988).

The population of IPSPs that remained following the mi-
croiontophoresis of strychnine resembled, in terms of their am-
plitude distribution and the relationship between their ampli-

Table 2. Effect of microiontophoretically administered GABA antagonists on the waveform parameters
of small-amplitude IPSPs with common rise times which are present during active sleep

IPSP waveform Control Picrotoxin Bicuculline
parameters (n=10) (n=12) n=4

Peak amplitude (mV) 0.71 = 0.04 0.71 = 0.03 0.61 + 0.05
10-90% rise time (msec) 0.60 = 0.01 0.60 + 0.01 0.60 = 0.01
Rate-of-rise (mV/msec) 1.14 £ 0.08 1.19 £ 0.05 0.99 = 0.90
10-90% decay time (msec) 1.71 £ 0.15 1.09 = 0.17** 1.13 +£ 0.11%
Half-width (msec) 1.71 + 0.05 1.29 + 0.09** 1.35 + 0.05**
Half-decay-width (msec) 1.18 £ 0.05 0.81 + 0.09** 0.84 + 0.04**

The n value in parentheses indicates the number of cells analyzed in each population of motoneurons (control vs.
picrotoxin or bicuculline). Data are expressed as in Table 1. Spontaneous IPSPs recorded from individual motoneurons
in each population were selected such that their 10-90% rise times exceeded 0.58 msec but were not more than 0.63
msec (see Materials and Methods for details). Neither picrotoxin nor bicuculline altered the amplitude or rising phase
of these IPSPs (p > 0.05); however, each of these compounds markedly reduced their decay phase. The symbols indicate
a significant difference from corresponding control values (** p < 0.005, t p < 0.05, Mann-Whitney U test).



tude and rise time, the small-amplitude IPSPs which inhibit
motoneurons during active sleep (as well as during quiet sleep
and wakefulness; see Morales et al., 1987). We cannot be un-
equivocally certain whether the IPSPs that remained in some
cells after strychnine application are the small-amplitude IPSPs
of active sleep or if they are AS-IPSPs whose amplitudes have
been only partially suppressed by strychnine. However, the re-
sults of the present study indicate that both groups of potentials
may be mediated by glycine because, in several of the moto-
neurons examined, a// inhibitory synaptic potentials were abol-
ished by strychnine administration.

One explanation for the finding that even repeated microion-
tophoretic ejections of strychnine were not totally effective in
blocking small-amplitude IPSP activity in some cells pertains
to the general difficulties associated with microiontophoretic
experiments (see review by Stone, 1985). For example, if a drug
is ejected onto or near the soma of the cell that is being recorded,
synapses located on the dendritic tree may be less affected be-
cause of a diminished concentration of the ejected drug. Thus,
strychnine-sensitive IPSPs generated at distal dendritic sites may
be only partially blocked, or even unaffected, by somatic drug
applications. Indeed, the small-amplitude IPSPs of active sleep
appear to originate from synapses located more distally than
those of the AS-IPSPs (Morales and Chase, 1982; Engelhardt
et al., 1985). Thus, by virtue of their synaptic location alone,
the small-amplitude IPSPs may be less susceptible to juxtaso-
matically applied strychnine.

Picrotoxin and bicuculline

The consensus from electrophysiological experiments per-
formed in vivo and in vitro is that picrotoxin and bicuculline
are effective antagonists for the postsynaptic inhibitory actions
of y-amino acids such as GABA (Curtis et al., 1968a, 1971;
Krnjevicetal., 1976; Johnston, 1978; Nistri, 1983; Alger, 1985).
There is also evidence that these drugs can suppress certain
postsynaptic inhibitory processes of lumbar motoneurons that
are resistant to strychnine (Kellerth and Szumski, 1966a, b;
Cullheim and Kellerth, 1981). Recently, Rudomin et al. (1987)
have identified a group of lumbar spinal cord interneurons whose
activity is associated with both inhibitory ventral root potentials
and negative dorsal root potentials. They suggested that these
cells are interposed in pathways mediating the presynaptic in-
hibition of group I afferent fibers and the postsynaptic inhibition
of lumbar motoneurons. Considerable evidence also indicates
that presynaptic inhibition is mediated by GABA (see reviews
by Levy, 1977; Davidoff and Hackman, 1985); thus, these celis
most likely also release GABA at their terminals on motoneu-
rons. The presence of glutamic acid decarboxylase (GAD)-con-
taining synaptic terminals located presynaptic to the soma and
proximal dendrites of individual lumbar motoneurons provides
immunocytochemical evidence for this type of postsynaptic in-
hibition (McLaughlin et al., 1975; Robinson and Goldberger,
1986).

The possible involvement of GABA in mediating the IPSPs
of active sleep was addressed in the present study by examining
the ability of microiontophoretically released picrotoxin and
bicuculline to suppress the frequency and modify the waveform
of these synaptic potentials. In the present study, picrotoxin and
bicuculline failed to decrease the frequency of IPSPs that bom-
bard lumbar motoneurons during active sleep. Moreover, these
compounds did not alter the group mean amplitude, 10-90%
rise time, or rate-of-rise of these IPSPs. Therefore, the inhibition
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by these potentials, of lumbar motoneurons during active sleep,
does not appear to be mediated by GABA. A logical inference
from these findings is that the spinal cord GABAergic inter-
neurons that convey both presynaptic and postsynaptic afferent
inhibitory input to lumbar motoneurons (Rudomin et al., 1987)
are not likely to be directly responsible for promoting the IPSPs
of active sleep.

Bicuculline and picrotoxin, however, did modify the 10-90%
decay time, half-width, and half-decay-width of both groups of
IPSPs during active sleep. It is possible that picrotoxin or bi-
cuculline exerted a direct effect on the membrane of the recorded
motoneurons, as has been reported for other neurons. For ex-
ample, Blaxter et al. (1986) found that picrotoxin can increase
the input conductance of hippocampal pyramidal celis. Simi-
larly, microiontophoretically applied bicuculline has been shown
to increase the input conductance of lumbar motoneurons in
anesthetized cats (Krnjevi¢ et al.,, 1976). If a drug increases
membrane conductance, a decrease in the membrane time con-
stant is likely, which would lead, in turn, to a shorter decay
phase for synaptic potentials (Rall, 1960; Carlen and Durand,
1981). Thus, a decrease in the motoneuron’s membrane time
constant produced by picrotoxin or bicuculline could explain
the shortened decay phase of the IPSPs during active sleep.

An alternative explanation for the shorter decay phase of these
IPSPs (and small-amplitude IPSPs) following the juxtacellular
ejection of GABA antagonists is that these drugs may act on
one or more components of the synaptic currents underlying
the AS-IPSPs. The AS-IPSPs are reversed to depolarizing po-
tentials by the intracellular microiontophoresis of chloride ions
(Morales and Chase, 1982). Picrotoxin and bicuculline are known
to act on GABA receptor-coupled chloride channels; the former
compound apparently binds directly to and modulates GABA
receptor-coupled chloride channels, while the latter compound
appears to compete directly with GABA for high-affinity GA-
BAergic binding sites associated with the GABA receptor/chlo-
ride ionophore complex (Olsen et al., 1978; Akaike et al., 1985).
In cultured mouse spinal cord cells, picrotoxin has been reported
to block long-lasting inward (chloride-mediated) currents that
occur spontaneously as well as those which are activated by
bath-applied GABA (Barker, 1985). Bicuculline has also been
reported to block spontaneous currents of rat hippocampal py-
ramidal cells (Collingridge et al., 1984), which suggests that
GABA, in this system, is tonically released from nearby inhib-
itory interneurons. However, under our recording conditions,
itis not known whether bicuculline is acting at presumed GABA
receptors located on the recorded motoneuron somata (Rob-
inson and Goldberger, 1986) or whether this GABA antagonist
(and picrotoxin) is interfering with chloride channels coupled
to strychnine-sensitive glycine receptors. The action of both
GABA antagonists on the decay phase of the spontaneous IPSPs
could reflect, in part, a unique role for segmentally released
GABA in modulating the chloride channel kinetics of the gly-
cinergic IPSPs that bombard lumbar motoneurons during active
sleep.

Conclusions

The electrophysiological data of this study confirm our previous
observation that lumbar motoneurons are subjected to a barrage
of discrete inhibitory postsynaptic potentials during the non-
REM periods of active sleep. The pharmacological data indicate
that glycine (or a glycinergic substance) is the inhibitory neu-
rotransmitter that mediates these active sleep-specific IPSPs.
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