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Not GABA But Glycine Mediates Segmental, Propriospinal,
and Bulbospinal Postsynaptic Inhibition in Adult Mouse
Spinal Forelimb Motor Neurons

X Juan Jiang and Bror Alstermark
Department of Integrative Medical Biology, Section of Physiology, Umeå University, S-901 87 Umeå, Sweden

The general view is that both glycine (Eccles, 1964) and GABA (Curtis and Felix, 1971) evoke postsynaptic inhibition in spinal motor
neurons. In newborn or juvenile animals, there are conflicting results showing postsynaptic inhibition in motor neurons by corelease of
GABA and glycine (Jonas et al., 1998) or by glycine alone (Bhumbra et al., 2012). To resolve the relative contributions of GABA and glycine
to postsynaptic inhibition, we performed in vivo intracellular recordings from forelimb motor neurons in adult mice. Postsynaptic
potentials evoked from segmental, propriospinal, and bulbospinal systems in motor neurons were compared across four different
conditions: control, after gabazine, gabazine followed by strychnine, and strychnine alone. No significant differences were observed in the
proportion of IPSPs and EPSPs between control and gabazine conditions. In contrast, EPSPs but not IPSPs were recorded after adding
strychnine with gabazine or administering strychnine alone, suggesting an exclusive role for glycine in postsynaptic inhibition. To test
whether the injected (intraperitoneal) dose of gabazine blocked GABAergic inhibitory transmission, we evoked GABAA receptor-
mediated monosynaptic IPSPs in deep cerebellar nuclei neurons by stimulation of Purkinje cell fibers. No monosynaptic IPSPs could be
recorded in the presence of gabazine, showing the efficacy of gabazine treatment. Our results demonstrate that, in the intact adult mouse,
the postsynaptic inhibitory effects in spinal motor neurons exerted by three different systems, intrasegmental and intersegmental as well
as supraspinal, are exclusively glycinergic. These findings emphasize the importance of glycinergic postsynaptic inhibition in motor
neurons and challenge the view that GABA also contributes.
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Introduction
In the early 1960s, it was believed that postsynaptic inhibition in
motor neurons was evoked by glycine (Eccles, 1964), but later the
view changed, and it is now generally agreed that GABA also
mediates postsynaptic inhibition (Curtis and Felix, 1971), in ad-
dition to its well characterized role in evoking presynaptic inhi-
bition in the spinal cord (Rudomin and Schmidt, 1999; Fink et al.,
2014). The abundance of GABAergic and glycinergic synaptic
terminals, some of which coexist in the same terminals, and the
presence of their respective postsynaptic receptors on motor neu-
rons is well documented by morphological evidence (Holstege
and Calkoen, 1990; Ornung et al., 1996; Todd et al., 1996; Frazao
et al., 2007). Moreover, ex vivo electrophysiological studies in
neonatal rat suggest that glycine and GABA can be coreleased in
spinal motor neurons [postnatal day 5 (P5) to P10; Jonas et al.,

1998] or brain stem hypoglossal neurons (P1–P5) and abducens
motor neurons (P5–P13; O’Brien and Berger, 1999; Russier et al.,
2002). In contrast, GABA is not coreleased at glycinergic synapses
in lumbar motor neurons in P8 –P14 mice (Bhumbra et al.,
2012). In addition, the inhibitory effects mediated by glycine
quickly increase whereas those of GABA decrease during early
postnatal development (Gao et al., 2001; Nabekura et al., 2004;
Muller et al., 2006). Thus, the relative contribution of glycinergic
and GABAergic postsynaptic inhibition in adult motor neurons
remains unclear. Furthermore, many of the classical electrophys-
iological studies were performed in cats (Eccles, 1964; Curtis and
Felix, 1971), whereas rodents are an increasingly used animal
model for spinal physiology. Therefore, investigation of this issue
in mice can help resolve the nature of spinal postsynaptic inhibi-
tion and identify or exclude potential species differences.

In this study, we investigated the effect of GABA and glycine in
postsynaptic inhibition by in vivo intracellular recordings in fore-
limb motor neurons evoked from three different systems in adult
mice. The first is the segmental interneuronal system, which can
be recruited by activation of muscle primary spindle Ia afferents,
which in turn engage monosynaptic excitation in agonist motor
neurons and reciprocal Ia inhibition in antagonistic motor neurons
(Baldissera et al., 1981). The second is the C3–C4 propriospinal sys-
tem; propriospinal neurons (PNs) have dual projections to fore-
limb motor neurons and neurons in the lateral reticular nucleus
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(LRN). Previous studies in the cat, monkey, and mouse have
shown that electrical stimulation of the ascending branch of the
PNs in the LRN antidromically activates PNs and evokes both
excitation and inhibition in forelimb motor neurons (Illert and
Tanaka, 1978; Alstermark et al., 1984; Isa et al., 2006; Azim et al.,
2014). The third is the bulbospinal pathway, which can be re-
cruited by electrical stimulation in the medial longitudinal fasci-
cle (MLF), eliciting both excitation and inhibition in mouse
forelimb motor neurons (Alstermark and Ogawa, 2004). Com-
bining these stimulation approaches with pharmacology, we ex-
plored the relative contributions of glycine and GABA to the
postsynaptic inhibition of forelimb motor neurons.

Materials and Methods
Preparation. The experiments were performed on 28 anesthetized mice
(15 males and 13 females; age, 2–14 months) with body weights of
28.48 � 3.94 g. All experimental procedures were approved by the Umeå
University Ethics Committee and followed National Institutes of Health
and European Union guidelines for animal care.

Anesthesia was induced with a 1:1 mixture of Hypnorm (0.08 mg/ml
fentanyl citrate and 2.5 mg/ml fluanisone; VetaPharma) and Dormicum
(1.25 mg/ml midazolam; Roche) at an initial dose of 0.15 ml supple-
mented with doses of 0.02 ml via intraperitoneal (i.p.) injection. Atropin
(0.1 mg/ml, 0.1 ml; Mylan) and Betapred (0.8 mg/ml, 0.1 ml; Unipessoal)
were always given via intramuscular injection just before tracheotomy.
Pavulon (20 �g/ml, 0.1 ml; Organon) was given after tracheotomy and
readministered approximately every 30 min. Hypnorm (31.5 �g/ml fen-
tanyl citrate and 1.0 mg/ml fluanisone; 0.1 ml; VetaPharma) was given if
the heart rate increased to 600 bpm. Ephedrine (10 mg/ml, 0.1 ml; NM
Pharma) was given if pCO2 decreased below 3.0% for �5 min.

Tracheotomy, pneumothorax, and artificial respiration (rate, 60/min;
volume, 50 ml flow air plus O2) were always performed. Body tempera-
ture was maintained at 36 –38°C, and the heart rate (400 –500 beats/min)
and expiratory CO2 were monitored continuously and kept within the
physiological range using a pCO2 meter (Datex type CD-200-23-00; In-
strumentarium). The animal was mounted in a head holder built by
Lennart Näslund (Umeå University) for stereotaxic placement of brain
electrodes.

A laminectomy was performed to expose the spinal cord for recording
from the sixth to the seventh cervical segments (C6 –C7). A craniotomy
exposed the caudal part of the cerebellum and brainstem for stimulation.
The deep radial (DR) nerve was stimulated with bipolar needle electrodes
inserted into the upper forelimb muscles. DR stimulation was also used
for guidance to antidromically identify the lateral motor nuclei. Cord
dorsum potentials were recorded with a silver ball electrode on the sur-
face of the spinal cord near the recording site to monitor the incoming
volley.

Stimulation and recording. The ipsilateral DR nerve was stimulated
with constant voltage [0.1 ms duration, intensity expressed in the multi-
ples of threshold (T) for the lowest threshold fibers in the nerve]. The
ascending branch of the PNs was stimulated with a tungsten electrode
(100 K� impedance) inserted into the LRN at 1.3 mm caudal to obex, 1.3
mm ipsilateral from the midline, and 1.0 –1.2 mm ventral from the brain-
stem surface. The bulbospinal tract fibers were stimulated in the con-
tralateral MLF at 1.0 mm rostral to obex, 0.3 mm contralateral from the
midline, and 0.5–1.0 mm ventral from the surface of the brainstem. A
train of one to four stimuli was given at 300 Hz, 100 �A. Recording of the
descending volley was performed from the surface of the lateral funiculus
in the middle part of the C6 –C7 segments using a silver ball electrode.
When recording from deep cerebellar nucleus (DCN) neurons, the Pur-
kinje cell fibers were stimulated at 2.5–3.0 mm rostral to obex, 1.0 mm
ipsilateral from the midline, and 1.0 –1.5 mm ventral from the surface of
cerebellum (100 �A).

Intracellular motor neuron recordings were conducted by using sharp
borosilicate glass micropipettes (10 –20 M� impedance) filled with 2 M

potassium citrate, pH 7.4. The DR motor neurons were identified by
antidromic activation after DR stimulation at 5�T. We also included
unidentified motor neurons recorded in the same tracks as DR motor

neuron recordings. Intracellularly recorded postsynaptic potentials were
compared by recording the extracellular field potentials just outside the
cell. Subtraction between the intracellular and extracellular recordings
revealed excitatory, inhibitory, or mixed postsynaptic potentials. DCN
neurons were recorded intracellularly from different positions: 2.0 –2.5
mm rostral to obex, 1.5–2.5 mm ipsilateral from the midline, and 1.0 –2.0
mm ventral from the surface of the cerebellum, with a 6° medial to 2°
lateral angle.

Data acquisition and analysis. Data were acquired using pClamp soft-
ware and analyzed off-line using Clampfit (Molecular Devices). Because
of mechanical instability caused by respiratory and circulatory move-
ments in the cervical spinal cord, it was usually not possible to maintain
stable intracellular recordings in vivo for longer than 5 min (usually
between 2 and 3 min). Postsynaptic potentials were recorded from each
motor neuron in one of four conditions: control, after 20 min of gabazine
(10 �g/ml, i.p.; initial dose, 0.4 ml; supplemented with doses of 0.2 ml;
maximal dose, 1.0 ml; Sigma-Aldrich), after 20 min of strychnine (1
mg/ml, i.p.; initial dose, 0.1 ml; supplemented with doses of 0. 1 ml;
maximal dose, 0.3 ml; Sigma-Aldrich), or in the presence of both gaba-
zine and strychnine. The gabazine, strychnine, and strychnine after gaba-
zine groups refer to the motor neurons recorded in adult mice treated
with gabazine, strychnine alone, or gabazine followed by strychnine, re-
spectively. All experiments began by recording motor neurons in the
untreated control condition. The proportion of cells with excitatory or
inhibitory effects was compared for each of the conditions above. The
peak amplitude of EPSPs was measured in cells with membrane poten-
tials less than �30 mV, whereas the peak amplitude of IPSPs was mea-
sured in cells that showed only IPSPs and not mixed EPSPs and IPSPs.
Data are presented as percentage or mean � SD and were analyzed with
Statistica (StatSoft). Statistical tests consisted of the unpaired Student’s t
test or � 2 test, and differences were considered to be significant at p �
0.05. After each experiment, the stimulation and recording sites were
verified histologically.

Results
A critical point in this in vivo study is whether the GABAA recep-
tor antagonist gabazine, administered by intraperitoneal injec-
tion, reached effective concentrations to block GABAergic
transmission. Therefore, we performed control experiments by
recording from DCN neurons while evoking GABAA receptor-
mediated monosynaptic IPSPs via stimulation of Purkinje cell
fibers (Fig. 1E). All DCN cells receive GABAergic monosynaptic
inhibition from Purkinje cells (Ito et al., 1970), indicating the
suitability of this system. Monosynaptic IPSPs could be evoked in
all of the recorded DCN neurons (n � 10) before gabazine injec-
tion (one example illustrated in Fig. 1A). As shown in Figure 1B
for another DCN cell, we observed no IPSPs after gabazine injec-
tion (0.4 –1.0 ml, 10 �g/ml, i.p.) in any of the recorded cells (n �
23). These results demonstrate that the concentration of gabazine
was sufficient to fully block GABAA receptors. In contrast, as
shown in Figure 1C, large monosynaptic IPSPs could still be
evoked by stimulation of the Purkinje cell fibers (n � 11) after
injection of the glycine receptor antagonist strychnine (0.1–0.3 ml, 1
mg/ml, i.p.), confirming the GABAergic source of this inhibition.
Figure 1D shows histology confirmed recording in the DCN neu-
rons.

To explore the relative contributions of GABA and glycine to
postsynaptic inhibition in spinal motor neurons, we recorded
intracellularly from 156 motor neurons identified antidromically
by DR stimulation and 61 unidentified motor neurons in adult
mice. We evoked postsynaptic inhibition from three different
premotor systems under four different conditions: control, gabazine
injection, strychnine after gabazine injection, and strychnine injec-
tion. Recordings were made at a membrane potential of approxi-
mately �30 mV, which favors the size of the IPSPs mediated by
Cl� that has a reversal potential of approximately �70 mV
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(Coombs et al., 1955; Curtis et al., 1968). No significant differ-
ences in membrane potentials were found among the control,
gabazine, strychnine after gabazine, and strychnine groups
(Table 1).

Postsynaptic inhibition in motor neurons evoked by
segmental interneurons
To explore the inhibitory effects of segmental interneurons, we
examined postsynaptic potentials (PSPs) evoked from muscle
afferent fibers to forelimb motor neurons by stimulating the ip-
silateral DR (Fig. 2I). Of the 46 recorded motor neurons (control
group), 34.78% (16 of 46) showed EPSPs, 26.09% (12 of 46)
showed IPSPs, and 39.13% (18 of 46) showed mixed PSPs (both
EPSPs and IPSPs) (Fig. 2A). The latencies measured from the
incoming volley recorded in the same segments as the motor
neurons showed monosynaptic EPSPs (latency, �1 ms) and di-
synaptic or poly-synaptic IPSPs (Fig. 2D). The mean latencies of
EPSPs, IPSPs, EPSPs of mixed PSPs, and IPSPs of mixed PSPs are
shown in Table 2. Figure 2H shows an antidromic spike in a DR
motor neuron.

To investigate the effect of fast GABAergic transmission in the
segmental interneuronal system, we blocked GABAA receptors by
gabazine administration (0.4 –1.0 ml, 10 �g/ml, i.p.). Figure 2B
shows EPSPs, IPSPs, and mixed PSPs after gabazine injection. In
the presence of gabazine, we still observed an incidence of 35.42%
(17 of 48) EPSPs, 29.17% (14 of 48) IPSPs, and 35.42% (17 of 48)
mixed PSPs in 48 forelimb motor neurons (gabazine group; Fig.

2G). The latencies of EPSPs were in a monosynaptic range and
IPSPs in a di-synaptic or poly-synaptic range (Fig. 2E, Table 2).
There were no statistically significant differences in the propor-
tion of EPSPs and IPSPs compared with the untreated control
condition (� 2 test, p � 0.92; Fig. 2G). Moreover, no significant
differences were observed in the peak amplitude of monosynaptic
EPSPs and di-synaptic or poly-synaptic IPSPs between the con-
trol and gabazine groups (Table 3). Thus, these data suggest that
GABAergic postsynaptic inhibition from segmental interneurons
has no significant effect in transmission from forelimb afferents
to motor neurons.

We next explored the contribution of glycine receptors to
afferent-evoked IPSPs by using the glycine receptor antagonist
strychnine (Curtis et al., 1967). In 29 recorded motor neurons
(strychnine after gabazine group), all IPSPs disappeared, and
only EPSPs could be recorded in the presence of gabazine fol-
lowed by strychnine (0.1– 0.3 ml, 1 mg/ml, i.p.). Furthermore,
only EPSPs could be observed after strychnine injection alone in
the 30 motor neurons examined (strychnine group; Fig. 2C). The
mean latencies of EPSPs were in a monosynaptic and di-synaptic
or poly-synaptic range (Fig. 2F, Table 2). Across motor neurons,
we found a striking difference in the proportion of EPSPs and
IPSPs between the control and strychnine after gabazine groups;
between the control and strychnine groups; between the gabazine
and strychnine after gabazine groups; and between the gabazine
and strychnine groups (� 2 test, p � 0.0001 in all four compari-
sons; Fig. 2G). Therefore, these data show that the inhibitory
effects in forelimb motor neurons exerted by segmental interneu-
rons are exclusively glycinergic.

Postsynaptic inhibition in motor neurons evoked from the
propriospinal system
We tested the contributions of glycine and GABAA receptors to
postsynaptic inhibitory transmission evoked from PNs by stim-
ulating the ascending PN axonal branch in the ipsilateral LRN.
We recorded 25.00% (9 of 36) EPSPs, 13.89% (5 of 36) IPSPs, and
61.11% (22 of 36) mixed PSPs in the control group (n � 36 motor
neurons). In the gabazine group (n � 29 motor neurons), we
found similar results: 20.69% (6 of 29) EPSPs, 34.48% (10 of 29)
IPSPs, and 44.83% (13 of 29) mixed PSPs. There was no signifi-
cant difference in the proportion of EPSPs and IPSPs between
the control and gabazine groups (� 2 test, p � 0.14; Fig. 3G).
Moreover, we found no significant differences in the peak
amplitudes of EPSPs and IPSPs between the control and gaba-
zine groups (Table 3). In contrast, strychnine completely
blocked all IPSPs (� 2 test, p � 0.0001), leaving only EPSPs in
the strychnine group and the strychnine after gabazine group.
Figure 3 shows sample recordings (Fig. 3A–C), latencies (Fig.
3D–F ), and the proportion of EPSPs and IPSPs (Fig. 3G) in
each group, as well as the experimental designs (Fig. 3H ). The
mean latencies of EPSPs were in a monosynaptic range and
IPSPs in a di-synaptic or poly-synaptic range (Table 2). There-
fore, these data suggest that postsynaptic inhibitory transmis-
sion from PNs to forelimb motor neurons is also mediated
exclusively by glycine receptors.

Postsynaptic inhibition in motor neurons evoked from the
bulbospinal system
We investigated the roles of glycine and GABAA receptors in
postsynaptic inhibitory transmission evoked from bulbospinal
pathways by stimulating the contralateral MLF. Figure 4 shows
sample recordings (Fig. 4A–C), latencies (Fig. 4D–F), the pro-
portion of EPSPs and IPSPs (Fig. 4G) in each group, and the

Figure 1. Gabazine, but not strychnine, completely blocks monosynaptic IPSPs in DCN neu-
rons evoked by stimulation of Purkinje cell fibers. A, Control, electrical stimulation in the cere-
bellar white matter (Purkinje fibers) evoked monosynaptic IPSPs (red) in DCN neurons (n �10).
B, No monosynaptic IPSPs after gabazine injection (black; n � 23). C, Monosynaptic IPSPs after
strychnine injection (red; n � 11). Gray lines show extracellular fields. D, Histology confirmed
recording in the DCN. DCN, deep cerebellar nuclei; LVN, lateral vestibular nucleus; MVN, medial
vestibular nucleus. E, Schematic drawing of pathway. Cb, cerebellar white matter; IC, intracel-
lular recordings; EC, extracellular recordings.
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Figure 2. Effects of gabazine and strychnine on postsynaptic potentials evoked in C6 –C7 motor neurons by stimulation of the ipsilateral DR nerve. A–C, Samples of EPSPs (blue), IPSPs (red), and
mixed PSPs (green) evoked from DR motor neurons in the control (A), gabazine (B), and strychnine after gabazine (C) groups. Black lines show the cord dorsum potential (CDP) recorded at the same
segment as the motor neuron. IC, Intracellular recordings; EC, extracellular recordings (gray lines). D–F, Segmental latencies of EPSPs and IPSPs in each group. G, Comparison of proportions of EPSPs
(blue), IPSPs (red) and EPSP	IPSPs (green) after gabazine or strychnine injection. ****p � 0.0001, � 2 test, strychnine or strychnine after gabazine injections versus control, respectively. H,
Antidromic spike from a DR motor neuron. I, Experimental design. IN, interneurons; MN, motor neurons.

Table 1. Membrane potentials (mean � SD, mV) of motor neurons in four groups

Control Gabazine Strychnine after gabazine Strychnine

DR stimulation �29.98 � 9.35 (n � 46) �31.85 � 12.50 (n � 48) �31.93 � 12.03 (n � 29) �31.10 � 15.17 (n � 30)
LRN stimulation �32.22 � 11.99 (n � 36) �31.24 � 13.46 (n � 29) �33.86 � 12.40 (n � 22) �29.38 � 10.67 (n � 29)
MLF stimulation �30.24 � 13.64 (n � 70) �30.27 � 12.14 (n � 51) �30.18 � 10.43 (n � 34) �29.27 � 13.00 (n � 49)
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experimental designs (Fig. 4H). The mean latencies of EPSPs
were in a monosynaptic range and IPSPs in a di-synaptic or poly-
synaptic range (Table 2). The proportion of EPSPs, IPSPs, and
mixed PSPs were 22.86% (16 of 70), 18.57% (13 of 70), and
58.57% (41 of 70) in the control group (n � 70 motor neurons)
and 17.65% (9 of 51), 23.53% (12 of 51), and 58.82% (30 of 51) in
the gabazine group (n � 51 motor neurons). No significant dif-
ferences in the peak amplitudes of EPSPs and IPSPs were found
between the control and gabazine groups (Table 3). As above,
only EPSPs were observed in the strychnine after gabazine group
and the strychnine group. Thus, strychnine completely blocked
all IPSPs when given alone or after gabazine injection (� 2 test,
p � 0.0001), whereas gabazine alone had no significant effect on
PSPs (� 2 test, p � 0.11; Fig. 4G). Together, as with the segmental
interneuronal and PN systems, these data indicate that postsyn-
aptic inhibitory transmission from the bulbospinal system to
forelimb motor neurons is mediated by glycine.

Discussion
The present results demonstrate that, in adult mice, postsynaptic
inhibition in spinal forelimb motor neurons evoked from seg-
mental, propriospinal, and bulbospinal systems is mediated by
glycine, but not by GABA.

Our results are in agreement with the work that was per-
formed in juvenile animals (Bhumbra et al., 2012) but not in line
with data from neonatal animals (Jonas et al., 1998). This discrep-
ancy could partly be attributable to the fact that coexpression of
GABA and glycine decreases with age. Indeed, previous studies
have shown that glycinergic inhibition increases and becomes
functionally dominant, whereas GABAergic inhibition decreases
strongly, during the first two postnatal weeks in rat spinal motor

neurons (Gao et al., 2001), rat lateral superior olive (Nabekura et
al., 2004), and mouse hypoglossal motor neurons (Muller et al.,
2006).

Our findings do not exclude the possibility that GABA and
glycine are coreleased in the adult spinal cord but, nevertheless,
show that there is no clear GABAergic postsynaptic inhibition in
adult mouse spinal motor neurons. In addition, much of the
previous work in slices from neonatal rats was performed by
using the GABAA receptor antagonist bicuculline (Jonas et al.,
1998; O’Brien and Berger, 1999; Russier et al., 2002), which can
also suppress glycine receptors, especially the glycine receptor �2

subunit that is predominantly expressed in neonatal rats (Betz et
al., 1991; Wang and Slaughter, 2005). Gabazine can also inhibit
glycine receptors, but at a higher concentration than what was
used to block GABAA receptors in motor neurons (Beato, 2008).
Here we used gabazine at a concentration that completely
blocked GABA-mediated IPSPs in DCN neurons (Fig. 1B), but it
had no effect on glycine-evoked IPSPs in spinal motor neurons
(Figs. 2-4). Strychnine may also partially block GABA-mediated
IPSPs (Jonas et al., 1998). However, such a partial block does not
impede the interpretation of our results obtained from motor
neurons since we had already blocked GABAA receptors with
gabazine before administering strychnine. Furthermore, a signif-
icant GABAA receptor-mediated inhibition is also unlikely be-
cause we did not observe any IPSPs after strychnine injection
alone.

Our results challenge the current view that both GABA and
glycine mediate postsynaptic inhibition in motor neurons in
adult animals. Instead, GABA may have a regulatory role on in-
hibition evoked by glycine; this mechanism has been shown in the

Table 2. Latencies (mean � SD, ms) and numbers of EPSPs and IPSPs in four groups

Control Gabazine Strychnine after gabazine Strychnine

Latencies n Latencies n Latencies n Latencies n

Segmental interneuronal system
EPSPs 0.75 � 0.29 16 0.72 � 0.23 17 1.01 � 0.62 29 1.09 � 0.56 30
IPSPs 1.94 � 0.59 12 1.96 � 0.61 14
EPSPs of mixed PSPs 0.75 � 0.20 18 0.89 � 0.51 17
IPSPs of mixed PSPs 1.90 � 0.48 18 2.04 � 0.57 17

Propriospinal system
EPSPs 0.77 � 0.16 9 0.78 � 0.46 6 0.71 � 0.09 22 0.89 � 0.30 29
IPSPs 1.99 � 1.01 5 2.02 � 0.80 10
EPSPs of mixed PSPs 0.89 � 0.22 22 0.64 � 0.23 13
IPSPs of mixed PSPs 2.76 � 0.49 22 2.09 � 0.64 13

Bulbospinal system
EPSPs 0.87 � 0.25 16 0.69 � 0.15 9 0.76 � 0.12 34 0.86 � 0.20 49
IPSPs 1.95 � 0.18 13 1.93 � 0.44 12
EPSPs of mixed PSPs 0.79 � 0.21 41 0.88 � 0.43 30
IPSPs of mixed PSPs 2.18 � 0.71 41 2.07 � 0.74 30

Table 3. Peak amplitude and membrane potentials of EPSPs and IPSPs (mean � SD, ms) between the control and gabazine groups

Control Gabazine

Peak amplitude Membrane potentials n Peak amplitude Membrane potentials n

Segmental interneuronal system
EPSPs 1.55 � 0.94 �35.00 � 6.07 16 1.73 � 0.75 �42.31 � 8.25 16
IPSPs 1.19 � 0.78 �28.33 � 8.74 12 1.72 � 1.34 �29.64 � 7.46 14

Propriospinal system
EPSPs 2.29 � 1.46 �42.08 � 11.38 14 3.41 � 1.89 �41.43 � 9.13 13
IPSPs 1.17 � 0.65 �29.80 � 7.01 15 1.59 � 1.51 �21.90 � 8.58 10

Bulbospinal system
EPSPs 1.25 � 0.80 �40.52 � 8.73 27 1.34 � 1.05 �40.64 � 8.82 22
IPSPs 1.56 � 0.75 �26.69 � 15.78 13 1.76 � 0.88 �23.00 � 11.79 12
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Figure 3. Effects of gabazine and strychnine on postsynaptic potentials evoked in C6 –C7 motor neurons by stimulation in the ipsilateral LRN. A–C, Samples of EPSPs (blue), IPSPs (red), and mixed
PSPs (green) in DR motor neurons evoked from ipsilateral LRN in the control (A), gabazine (B), and strychnine after gabazine (C) groups. Black lines show the cord dorsum potential (CDP) recorded
at the same segment as the motor neuron. IC, Intracellular recordings; EC, extracellular recordings (gray line). D–F, Segmental latencies of EPSPs and IPSPs in each group. G, Comparison of
proportions of EPSPs (blue), IPSPs (red), and EPSP	IPSPs (green) after gabazine or strychnine injection. ****p � 0.0001, � 2 test, strychnine or strychnine after gabazine injections versus control,
respectively. H, Experimental design. IN, Interneurons; MN, motor neurons.
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auditory system (Lu et al., 2008) where GABA can significantly
shorten the decay time of glycine-evoked IPSCs and play a role in
increasing the temporal resolution of inhibition. We note that
our results do not exclude the possibility that GABAA receptors

are involved in controlling motor neuron excitability. GABAA

receptor-mediated presynaptic inhibition is well documented in
the spinal cord where GABA plays an important role in modulat-
ing the strength of sensory-motor transmission (Rudomin and

Figure 4. Effects of gabazine and strychnine on postsynaptic potentials evoked in C6 –C7 DR motor neurons by stimulation in the contralateral MLF. A–C, Samples of EPSPs (blue), IPSPs (red), and
mixed PSPs (green) in DR motor neurons evoked from MLF in the control (A), gabazine (B) and strychnine after gabazine (C) groups. Black lines show the cord dorsum potential (CDP) recorded at the
same segment as the motor neuron. IC, Intracellular recordings; EC, extracellular recordings (gray line). D–F, Segmental latencies of EPSPs and IPSPs in each group. G, Comparison of proportions of
EPSPs (blue), IPSPs (red), and EPSP	IPSPs (green) after gabazine or strychnine injection. ****p � 0.0001, � 2 test, strychnine or strychnine after gabazine injections versus control, respectively.
H, Experimental design. IN, Interneurons; MN, motor neurons.
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Schmidt, 1999; Betley et al., 2009; Fink et al., 2014). Moreover,
GABA may also exert an effect through extrasynaptic GABAA

receptors to modulate glutamate or glycine responses (Bautista et
al., 2010).

Interestingly, in a transgenic mouse model of amyotrophic
lateral sclerosis, glycinergic inhibition is reduced whereas GABAA

receptor function appears normal (Martin and Chang, 2012).
This adult-onset neurodegenerative disease is characterized by
progressive loss of motor neurons and hyperexcitability. Our
findings could help explain why hyperexcitability in the diseased
motor neurons cannot be compensated for by GABA-evoked
postsynaptic inhibition.

In conclusion, our findings suggest a prominent role for gly-
cinergic inhibitory transmission in normal motor control in
adult mice. Moreover, these results agree well with the classical
work by Eccles (1964) and colleagues in the cat, implicating gly-
cinergic signaling as an evolutionarily conserved and exclusive
mechanism for postsynaptic motor neuron inhibition.
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