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Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder characterized by the selective loss of
motor neurons in the brainstem and spinal cord. Clinical studies have indicated that there is a distinct region-de-
pendent difference in the vulnerability of motor neurons. For example, themotor neurons in the facial and hypo-
glossal nuclei are more susceptible to neuronal death than those in the oculomotor nucleus. To understand the
mechanism underlying the differential susceptibility to cell death of the neurons in different motor nuclei, we
compared the effects of chemical anoxia on the membrane currents and postsynaptic currents in different
motor nuclei. Themembrane currents were recorded fromneurons in the oculomotor, facial and hypoglossal nu-
clei in brain slices of juvenile Wistar rats by using whole-cell recording in the presence of tetrodotoxin that pre-
vents action potential-dependent synaptic transmission. NaCN consistently induced an inward current and a
significant increase in the frequency of spontaneous synaptic inputs in neurons from these three nuclei. However,
this increase in the synaptic input frequency was abolished by strychnine, a glycine receptor antagonist, but not
by picrotoxin in neurons from the hypoglossal and facial nuclei, whereas that in neurons from the oculomotor
nucleus was abolished by picrotoxin, but not by strychnine. Blocking ionotropic glutamate receptors did not sig-
nificantly affect the NaCN-induced release facilitation in any of the three motor nuclei. These results suggest that
anoxia selectively facilitates glycine release in the hypoglossal and facial nuclei and GABA release in the oculomo-
tor nucleus. The region-dependent differences in the neurotransmitters involved in the anoxia-triggered release
facilitation might provide a basis for the selective vulnerability of motor neurons in the neurodegeneration asso-
ciated with ALS.

© 2017 Published by Elsevier Inc.
Keywords:
GABA
Glycine
IPSC
Patch-clamp
Sodium cyanide
Synaptic transmission
1. Introduction

Motor neurons innervating the skeletalmuscles aremore vulnerable
to energy deprivation andmetabolic dysfunction than the other types of
neurons (Ballanyi, 2004; von Lewinski and Keller, 2005), providing an
aetiological basis for the motor neuron diseases (MND), including
amyotrophic lateral sclerosis (ALS). A deficiency or failure in the supply
and production of the cellular energy in the brain, such as those that ob-
served during hypoxia, anoxia, metabolic stress and mitochondrial dys-
functions (Dupuis et al., 2004), induces various types of responses in the
neurons, including depolarization (Tanaka et al., 2001; Thompson et al.,
2006), hyperpolarization (Trapp and Ballanyi, 1995) and an increase in
the synaptic inputs (Allen and Attwell, 2004; Kono et al., 2007).

Despite recent studies that have examined themechanisms involved
in motor neuron death in these neurodegenerative diseases, why only
, The Jikei University School of
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specific groups of motor neurons are selectively vulnerable remains
poorly understood. For example, in ALS patients, the oculomotor,
abducens, trochlearmotor neurons and theOnuf”'s nucleus aremore re-
sistant to cell death,whereas other cranial and spinalmotor neurons are
highly affected. These differences have been attributed to changes in
calcium homeostasis between cranial motor neurons (Reiner et al.,
1995; Vanselow and Keller, 2000), expression patterns of postsynaptic
NMDA receptor subunits in spinocranial motor neurons (Fukaya et al.,
2005; Matsuda et al., 2003; Oshima et al., 2002) and the expression
ratio of glycine and GABAA receptors in different cranial motor nuclei
(Lorenzo et al., 2006). We previously demonstrated that anoxia using
NaCN or 95% N2 facilitates glycine release in hypoglossal motor neurons
in rat brainstem slice preparations (Kono et al., 2007). This facilitation
was absent in the neurons of the neighboring dorsal nucleus of the
vagus nerve that are also cholinergic neurons innervating the non-skel-
etal muscles, but entirely resistant in these motor neuron diseases, un-
like the hypoglossal nucleus (Kono et al., 2007). In addition, the
facilitation of glycine release by anoxia resulted in an increase in the
NMDA receptor-mediated currents that are sensitive to the
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pharmacological occlusion of the glycine binding sites (Kono et al.,
2007). Therefore, we examinedwhether the selective facilitation of gly-
cine release in response to anoxia is also present in other motor nuclei
because previous studies had suggested that the predominance of gly-
cine receptors compared to GABA receptors is related to the vulnerabil-
ity of the motor neurons to cell death (Lorenzo et al., 2006).

Therefore, we analysed the dynamic effects of anoxia on the sponta-
neous synaptic inputs in the facial and oculomotor neurons, in compar-
ison to the hypoglossal motor neurons, in the brainstem slices of rats
with identical age ranges and examined whether the anoxia-induced
synaptic responses correlate with the ALS-vulnerability of motor
neurons.

2. Material and methods

2.1. Slice preparation

Themanipulation of the animalswas approved by theAnimal Exper-
iment Committee at the Jikei University School of Medicine and
conformed to the Guiding Principles for the Care and Use of Animals
in the Field of Physiological Sciences of the Physiological Society of
Japan (1998). Transverse brainstem slices from Wistar rats (10–
17 days postnatal, P) were prepared as described by Shigetomi and
Kato (2004) and Kono et al. (2007). Briefly, the brainstemwas dissected
out under anesthesia with 5% isoflurane (in 100% O2) and secured on
the cutting stage of a vibrating blade slicer (Linear Slicer PRO 7, Dosaka
EM) with the caudal end facing upwards. One to two coronal slices of
400-μm thickness containing either of the bilateral oculomotor, facial
or hypoglossal nucleus were cut in ice-cold “cutting” artificial cerebro-
spinal fluid (ACSF) composed of (in mM): 250 glycerol, 3 KCl, 0.1
CaCl2, 5 MgCl2, 1.25 NaH2PO4, 10 D-glucose, 0.4 L-ascorbic acid and 25
NaHCO3 (pH = 7.4 when bubbled with 95% O2 + 5% CO2; osmolarity,
~310 mOsm/kg). The use of glycerol-containing medium increased the
ability to obtain healthy slices with many highly viable motor neurons
(Ye et al., 2006). The slices were first incubated in a holding chamber
with a constant flow of “standard” ACSF composed of (in mM): 118
NaCl, 3 KCl, 1.5 CaCl2, 1 MgCl2, 1.2 NaH2PO4, 10 D-glucose and 25
NaHCO3, at 37 °C for 30 to 45 min. Next, the slices were kept at room
temperature (20–25 °C) in the same chamber for 0.5–5 h until record-
ing. Each slicewas transferred to a recording chamber (~0.4ml volume)
and fixed with nylon grids attached to a platinum frame. The slice was
submerged in standard ACSF and continuously superfused at a rate of
3–4 ml/min.

2.2. Patch-clamp recording

Whole-cell transmembrane currentswere recorded fromneurons in
the oculomotor, facial and hypoglossal nuclei that were visually identi-
fied under an upright microscope (BX-50WI, Olympus) with infrared
differential interference contrast (IR-DIC) optics. The locations of these
nuclei were confirmed by using the adjacent myelinated structures,
the ventricles and the midline (see Fig. 1 for details). The use of IR-DIC
optics allowed us to record from the deep structures (N100 μm) in the
slice. In addition to analysing the anoxic effects in the facial and oculo-
motor neurons in rats at P10–17, the responses from the hypoglossal
neurons that we had previously reported in rats at P16–23 (Kono et
al., 2007) were re-examined in younger animals. Patch-clamp elec-
trodes were made from borosilicate glass pipettes (1B120F-4; World
Precision Instruments). The pipette solution contained (in mM): 120
CsCl, 20 TEA, 1 NaCl, 0.5 CaCl2, 1 MgCl2, 1 Na2ATP, 1 BAPTA and 10
HEPES (pH 7.2, as adjusted with CsOH; osmolarity; ~310 mOsm/kg).
The tip resistance of the electrode when using these solutions was
3.2–8.5 MΩ. Use of this internal solution allowed us to record the
EPSCs and ISPCs as inward postsynaptic currents. The neurons we re-
corded consistently had the following properties: large soma size as ob-
served with IR-DIC (N~20 μm) and small input resistance (b100 MΩ;
see Table 1). Though we cannot completely rule out the possibility
that some of the recordings were made from interneuron within these
motor nucleus, these criteria are supportive of the notion that most of
the neurons recorded are likely to be motor neurons.

The membrane currents were recorded using a MultiClamp 700B
amplifier (Molecular Devices), low-pass filtered at 2 kHz and sampled
at 4 kHz using a PowerLab interface (AD Instruments, CO, USA). The se-
ries resistance was 12.5 ± 1.1 MΩ (n = 26), 12.6 ± 0.7 MΩ (n = 27)
and 13.4 ± 1.2 MΩ (n = 27) for neurons in the oculomotor, facial and
hypoglossal nucleus, respectively. Whole-cell capacitancewas compen-
sated for. The resting membrane potential and input resistance (break-
in resistance) was measured immediately after the cell membrane was
ruptured by measuring the current response to a 5 mV (5 ms duration)
command pulse, which was controlled by the Pclamp 9.0 software
(Axon Instruments) (Table 1). Cells showing no overshooting action po-
tentials upon injection of depolarising current and those showingunsta-
ble or small resting potential were discarded. After verification of the
action potentials, all recordings were made in the presence of 1 μM te-
trodotoxin citrate (TTX; Alomone, Israel) to block action potential-de-
pendent transmitter release. The membrane potential was held at
−70 mV during the recording. All experiments were performed at
room temperature (20–25 °C).

2.3. Metabolic disturbance and drug application

Slices were treatedwith two types ofmetabolic disturbance: (i) “an-
oxia”, application of ACSF saturated with 95% N2 + 5% CO2 instead of
95% O2 + 5% CO2 and (ii) “chemical anoxia”, addition of 1 mM NaCN
to the ACSF. In each slice only one neuron was recorded, and one slice
was treated only once with either of the two metabolic disturbances.
In addition to 1 μM TTX, 1 μM strychnine, 100 μM picrotoxin or 3 mM
kynurenic acid were dissolved in the ACSF and bath-applied to selec-
tively block glycine, GABAA/C or ionotropic glutamate receptors, respec-
tively. The blockers were perfused for a minimum of 15 min before the
addition of NaCN. During these experiments, the ACSF with NaCN also
contained the same concentration of each blocker. Both the hypoxic
ACSF and NaCN solutions were applied via a separate pipette with the
outflow located near the slice, and the application was controlled with
electromagnetic valves. All other compounds were purchased from
Sigma-Aldrich or Nacalai Tesque (Kyoto, Japan).

2.4. Data analysis

The recorded membrane currents, including the postsynaptic cur-
rents (PSCs), were analysed off-line with an Igor Pro (WaveMetrics,
OR, USA) using procedures written by one of the authors (F. K). The de-
tails of the PSC analysis are described elsewhere (Kato and Shigetomi,
2001; Shigetomi and Kato, 2004). Briefly, the action-potential indepen-
dent PSCs were semi-automatically detected by calculating the co-vari-
ance function between the original trace and the template PSC
waveforms. All detected synaptic events were visually confirmed so
that each event had a typical PSC waveform, i.e., a rapid rise and an ex-
ponential decay. The “unlikely” PSC events and the PSC events with the
peak amplitude being smaller than the basal noise level (1.96 fold of the
standard deviation of the background amplitude fluctuation)were care-
fully discarded by visual inspection of the time-extended traces. The PSC
frequency was defined as the number of PSCs occurring within a fixed
time window divided by its duration (10 s for each neuron). These du-
rations were defined empirically so that the stable and smooth time-
course of the PSC frequency could be described.

In the Results section and Figures, we defined the following param-
eters to quantify the changes in synaptic inputs and to make statistical
comparisons. (1) “PSC frequency”: as defined above, the number of de-
tected PSC events within 10-s windows and divided by 10 to give a
value for events/s. This was indicated as “IPSC frequency” only when
the recording was made in the presence of kynurenic acid (Fig. 3A and
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B). (2) “The mean IPSC frequency” at pre-NaCN and during NaCN (Fig.
3B): “Themean PSC frequency at pre-NaCN”was calculated as the num-
ber of PSC events appearing in the period of 100 s immediately before
Fig. 1. NaCN generated inward currents and increased mPSC frequency in the neurons from t
section of the rat brain including the oculomotor nucleus (upper) and the neuron being rec
longitudinal fasciculus (mlf). III, oculomotor nucleus. B. Upper: Effect of NaCN on Im of oculom
Middle: Time-course of the PSC frequency. Lower: Time-extended continuous recordings
Representative micrographs of a coronal section containing the facial nucleus (upper) and th
the spinal trigeminal tract (sp5). VII, facial nucleus. D. Effect of NaCN on Im (upper), PSC frequ
and lower panels are shown in a similar manner to B. E. Representative micrographs showi
neuron being recorded in this nucleus (lower). The hypoglossal nucleus is located ventrally
nucleus. F. Effect of NaCN on Im (upper), PSC frequency (middle) and the time-extended trac
similar manner to B. Note the marked increase in the frequency of PSC events during applicati
the NaCN application and multiplied by three-fifth to give a value for
“events/min”. Similarly, the “mean PSC frequency during NaCN” was
calculated as the number of detected PSC events in a 10-min period
he oculomotor, facial and hypoglossal nuclei. A. Representative micrographs of a coronal
orded in this nucleus (lower). The oculomotor nucleus is located medial to the medial
otor neurons without antagonists. NaCN (1 mM) was applied (horizontal bar) for 5 min.
of the membrane currents pre-application (a) and during NaCN application (b). C.
e neuron being recorded in this nucleus (lower). The facial nucleus is located medial to
ency (middle) and the time-extended traces (lower) of facial neurons. The upper, middle
ng a coronal section of the rat brain including the hypoglossal nucleus (upper) and the
to the central canal (CC). X, dorsal motor nucleus of the vagus nerve. XII, hypoglossal
es (lower) of hypoglossal neurons. The upper, middle and lower panels are shown in a
on of NaCN in b, d and f for the oculomotor, facial and hypoglossal neurons, respectively.



Table 1
The membrane properties of oculomotor, facial and hypoglossal neurons.

Age (day) Resting potential
(mV)

Input resistance
(MΩ)

Cell capacitance
(μF)

Oculomotor
(n = 26)

12.5 ± 0.4 −63.2 ± 0.7 51.9 ± 2.1 89.9 ± 4.8

facial
(n = 27)

12.0 ± 0.3 −64.2 ± 1.0 40.9 ± 3.1 118.3 ± 6.9

hypoglossal
(n = 27)

13.0 ± 0.3 −64.8 ± 0.8 43.4 ± 3.1 99.8 ± 7.4

n, number of cells. Data are presented as mean ± S.E.M.

Fig. 2. Correlation between the change in maximum PSC frequency and the inward
currents. Vertical axis, the increase PSC frequency by NaCN (fold increase of pre-NaCN
value; log scale); horizontal axis, maximum inward shift of the holding current observed
with NaCN. Filled circles, squares, and triangles present the data from oculomotor, facial
and hypoglossal neurons, respectively. The values in the box show the results of
Spearman's rank correlation tests.
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composed of 5min application+5min gradual recovery and divided by
10 to give a value for “events/min”. (3) “Increase in PSC frequency by
NaCN” was calculated by dividing the mean PSC frequency during
NaCN by that at pre-NaCN, and indicated as “fold increase of pre-
NaCN” value. This was used only in Fig. 3B to examine if the presence
of kynurenic acid affects the effect of NaCN on PSC frequency. And (4)
“Maximum PSC frequency” the largest PSC frequency appearing within
the 5min application+5min gradual recovery period of the solution in
which O2 was replaced with N2 (Fig. 7).

2.5. Statistical analysis

The values are expressed as mean values ± standard error of the
mean (S.E.M.). The differences in the PSC frequency, PSC amplitude
and the membrane properties were compared using the paired-t-test,
Wilcoxon sign rank test and one-way ANOVA except otherwise stated.
For comparisons of the effect of NaCN in the absence and presence of re-
ceptor blockers (Figs. 4, 5 and 6), two-way ANOVAwas first made with
before and during NaCN application and in the absence and presence of
picrotoxin or strychnine, then the post-hoc comparisons were made
with Holms test. Correlation between the relative change in PSC fre-
quency and inward currents was evaluated by Spearman's rank correla-
tion test. The differences with a probability (P) b0.05 were considered
significant.

3. Results

3.1. NaCN generated inward currents and increased mPSC frequency in the
oculomotor, facial and hypoglossal neurons

We recorded the transmembrane currents from the neurons of the
oculomotor, facial and hypoglossal motor nuclei in transverse brain
slices at different rostro-caudal levels. These motor nuclei were easily
identified by their anatomical location and their view when observed
with the IR-DIC optics compared to the surrounding structures, owing
to the myelination of the alpha-motor axons (Fig. 1A, C, E IR-DIC) and
dense segregation of the neurons with large somas (Fig. 1A, C, E IR-
DIC). The resting potential, input resistance and cell capacitance are
summarized in Table 1. These values were consistent with previous
studies (Durand, 1989; Ikeda and Kato, 2005; Viana et al., 1994).

First, we examined the effects of “chemical anoxia” on the mem-
brane currents in the neurons in the motor nuclei by adding NaCN, an
inhibitor of complex IV (cytochrome c oxidase) of themitochondrial re-
spiratory chain, to the ACSF. Application of NaCN (1 mM) immediately
generated an inward shift of the holding current (called as “inward cur-
rent” hereafter). This inward current was present throughout NaCN ap-
plication for each neuron group examined (5 min) and was diminished
after reperfusion of the NaCN-free ACSF by 10min in all 16 neurons ex-
amined The maximum amplitude of the inward current varied largely
among neurons and between nuclei and was not statistically different
between each motor neuron group (−98.0 ± 37.4 pA in the oculomo-
tor: n = 5, −96.6 ± 47.3 pA in the facial: n = 6 and −218.3 ± 48.0
pA in the hypoglossal motor neurons: n = 5, one-way ANOVA).
Previously, we demonstrated that NaCN significantly increased the
frequency of the spontaneous, action potential-independent and the
Ca2+-dependent synaptic events in the hypoglossal neurons of P16–
P23 rats (Kono et al., 2007). In a similar manner to this previous report,
NaCN also increased the synaptic event frequency in neurons from the
oculomotor, facial nuclei (Fig. 1B and D) and hypoglossal neurons
from rats at P10–17 (Fig. 1F). The time-extended versions of the mem-
brane current traces before and during NaCN application (a-f in Fig. 1)
indicate that these PSC events show typical waveforms of PSC with
fast rise and exponential decay. This increase in PSC frequency lasted
throughout the NaCN application (5 min) and was gradually recovered
to the pre-administration level by 5 min of the post-application period
in all neurons examined (n=5, oculomotor; n=6, facial; n=5, hypo-
glossal neurons; the panels labelled “No Blocker” in Figs. 4A–B, 5A–B,
and 6A–B). These changes in PSC frequency with NaCNwere not signif-
icantly correlated with the amplitude of the maximum inward
current observed in each neuron group (Spearman's rank correlation
test; Fig. 2). However, when all neuron data from these three nuclei
are pooled, there was a significant correlation between the change in
PSC frequency and the inward current by NaCN (rho = 0.53, p b 0.05,
Spearman's rank correlation coefficient, Fig. 2). We did not estimate
the correlation between the effects of NaCN on the PSC amplitude and
inward current amplitude in this study because the high-frequency oc-
currence of PSC during NaCN prevented us to precisely measure the
baseline-to-peak amplitude.
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3.2. Blockade of glutamatergic transmission did not affect the NaCN-in-
creased facilitation of spontaneous release

We next pharmacologically identified the type of neurotransmitters
and postsynaptic receptors involved in the increase in spontaneous PSC
frequency with NaCN in distinct neuron groups. First, we examined
whether blockade of ionotropic glutamate receptors affects the increase
in spontaneous PSC frequency by analysing the effects of NaCN in the
presence of kynurenic acid, a non-selective blocker of glutamate-gated
receptor channels. Even in the presence of kynurenic acid (3 mM), the
PSC frequencywas continuously increased during and following the ap-
plication of NaCN (1 mM; Fig. 3A) in neurons in the oculomotor, facial
and hypoglossal motor nuclei. These effects on mean IPSC frequency
(PSC is called IPSC here because these recordings were made in the
Fig. 3. Increase in PSC frequencywith NaCN in the presence of kynurenic acid. A. Time-courses o
applied at the horizontal bar for 5min. Overlay of the recordings in 5 neurons for each nucleus (I
the Mean PSC frequency before NaCN application (pre; estimated for a 100-s period immediat
period starting from the onset of application of NaCN). PSCs were recorded in the presence of
the same neurons. Statistical comparisons were made with paired t-test. C. The NaCN effect w
increase in mean PSC frequency during NaCN application as expressed as fold increase of the
pre-NaCN (Wilcoxon sign rank test; P b 0.05). Between-group comparisons (in the presence v
n = 5 for each neuron groups).
continuous presence of kynurenic acid)were significant as summarized
in Fig. 3B (P b 0.05; paired t-test; n=5 for each neuron group). We also
examinedwhether the degree of increase in PSC frequency byNaCN ap-
plication is affected by the presence of kynurenic acid (Fig. 3C). In all
neuron groups, application of NaCN significantly increased the PSC fre-
quency both in the absence (open bars) and the presence (filled bars) of
kynurenic acid (Wilcoxon sign rank test; P b 0.05). In addition, the de-
gree of increase, as expressed by the relative PSC frequency as expressed
as fold increase of the pre-NaCN value, was not significantly different
between those recorded in the absence and in the presence of kynurenic
acid (one-way ANOVA; P N 0.05; note that NaCN application was made
only once in a slice and accordingly that the neuron populations for the
experiments with and without kynurenic acid are distinct). These re-
sults suggest that the increase in PSC frequency by NaCN did not result
f the PSC frequency recorded in the presence of kynurenic acid (3mM). NaCN (1mM)was
II, oculomotor, VII, facial and XII, hypoglossalmotor nucleus, respectively). B. The change in
ely before the application of NaCN) and that during NaCN (NaCN; estimated for a 10-min
kynurenic acid (3 mM). Lines between markers indicate that the linked values are from
as tested in the absence and presence of kynurenic acid (“−” and “+”, respectively). The
pre-NaCN value for both groups. *, significant increase in PSC frequency with NaCN vs.
ersus in the absence of kynurenic acid) were made using one-way ANOVA (NS, P N 0.05;
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primarily from facilitated glutamate release but rather from facilitated
release of inhibitory transmitters in these three groups of neurons

3.3. NaCN facilitated glycine release in facial and hypoglossal neurons

The increase in the IPSC frequency in response to NaCN and an-
oxia is abolished by strychnine but not by picrotoxin in the hypo-
glossal neurons (Kono et al., 2007). To determine whether this
Fig. 4. Strychnine, but not picrotoxin, suppressed the increase in the PSC frequency induced by
membrane currents. No Blocker, recording in the absence of blockers; +strychnine, in the pres
from threedifferent neurons recorded fromdifferent slices. Pre, pre-application ofNaCN (upper
of the NaCN effect in the presence of strychnine. B. Superimposed time-course of the PSC freq
increase in frequency in the presence of strychnine. C. The effects of the receptor blockers on m
the absence of blockers (n = 5); Strychnine, in the presence of strychnine (n = 6); Picrotox
before NaCN application; “NaCN”, that for 600 s (10 min) during and after NaCN application
pairs (Holm test), which were performed following two-way ANOVA. NS, P N 0.05.
occurs in the facial and oculomotor neurons, we analysed the ef-
fects of blocking either GABAA receptors or glycine receptors on
the NaCN-induced increase in the PSC frequency. The increase in
PSC frequency in response to NaCN application was abolished by
strychnine (1 μM) but not by picrotoxin (100 μM) in the facial
(Fig. 5A, B, middle) and the hypoglossal neurons (Fig. 4A, B, mid-
dle). In these neuron groups, strychnine and picrotoxin did not sig-
nificantly affect the mean PSC frequency observed before NaCN
NaCN in hypoglossal neurons. A. Time-extended traces of the continuous recordings of the
ence of strychnine; +picrotoxin, in the presence of picrotoxin. These three recordings are
traces); NaCN, duringNaCNapplication (bottom traces). Note the almost complete absence
uency. The NaCN (1 mM) was applied (horizontal bar) for 5 min. Note the absence of the
ean PSC frequency during NaCN in the absence and presence of blockers. No Blocker, in

in, in the presence of picrotoxin (n = 5). “pre”, mean PSC frequency for 100 s measured
. Summary on the right shows the results of post-hoc analyses between all meaningful
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application (Figs. 4C and 5C). NaCN significantly increased the
mean PSC frequency in the absence of any blockers and also in
the presence of picrotoxin but not in the presence of strychnine
(Figs. 4C and 5C). There was no significant difference between the
mean PSC frequencies during NaCN in the absence and presence
of picrotoxin but it became significantly smaller in the presence
of strychnine (Figs. 4C and 5C). In contrast, picrotoxin (100 μM)
did not significantly affect the increase in mean PSC frequency
with NaCN in the facial and hypoglossal neurons (Figs. 4C and
Fig. 5. Strychnine, but not picrotoxin, suppressed the increase in the PSC frequency induced
membrane currents. B. Superimposed time-course of the PSC frequency. C. The effects of the
blockers. No Blocker, in the absence of blockers (n = 5); Strychnine, in the presence of st
frequency for 100 s measured before NaCN application; “NaCN”, that for 600 s (10 min) du
analyses between all meaningful pairs (Holm test), which were performed following two-way
5C). These results suggest that NaCN facilitates the spontaneous re-
lease of glycine, which activates strychnine-sensitive postsynaptic
glycine receptors in the hypoglossal and facial neurons.

3.4. NaCN facilitated GABA release in neurons oculomotor nucleus

In contrast to the facial and hypoglossal neurons, the addition of
strychnine did not significantly affect the mean PSC frequency ob-
served before the NaCN application and also NaCN-induced
by NaCN in facial neurons. A. Time-extended traces of the continuous recordings of the
receptor blockers on mean PSC frequency during NaCN in the absence and presence of
rychnine (n = 6); Picrotoxin, in the presence of picrotoxin (n = 5). “pre”, mean PSC
ring and after NaCN application. Summary on the right shows the results of post-hoc
ANOVA. NS, P N 0.05.



102 S. Takagi et al. / Experimental Neurology 290 (2017) 95–105
increase in the mean PSC frequency recorded in the oculomotor
neurons (Fig. 6A, B, middle). However, in the oculomotor neurons,
the addition of picrotoxin almost abolished the significant increase
by NaCN in the PSC frequency (Fig. 6A, B, right). In the presence of
picrotoxin, NaCN did not significantly increase the mean PSC fre-
quency, while NaCN significantly increased it in the presence of
strychnine, in a similar manner to that in the absence of blockers
(Fig. 6C). These results strongly suggest that the increase in PSC
frequency by NaCN in the oculomotor neurons is a result of the
Fig. 6. Picrotoxin, but not strychnine, suppressed the increase in the PSC frequency induced by
membrane currents. B. Superimposed time-course of the PSC frequency. C. The effects of the
blockers. No Blocker, in the absence of blockers (n = 5); Strychnine, in the presence of st
frequency for 100 s measured before NaCN application; “NaCN”, that for 600 s (10 min) du
analyses between all meaningful pairs (Holm test), which were performed following two-way
facilitation of GABA release, which contrasts the hypoglossal and
facial neurons.

3.5. Elimination of extracellular O2 facilitated release in a similar manner to
chemical anoxia

We then examined whether the facilitation of glycine or GABA re-
lease in response to chemical anoxia with NaCN also occurs with “actu-
al” anoxia by perfusing ACSF saturated with 95% N2. Anoxia generated
NaCN in oculomotor neurons. A. Time-extended traces of the continuous recordings of the
receptor blockers on mean PSC frequency during NaCN in the absence and presence of
rychnine (n = 5); Picrotoxin, in the presence of picrotoxin (n = 5). “pre”, mean PSC
ring and after NaCN application. Summary on the right shows the results of post-hoc
ANOVA. NS, P N 0.05.



Fig. 7. Effects of anoxia on the membrane and synaptic currents in the oculomotor, facial and hypoglossal neurons. A. The effect of anoxia on Im of the oculomotor, facial and hypoglossal
neurons in the absence of antagonists. N2 (95%) was applied (horizontal bar) for 5 min. B. Time-extended continuous recordings of the membrane currents at pre-application (a,c,e) and
during NaCN application (b,d,f). Note the significant and consistent increase in the number of PSC events in b,d and f. C. Superimposed time-course of the PSC frequency. N2 (95%) was
applied (horizontal bar) for 5 min. Note the marked increase in the frequency of PSC events. D. Summary of the effects of anoxia on the maximum PSC frequency observed during the
application of N2 solution. Pre, pre-application of N2; N2, during N2. Oculomotor neurons, n = 5; facial neurons, n = 5; hypoglossal neurons, n = 6; P values indicate the results of
one-way ANOVA for each neuron group.
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large inward currents (Fig. 7A, −333.8 ± 68.1 pA in the oculomotor:
n = 5, −325.5 ± 239.3 pA in the facial: n = 5 and −83.1 ± 19.8 pA
in hypoglossal neurons: n = 6) and markedly and significantly in-
creased the frequency of PSC events (Fig. 7B). The burst-like increase
in PSC frequency was observed in all neurons examined from distinct
motor nucleus (Fig. 7C). The maximum PSC frequency during anoxia
was significantly higher than that before anoxia (Fig. 7D). These results
confirmed that the metabolic disturbances through different mecha-
nisms andorigins facilitate action potential-independent release of neu-
rotransmitters to the neurons in different nuclei.
4. Discussion

In this study,we demonstrated that hypoxia and anoxia facilitate the
action potential-independent spontaneous release of neurotransmitters
with an inward shift in the holding current of the facial and oculomotor
neurons, in a very similar manner to the hypoglossal neurons (Kono et
al., 2007). However, the present study also demonstrated a striking dif-
ference between distinct types of neurons in the type of neurotransmit-
ter involved in the anoxia-induced facilitation of release. In the
hypoglossal and facial neurons, hypoxia almost exclusively facilitated
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glycine-mediated transmission,whereas in oculomotor neurons, it facil-
itated GABA-mediated transmission. These findings are of particular in-
terest because it has been indicated that these motor neurons show
different vulnerabilities in neurodegenerative diseases, such as ALS;
the hypoglossal and facial motor neurons are highly vulnerable, where-
as the oculomotor neurons are resistant. The present findings would
help understand themechanism underlying the selectivemotor neuron
damage that occurs during the progress of ALS.

4.1. Consequences of glycine- and GABA-mediated inhibitory transmission

Glycine and GABA are the twomajor inhibitory neurotransmitters in
themammalian central nervous system, activating glycine and GABAA/C

receptors, respectively. These subsynaptic ligand-gated channels, when
activated by these endogenous ligands, become permeable exclusively
to Cl− and reduces neuronal excitability through hyperpolarisation
and/or reduction of the input resistance by membrane “shunting”. In
addition, the inhibitory synaptic transmissions mediated by GABA and
glycine share common molecules, including the vesicular transporters
(Ottersen et al., 1987; Taal and Holstege, 1994) in the presynaptic ter-
minals (called as vesicular GABA transporters, VGAT or vesicular inhib-
itory amino acid transporters, VIAAT) and scaffolding proteins, gephryn,
in the postsynaptic elements (Thompson et al., 2006).

However, the postsynaptic current of GABAA receptor channels
shows slower decay kinetics than that of glycine receptors (Baccei and
Fitzgerald, 2004; Gao et al., 2001; Inquimbert et al., 2007; Keller et al.,
2001), enabling them to inhibit postsynaptic neurons for a longer dura-
tion. This mightmake the glycine-mediated inhibitionweaker than that
by GABA in reducing the postsynaptic excitability. In addition to the fast
current kinetics of glycine receptors that limits the duration of Cl− flow
and the lack ofmetabotropic receptors for glycine, glycine could become
pro-excitatory, depending on the situation, through activating NMDA
receptors by binding to the glycine-binding site (Kono et al., 2007).
For example, the genetic suppression of the glycine transporter in the
forebrain results in an improved cognitive function by potentiating the
NMDA receptor-mediated postsynaptic currents in mice (Yee et al.,
2006). Inhibition of the glycine transporter in the hypoglossal motor
neurons potentiated NMDA receptor-mediated neurotransmission
(Lim et al., 2004). In neurons expressing NMDA receptors containing
NR3B subunits, glycine, but not glutamate or D-serine, directly activates
these receptors (Chatterton et al., 2002), which are selectively
expressed in motor neurons in the trigeminal, facial, glossopharyngeal
nucleus and spinal ventral horn but not in oculomotor andOnuf's nucle-
us (Nishi et al., 2001). In addition to the potentiation of NMDA receptor-
mediated currents by synaptically released glycine during chemical
hypoxia in the hypoglossal neurons (Kono et al., 2007), it has also
been demonstrated that application of glycine to the cerebral cortex
leads to oxidative stress and mitochondrial dysfunction in neurons,
which might underlie the neurological damage in patients with
hyperglycaemia (Busanello et al., 2010; Leipnitz et al., 2009). These
lines of evidence support a notion that an aberrant increase in release
and/or extracellular accumulation of glycine might have deteriorating
influence on the neurons through direct or indirect mechanisms.

4.2. Selective release facilitation of GABA and glycine

The mechanism underlying the differential modulation by chemical
anoxia of the frequency of release of GABA and glycine between distinct
neuron groups is not identified. In this study, this selective release facil-
itation was observed in the presence of TTX, ruling out a possibility that
it resulted from the difference in the anoxia-induced neuronal excita-
tion between glycinergic and GABAergic presynaptic neurons forming
synapses with neurons in distinct motor nuclei. In addition, as GABA-
mediated IPSCs in hypoglossal and facial neurons, aswell as glycine-me-
diated IPSCs in the oculomotor neurons could be clearly observed in the
normoxic conditions (Figs. 4, 5 and 6), it is unlikely that glycine-
mediated inputs are prevailing for the neurons in the hypoglossal and
facial nuclei and also it is unlikely that GABA-mediated inputs are pre-
vailing in the oculomotor neurons. As the conclusion above of transmit-
ter-specific activation by NaCN was drawn on the basis of
pharmacological observations, it is noteworthy that picrotoxin can
block homomeric glycine receptors composed of α subunits at an IC50
of 25 μM (Chattipakorn and McMahon, 2002). However, firstly because
heteromerization of α and β subunits is necessary for gephrin binding
and subsequent synaptic clustering for glycine receptors (Kirsch et al.,
1993; Meyer et al., 1995) and secondly because strychnine at 1 μM
should almost completely suppress theα homomeric glycine receptors,
if they exist, it is unlikely that the NaCN-induced PSCs blocked by picro-
toxin but not by strychnine (Fig. 6) were mediated by picrotoxin-sensi-
tive non-synaptic glycine receptors.

It is well known that the VIAAT can accumulate both glycine and
GABA into the synaptic vesicles. Furthermore, in previous study, we in-
dicated that facilitation of glycine by NaCN depends on Ca2+ entry
though activated voltage-dependent Ca2+ channels (Kono et al.,
2007). Therefore, the most straightforward interpretation would be
that the difference in the type of transmitter ofwhich the releasewas fa-
cilitated by anoxia would be due to the difference in the predominant
transmitters in the anoxia-excited terminals. Inmotoneurons in the spi-
nal cord and brain stem as well as sensory-associated neurons in the
dorsal horn, three types of miniature IPSCs have been documented;
that are those mediated exclusively by glycine receptors, those by
GABAA receptors and those by both glycine and GABAA receptors
(mixed type) (Keller et al., 2001; Jonas et al., 1998; O'Brien and
Berger, 1999). The proportion of these three types depends on the re-
gions and it changes in the course of development, presumably depend-
ing on the postsynaptic specification of the receptors (Keller et al., 2001;
Jonas et al., 1998). The presynaptic specification between GABAergic
and glycinergic terminals also seems to occur at later stage with selec-
tive expression of glutamic acid dehydrogenase (GAD), an enzyme un-
derlying conversion from glutamate to GABA, and also that of glycine
transporter type 2, which underlies selective uptake of glycine from
the synaptic cleft to glycinergic neurons (Aubrey et al., 2007). In neu-
rons without GAD protein expression, VIAATs only accumulate glycine
and terminal excitation of such neurons would result in exclusive re-
lease of glycine. In addition, selective reuptake of glycine by GlyT2
would increase the glycine concentration at the terminals and subse-
quently its intra-vesicular concentration in these “glycinergic” termi-
nals. In such situations, it might be possible that the postsynaptic
neurons predominantly express glycine receptors at these synapses.
As such, in the hypoglossal and facial nuclei, glycine, rather than
GABA, would be selectively released from the anoxia-excited terminals,
which is not the case for the oculomotor nucleus. In addition, it remains
to be determined in the future studies 1) what is themolecular and cel-
lular mechanism underlying such release facilitation in response to an-
oxia (Kono et al., 2007), 2) if suchmechanismcould be identified, how is
the expression of such mechanism associated with the glycinergic phe-
notypewithout GAD expression andwith GlyT2 expression, and 3)why
suchmechanism is not expressed for the terminals releasing glutamate,
that is also another prevailing neurotransmitter to the motor neurons.

4.3. Difference in the motoneuron vulnerability in ALS

A number of studies have clarified differences in various properties
between different cranial and spinal motor neurons in aiming to ac-
count for the well-described differences in the vulnerability in motor
neurons diseases such as the ALS.While the trigeminal, facial and hypo-
glossal neurons are vulnerable, the oculomotor, trochlear and abducens
neurons are relatively resistant, defining the typical progress of the ALS-
associated symptoms. Various types of differences in the properties of
these motor neurons have been proposed to account for their distinct
vulnerability (Chatterton et al., 2002; Fukaya et al., 2005; Fuller et al.,
2006; Haenggeli and Kato, 2002; Hayashi et al., 1981; Lorenzo et al.,
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2006; Martin and Chang, 2012; Matsuda et al., 2003; Nishi et al., 2001;
Oshima et al., 2002). Our present findings of a larger fraction of
glycinergic inputs and their selective facilitation in response to anoxia
in the neurons from ALS-vulnerable nuclei add another property that
would distinguish the fate of neurons under pathological loads. The
causal relationship between the type postsynaptic receptors activated
by metabolic stress-induced release of specific type of transmitters
and the neuronal vulnerability should be clarified in the future study.
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