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To clarify the vulnerability of spinal motoneurons to excitotoxicity, we analyzed the agonal current
induced by experimental ischemia in ventral lamina IX neurons of spinal cord slices from neonatal rats
by using whole-cell patch-clamp. Ischemia was simulated in vitro by oxygen/glucose deprivation. Super-
fusion with ischemia-simulating medium elicited an agonal inward current, which was initially slow and
then became rapid. We compared 8-, 9-, 10-, 11-, and 12-day postnatal rats and found age-dependent
shortening of the latency of the rapid inward current. Furthermore, the membrane capacitance (Cm) and
resting membrane potential (RMP) of the lamina IX neurons demonstrated significant negative corre-
lations with the latency of the rapid inward current. Logistic regression analysis showed that postnatal
age, Cm, and RMP were independent contributing factors to ischemic vulnerability. These results sug-
gest that not only cell volume and ionic balance but also early postnatal maturation of the intracellular
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environment is vital for developing vulnerability to excitotoxicity.
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Excitotoxicity is an important mechanism of neuronal death,
implicated in the pathogenesis of ischemia, trauma, and neurode-
generative disorders [8,10,15]. Excitotoxic injury is mediated by
glutamate, a major excitatory neurotransmitter. During patho-
logic insult, glutamate excessively accumulates in the extracellular
space and stimulates the neurons through ionotropic receptors
[9,11,14,20]; such stimulation leads to neuronal depolarization and
irreversible loss of function [17].

Specific regions of the central nervous system are susceptible
to developing neuronal damage after excitotoxic injury. In addi-
tion, such vulnerability critically depends on postnatal maturation
[16]. Spinal cord motoneurons are also known to be particularly
vulnerable during ischemia [17]; some of their molecular features
are known to play important roles in cell death in degenerative
motoneuron diseases [22]. However, factors contributing to the
vulnerability of spinal motoneurons to ischemia and changes in
susceptibility during maturation have not been well documented.

In vitro ischemia is mimicked by oxygen/glucose deprivation;
this preparation has been well established in electrophysiolog-
ical studies with spinal cord and brain slices [17,18,23-25]. In
the present study, we investigated the influence of experimen-
tal ischemia on ventral lamina IX neurons in spinal cord slices by
using the whole-cell patch-clamp method to clarify parameters
contributing to the vulnerability of developing spinal motoneurons.
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All experimental procedures involving the use of animals were
approved by the Animal Care and Use Committee of Niigata Uni-
versity Graduate School of Medical and Dental Sciences (Niigata,
Japan).

Slices of rat spinal cord were prepared as previously described
[17]. In brief, neonatal Wistar rats (8-12days postnatal) were
anesthetized with urethane (1.2-1.5 g/kg, intraperitoneal). Dorsal
laminectomy was performed, and the lumbosacral segment of the
spinal cord was removed. The rats were immediately killed by
exsanguination. The spinal cord was placed in pre-oxygenated ice-
cold artificial cerebrospinal fluid (ACSF). After cutting all the ventral
and dorsal roots near the root entry zone, the pia-arachnoid mem-
branes were removed. The spinal cord was mounted on a metal
stage of a microslicer (DTK-1500; Dosaka, Kyoto, Japan) and cut
into 500-pm-thick transverse slices. Each spinal cord slice was
transferred to a recording chamber and placed on the stage of an
upright microscope equipped with an infrared-differential interfer-
ence contrast (IR-DIC) system (E600FN; Nikon, Tokyo, Japan). The
slice was fixed by an anchor and superfused at 4-6 ml/min with
ACSF solution equilibrated with a gas mixture of 95% O, and 5%
CO, and maintained at 36 °C by using a temperature controller (TC-
324B; Warner Instruments, Hamden, CT, USA). The ACSF solution
comprised (in mM): 117 Nacl, 3.6 KCl, 2.5 CaCl,, 1.2 MgCl,, 1.2
NaH,POy4, 25 NaHCO3, and 11.5 p-glucose (pH 7.4).

Lamina regions were identified under low magnification (5x
objective lens) and individual neurons were identified using a 40 x
objective lens with an IR-DIC microscope and monitored by a CCD
camera (C2400-79H; Hamamatsu Photonics, Hamamatsu, Japan)
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on a video monitor screen. The size of each recorded neuron was
calculated from the arithmetic mean length of the diameter of
the long and short axes of the soma intersecting at right angles.
Whole-cell voltage-clamp or current-clamp recordings were made
from large lamina IX neurons (size, 15-25 wm), which were gen-
erally observed in the ventral lateral or ventral medial areas.
Whole-cell patch pipettes were constructed from borosilicate glass
capillaries (1.5-mm OD; World Precision Instruments, Sarasota,
FL, USA). The resistance of a typical patch pipette was 5-10 M2
when filled with an internal solution composed of (in mM) 135
potassium gluconate, 5 KCl, 0.5 CaCl,, 2 MgCl,, 5 EGTA, 5 HEPES,
and 5 ATP-Mg (pH 7.2). After the whole-cell configuration was
established, voltage-clamped neurons were held at —70mV and
current-clamped neurons were held at 0 pA. Signals were amplified
with an Axopatch 200B amplifier (Molecular Devices, Union City,
CA, USA), filtered at 2 kHz, and digitized at 5 kHz. Data were stored
and analyzed using a pCLAMP 9.1 data acquisition program (Molec-
ular Devices). Membrane capacitance (Cm) and input resistance
(Rin) were measured by applying hyperpolarizing voltage pulses
(10mV) from a holding potential of —70 mV with a duration of
20 ms. Cm was measured by integrating the transient capacitative
currents evoked during the voltage-clamp steps. These measure-
ments were used to estimate membrane surface area [21]. We
considered the potential at which the holding current becomes zero
to be the resting membrane potential (RMP). Neurons with RMPs
above —50 mV were removed from the analysis [1,3].

Ischemia was simulated by superfusing the slices with ischemia-
stimulating medium (ISM) consisting of ACSF solution, equilibrated
with a gas mixture of 95% N, and 5% CO-, in which glucose was
replaced with an equimolar concentration of sucrose. Drugs and
ISM were applied by perfusion via a three-way stopcock, without
changing the perfusion rate or temperature. The solution in the con-
nection tube and recording chamber having a volume of 2.5 ml was
completely replaced within 35 s of the initiation of ISM perfusion.
After applying the ischemia-simulating medium, we discarded the
slice.

Numerical data are represented as mean + SEM. One-way analy-
sis of variance (ANOVA) with post hoc Tukey’s honestly significant
difference (HSD) test was used to compare the groups classified
according to age. Pearson’s correlation coefficients (r) were calcu-
lated between latency of rapid inward currents induced by ISM
and age or electrophysiological membrane properties. Multiple
regression analyses were performed to determine the relative con-
tribution of different variables, and F-test was used to evaluate
the significance of all independent variables. Statistical significance
was defined as P<0.05. When referring to electrophysiological data,
n indicates the number of neurons studied.

Whole-cell voltage-clamp recordings were made from 69 neu-
rons of which 60 exhibited RMPs below —50 mV and were included
in analysis. Neuron bodies were round or multipolar, with an
average somasize of 20.5 & 0.3 wm; average Cm, 90.8 + 4.4 pF; aver-
age RMP, —58.1+0.3 mV, and average Rin, 152.4+9.2 MQ2 (n=60).
Soma size demonstrated a significant positive correlation with Cm
(r=0.57,P<0.01).

The lamina IX neurons remained viable up to 12 h in slices per-
fused with pre-oxygenated ACSF solution. However, all recordings
in this experiment were obtained within the first 4h. When the
membrane potential was held at —70 mV, superfusion with ISM
produced an outward current of 34.1 + 6.6 pA in 20% of the 60 neu-
rons examined (n=12); this was followed by an agonal inward
current (Fig. 1A). The remaining neurons (n=48) exhibited only
the inward current. Meanwhile, in the current-clamp mode, ISM
produced agonal depolarization followed by persistent depolariza-
tion (n=>5, Fig. 1B). When ISM superfusion was continued after the
appearance of the agonal depolarization, synaptic activity disap-
peared, and it could not be returned to its previous state despite

A ISM

1 Latency

-

Outward current
Slow inward current/T
Rapid inward current F

_J100pa

30s

ISM

60s

Fig. 1. Agonal current induced by ischemia-simulating medium (ISM) in a repre-
sentative lamina IX neuron. (A) In the voltage-clamp mode, perfusion with ISM
produced an outward current and, subsequently, an agonal inward current at
—70mV in 20% of the neurons examined (n=12). The agonal inward current con-
sisted of a slow and subsequent rapid inward current. The latency of the rapid
inward current was measured from the beginning of ISM perfusion to the onset
of the rapid inward current, which was estimated by extrapolating the slope of the
rapid inward current to the slope of the slow inward current. The current trace
shown was obtained from a neuron of an 8-day postnatal rat. (B) In the current-
clamp mode, perfusion with ISM produced an agonal depolarization. The resting
membrane potential was —61 mV. After the generation of rapid depolarization, the
membrane continued to depolarize to 0 mV and synaptic activity disappeared. This
trace was obtained from a neuron of a 9-day postnatal rat.

ACSF reperfusion, indicating that ISM resulted in irreversible mem-
brane dysfunction (Fig. 1B). The agonal inward current consisted of
a slow followed by a rapid inward current [23]. The onset of the
rapid inward current was estimated by extrapolating the slope of
the rapid inward current into the slope of the slow current. The
latency of the rapid inward current was measured from the onset
of superfusion with the ISM to that of the rapid inward current
(Fig. 1A).Such a brief superfusion with ISM is known to affect synap-
tic transmission for several hours in rat hippocampal CA1 neurons;
therefore, only the data obtained by its primary application were
included in the present study.

Twelve lamina IX neurons in each age group were exposed
to ISM. To estimate the influence of an initial outward cur-
rent, we compared the average age, size, Cm, RMP, Rin, and
latency of the rapid inward current. No significant differences were
observed in these results between neurons with (10.2 4+ 0.5 days,
21.2+0.6 um, 102.1+7.7 pF, —-56.1+1.5mV, 134.9+12.2 ML,
440+23s, n=12) and without (10.0+0.2days, 20.3+0.3 pm,
87.9+5.1 pF, —58.6+1.0mV, 156.8 +11.1 M2, 454+ 335, n=48)
ISM-induced outward currents (P=0.65, 0.24, 0.20, 0.23, 0.35,
0.80, respectively). The differences in soma size and electrophys-
iological membrane properties between the groups are listed in
Table 1. Average latencies of the rapid inward current in the lam-
ina IX neurons were 478 +19s, 448 + 265, 424 +32s, 391+28s,
and 377 £ 18 s on postnatal days 8, 9, 10, 11, and 12, respectively.
An obvious age-dependent shortening of the latency of the rapid
inward currents was observed (one-way ANOVA, P<0.05; post hoc
Tukey’s HSD test, P8 versus P12, P<0.05) (Fig. 2). Because age was
not found to be a significant factor in the correlation between
membrane properties and latency of the rapid inward current,
we analyzed these results without grouping by age. Cm of the
lamina IX neurons demonstrated a significant negative correlation
with the latency of the rapid inward current (r=-0.41, P<0.01)
(Fig. 3A). Furthermore, RMP of the neurons also exhibited a sig-
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