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- Hypothermia Suppresses Excitatory Synaptic

Transmission and Neuronal Death Induced by
Experimental Ischemia in Spinal Ventral Horn Neurons

Hideto Nishi, MD,* Terumasa Nakatsuka, MD, PhD,T Daisuke Takeda, BS.,*
Nobuyuki Miyazaki, MD,* Junya Sakanaka, MD,* Hiroshi Yamada, MD, PhD,*

and Munehito Yoshida, MD, PhD_*

Study Design. Whole-cell patch-clamp recordings
. were performed from the ventral horn neurons obtained
from the rat spinal cord slices. .

Objective. This study investigated the eﬁects of hypo-
thermia on excitatory synaptic transmission and isch-
emia-induced neuronal death.’ ,

Summary of Background Data. Hypothermia has long
been recognized as a promising physlcal strategy against
both ischemic and traumatic spinal cord injuries. How-
ever, the mechanism of hypothermia-mediated neuropro-

. tective action in the spinal cord is still not fully under-
stood at the single cell level.

Methods. Whole-cell patch-clamp recordings were
p_erformed from ventral horn neurons obtained from the
spinal cord slices. Ischemia was simulated by superfusing’
an oxygen- and glucose-deprived medium [ischemia sim-
ulating medium (ISM)].

Results. When the temperature of the superfusnng ar-
tificlal cerebrospinal fluid solution was changed from nor- <"
mothsrmia (36°C) to hypotheérmia (32°C, 28°C, and 24°C), .

" the frequancy of $pontaneous - excitatory postsynaptic
curreénts was significantly ‘decreased in a-tempeérature-
. depandent manner. Surperfusing the ISM generated an
-..agonal inward current which consisted of a slow and .
. :subsequent rapid lnward current in all of the neurons
" tested. The latencies of the' slow and rapld Inward cur-
rents after the ISM exposures were significantly longer at -
hypothermia than' at ‘normothermia; Hypothermia de-
" creased the slope of the ISM-induced slow Inward cur-
rent, although it did not affect.the. slope :of .the. rapid
-. inward current. Moreover, the glutamate receptor antag- -
onists s|IghtIy prolonged the Iatancms of the slow and
_fapid inward currents that ware induced by ISM and slg- A
) nlﬂcant!y ‘decredsed their slopes.
.- Conclusion: These results suggest that hypothermia
reduces ‘the excitatory synaptm_a,ctivltles ‘and ischemic .
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neuronal death in the spinal ventral horn. This finding
may help in achieving a better understanding of the
mechanisms of hypothermia-mediated neuroprotectlon
in the spinal cord.

Key words: spinal motoneurons, hypothermia, ischemia,
cell death, electrophysiology. Spine 2007;32:E741-E747

The primary injury of the spinal cord is directed to the
central gray matter, where frank destruction occurs. The
primary injury is followed by the progressive auto-
destructive secondary injury that is believed to enlarge the
area of neuronal death through necrosis and apopto-
sis.’? The mechanism of the secondary injury includes a
variety of processes such as ischemia, glutamate excito-
toxicity, free radical-medicated cell death, ATP released
from damaged tissues, and cytoskeletal degradation.’

These processes trigger an inflammatory reaction that
induces necrosis and apoptosis, thereby causing further
destruction in the spinal cord. As the primary injury is
immediate and irreversible, it is not well suited for ther-
apeutic intervention. Because of the delayed processes,
the secondary injury is the most appropriate target for
therapeutic intervention.* A high-dose regimen of ste-
roid drugs such as methylprednisolone is often adminis-
tered to reduce the secondary injury.>® However, the
effect of steroid drugs is not satisfying and its complica-
tions cannot be ignored.” Many other neuroprotective
interventions have been tested in both spinal cord injury
patients and model animals.* Unfortunately, none of
these interventions have resulted in any major improve-
ment in the neurologic recovery or a meaningful increase
in function, although much effort and resources have
been expended. Hypothermia has long been recognized
as a promising physical strategy against ischemic and
traumatic spinal cord injury.®~1? Paraplegia caused by
ischemic spinal cord injury is one of the most serious
complications during thoracic and thoracoabdominal
aortic surgery. Hypothermia has been evaluated as a
method of spinal cord protection during thoracic and
thoracoabdominal aortic surgery,’* and several tech-
niques for spinal cord cooling have been developed pro-
viding clear evidence for its neuroprotective effects.'>'
In addition, a revival of hypothermia for the treatment of
traumatic brain injury in the last decade has encouraged
a re-evaluation of the potential benefits of hypothermia
in the treatment of traumatic spinal cord injury.’*-16 It
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has been demonstrated that systemic hypothermia in-
duced 30 minutes after traumatic spinal cord injury and

maintained for 4 hours significantly improved the loco-

motor function.'” However, the mechanism of hypother-
mia-mediated neuroprotective action is still not fully un-
derstood at the single cell level. In the present study, we

investigated the effect of hypothermia on excitatory syn-.

aptic transmission and ischemia-induced membrane dys-
function by performing whole-cell patch-clamp record-
ings from ventral horn neurons in the rat spinal cord
slices. Ischemia was simulated by superfusing an oxygen-
and glucose-deprived medium [ischemia simulating me-
dium (ISM)], a process which has been well established
in brain and spinal cord slices.?3-20

® Materials and Methods

All of the experxmental procedures involving the use of animals
were approved by the Ethics Committee on Animal Experi-
ments, Wakayama Medical University, and were conducted in

accordance with the UK Animals (Scientific Procedures) Actof
1986 and its assoc1ated guldelmes

Spinal Cord Slice Preparation. The methods used to obtain the
rat spinal cord slice preparations have been described
previously.?! In brief, Sprague-Dawley rats at the postnatal age
of 8 to 12 days were deeply anesthetized with pentobarbital
sodium (60 mg/kg, intraperitoneal), then a lumbosacral lami-
nectomy was performed. Next, the lumbosacral spinal cord
(L1-83) was removed and placed in a preoxygenated artificial
cerebrospinal fluid (ACSF) solution at 1°C to 3°C. Immediately
after the removal of the spinal cord, the rats were given an
overdose of pentobarbital sodium and then were killed by ex-
sanguination. The pia-arachnoid membrane was then removed
after cutting all of the ventral and dorsal roots near the root
entry zone. The spinal cord was placed on an agar block and
mounted on a microslicer (DTK-1000; D.S.K., Kyoto, Japan),
then a 500 pum-thick transverse slice was cut. The slice was
placed in the recording chamber, which had a volume of 0.5
mL solution, and then was placed on the stage of an upright
microscope equipped with an infrared-differential interference
contrast (IR-DIC) system (BX51WI; Olympus, Tokyo, Japan).
Next, the slice was superfused at a rate of S mL/min with ACSF
solution saturated with 95% O, and 5% CO, at 36°C = 1°C
for more than 1 hour. The ACSF solution contained (in mM)
117 NaCl, 3.6 KCl, 2.5 CaCl,, 1.2 MgCl,, 1.2 NaH,PO,, 25
NaHCO;, and 11 glucose. The temperature of the superfusing
solution was continuously monitored with an auto-regulatory
heat exchanger (TC324-B, Warner instruments, Hamden, CT).
An in-line solution heater (SH-27B, Warner instruments) was
automatically controlled to the set temperature (24°C, 28°C,
32°C, and 36°C), and the accuracy was typically better than
*1°C.

Patch-Clamp Recordings From Spinal Ventral Horn Neurons.
The lamina regions were identified using a 5X objective lens,
and the individual neurons were identified using a 40X objec-
tive lens under an IR-DIC microscope. The microscope was
coupled with a CCD camera (C2741-C79; HAMAMATSU,
Hamamatsu, Japan) and a video monitor screen. Whole-cell
patch-clamp recordings were made from the lamina IX neurons
in the spinal ventral horn with patch-pipette electrodes having

a resistance of 4 to 8 M(.2> The composition of the patch-
pipette solution was as follows (in mM): 135 potassium glu-
conate, § KCl, 0.5 CaCl,, 2 MgCl,, 5§ EGTA, 5 HEPES, 5
ATP-Mg, pH 7.2. The signals were acquired with an amplifier
Axopatch 200B (Axon Instruments, Union City, CA). The data
were digitized with an A/D converter (Digidata 1322A, Axon
Instruments), then stored on a personal computer using a data
acquisition software program (pCLAMP 9, Axon Instru-
ments).

Ischemia Simulation and Drug Application. The slices were
made “ischemic” by superfusing them with an ACSF solution
equilibrated with 95% N, to 5% CO,, then they were deprived
of glucose by a bath application, which was replaced with su-
crose isoosmotically (ISM). The drugs used in this study were
6-cyano-7-nitroquinoxaline-2,3-dion (CNQX) and p(-)-2

amino-5-phosphonopentanoic- acrd (APS) from Tocris (Bal-
lowin, MO). The drugs were dissolved in either the' ACSF so-
lution or ISM and then applied by perfusion via a 3-way
stopcock without any change in the perfusion rate. The time
necessary. for the solution to.flow from the stopcock to the
surface of the spinal cord slice was apprommately 20 seconds.

Stanstlcal Analysls All numerxcal data are expressed as the
mean * SEM. Sratistical significance was determined as P <
0.05 using Student ¢ test and analysis of variance followed by
the Scheffe test. Regarding the electrophysrologxcal data, n re-
fers to the number of neurons studied.

H Results

Whole-cell patch-clamp recordings were performed
from 160 ventral horn neurons in the lamina IX of the
spinal cord slices. The ventral horn neurons were viable
for up to 12 hours in the slices perfused with the preoxy-
genated ACSF solution. However, all of the recordings
were obtained within 4 hours in this study.

Effect of Hypothermia on Excitatory
Synaptic Transmission
At a holding potential of —70 mV, spontaneous excita-
tory postsynaptic currents (SEPSCs) were observed in all
of the ventral horn neurons examined (Figure 1A). The
sEPSCs recorded from 19 neurons at normothermia
(36°C) had an average frequency and amplitude of
10.2 = 0.98 Hz (range: 1.9-18.5 Hz) and 20.2 + 1.5 A
(range: 11.6~42.2 pA), respectively. When the tempera-
ture of the superfusing ACSF solution was changed from
normothermia (36°C) to hypothermia (32°C, 28°C, and
24°C), the sEPSC frequency significantly decreased in a
temperature-dependent manner (Figure 1A). When mea-
sured for 30 seconds at 32°C, 28°C, and 24°C, the aver-
ages in sEPSC frequency were decreased to 54.7% *
6.6% (n = 6),34.2 + 6.4% (n = 6),and 18.9 = 2.9%
(n = 7), respectively (Figure 1B). The change in the tem-
perature of the superfusing ACSF solution from 36°C to
hypothermia (32°C and 28°C) did not significantly affect
the SEPSC amplitude (Figure 1B). The average changes in
sEPSC amplitude were 95.9% =+ 3.7% (32°C,n = 6) and
97.0% %= 3.9% (28°C, n = 6). On the other hand, the
sEPSC amplitude was significantly decreased when the

Copyright © Lippincott Willi'ams & Wilkins. Unauthorized reproduction of this article is prohibited.
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36°C

Figure 1. Hypothermia sup-
pressed glutamatergic excitatory
synaptic transmission in the spinal
ventral hom neurons. A, A contin-
uous chart recording of glutama-
tergic spontaneous excitatory
postsynaptic currents (sEPSCs)
before, during, and after the tam-
perature of the superfusing ACSF
solution was changed from 36°C to
28°C (upper). Three consecutive
traces of SEPSCs are shown in an
expanded scale in time, before
{lower left) and after (lower right)
the temperaturs of the superfus-
ing ACSF solution was changed
from 36°C to 24°C. Note that both
the frequency and amplitude of :
the sEPSCs were significantly B
decreased at 24°C. B, Summary
of the sEPSC frequancy (left) and
amplitude (right} when the tem-
perature of the superfusing ACSF
solution was changed from 36°C
to 32°C, 28°C, and 24°C, relative
to those at 36°C. Vertical lines
accompanied by bars show SEM;
statistical significance between
the data shown by bars is indi-
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cated by an asterisk; *P < 0.05.
The holding potential (V,) used
was —70 mV.

% Frequency of sSEPSCs

temperature of the superfusing ACSF solution was
changed from 36°C to 24°C (Figure 1B). The average
changes in sSEPSC amplitude were 86.9% * 2.8% (24°C,
n=7).

The Latency of the Agonal Inward Current Induced by
Superfusing ISM

As previously described,?® the ISM for a several min-

utes generated an agonal inward current in the ventral
horn neurons recorded at normothermia (36°C). This
agonal inward current consisted of a slow and subse-
quent rapid inward current (Figure 2A). When contin-
uously superfused with the ISM, the synaptic activity
disappeared and then the holding current became un-
stable and irreversible even if oxygen and glucose were
reintroduced in the ventral horn neurons, thus indicat-
ing that the ISM exposure apparently produced an
irreversible membrane dysfunction. The latency of the
slow inward current was measured from the onset of
superfusion with the ISM to the onset of the agonal
inward current (Figure 2A). The latency of the rapid
inward current was measured from the onset of super-
fusion with the ISM to the onset of the rapid inward

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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current, as estimated by extrapolating the slope of the
rapid inward current to the slope of the slow current
(Figure 2A). At normothermia (36°C), the average la-
tencies of the slow and rapid inward currents were
262 * 10 seconds and 386 * 12 seconds in 59 ventral
horn neurons recorded, respectively (Figure 3A). Al-
though the ISM generated an agonal inward current at
hypothermia (32°C, 28°C, and 24°C) and normother-
mia, the latencies of the slow and rapid inward cur-
rents were significantly prolonged, when compared
with those at normothermia (Figure 2B). The average
latencies of the slow and rapid inward currents were
546 + 36 seconds and 737 % 32 seconds (32°C, n =
32), 759 + 39 seconds and 1109 * 30 seconds (28°C,
n = 23), and 1263 * 65 seconds and 1705 = 72
seconds (24°C, n = 27), respectively (Figure 3A). Fur-
thermore, the slope of the slow inward current at hy-
pothermia (32°C, 28°C, and: 24°C) was significantly
decreased when compared with that at normothermia
(Figure 3B). The average slope of the slow inward
currents was 0.59 + 0.07 pA/s (36°C,n = §9),0.17 =
0.03 pA/s (32+C, n = 32), 0.12 * 0.02 pA/s (28°C,
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Figure 2. Hypothermia prolonged the latency of the ISM-induced
agonal inward current, which consisted of a slow and subsequent
rapid inward current. A, A continuous chart recording of the
sEPSCs before and during the application of the ischemia simu-
lating medium (ISM) at 36°C. The ISM produced an agonal inward
current which consisted of a slow and subsequent rapid inward
current. The onset of the rapid inward current was estimated by
extrapolating the slope of the rapid inward current to the slope of
the slow inward current. The amplitude of the rapid inward current
was measured between the peak and the onset current. B, A
continuous chart recording of the sEPSCs before and during the
application of the ISM at 36°C (upper), 32°C (middle), and 28°C
(lower) at the same scale. V,, used was —70 mV.

n = 23), and 0.05 = 0.01 pA/s (24°C,n = 27). On the
other hand, hypothermia (32°C, 28°C, and 24°C) did
not significantly affect the slope of the rapid inward
current induced by the ISM (Figure 3B). The average
slope of the slow inward currents was 6.60 *+ 1.55
pA/s (36°C,n = §9),7.17 = 1.77 pA/s (32°C, n = 32),
8.89 *+ 1.48 pA/s (28°C, n = 23), and 3.78 = 1.19
pA/s (24°C, n = 27).

The Effect of Glutamate Receptor Antagonists on the
Agonal Inward Current Induced by Superfusing ISM
To elucidate the contribution of the accumulation of
glutamate to the agonal inward current induced by
superfusing the ISM, the effect of the glutamate recep-
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tor antagonists was examined. In the presence of the
glutamate receptor antagonists, CNQX (10 pumol/L)
and APS5 (50 pumol/L), the sEPSCs completely disap-
peared at a holding potential of —70 mV (Figure 4A).
Although the ISM still generated an agonal inward
current in the presence of CNQX (10 umol/L) and
AP5 (50 umol/L) at normothermia, the latencies of the
slow and rapid inward currents were significantly pro-
longed in the presence of CNQX and APS5 at normo-
thermia, when compared with those in the absence of
CNQX and APS (Figure 4A). The average latencies of
the slow and rapid inward currents were 305 * 18
seconds and 478 + 19 seconds (36°C, n = 24), respec-
tively (Figure 4B). In addition, the slopes of the slow
and rapid inward currents were significantly decreased
in the presence of CNQX and APS, when compared
with those in the absence of CNQX and APS. The
average slopes of the slow and rapid inward currents
were 0.38 += 0.05 pA/sand3.43 = 0.79 pA/s (36 C,n=
24), respectively (Figure 4B).

m Discussion

The efficiency of synaptic transmission depends on a va-
riety of pre- and postsynaptic processes involving vesic-
ular release and recruitment as well as the postsynaptic
response to the neurotransmitter. The rate of sponta-
neous neurotransmitter release at the frog neuromus-
cular junction was first reported to depend on the
temperature** and this finding has subsequently been
well documented. In the present study, we observed
that a decrease in the glutamatergic sEPSC frequency
depends on a decrease in temperature, thus suggesting
that hypothermia inhibits the glutamate release from
the presynaptic terminals innervated onto the spinal
ventral horn neurons. Consistently, recent studies
have demonstrated the EPSC frequency to significantly
increase at normothermia, when compared with that
at hypothermia in brain slices and autaptic cultures of
hippocampal neurons.?%:*¢ The increase in spontane-
ous neurotransmitter release seems to represent a de-
creased energy requirement for Ca>*-independent fu-
sion of the synaptic vesicle in the presynaptic
processes, possibly because of an increase in the fluid-
ity of the membrane lipid bilayer.2 On the other hand,
the shape of the sEPSC is likely to be due to the
changes in the postsynaptic processes. An increased
open probability or conductance of the postsynaptic
receptor would account for the increase in EPSC am-
plitude and charge.>®>” Interestingly, the amplitude of
the sEPSC was observed to decrease at deep hypother-
mia (24°C), but it did not change at mild hypothermia
(28°C and 32°C) in the present study. Therefore, the
presynaptic process in the excitatory synaptic trans-
mission may be more sensitive to changes in tempera-
ture than the postsynaptic process.

The spinal ventral horn neurons are very vulnerable
to ischemia.?? In the present study, ischemia was sim-
ulated by superfusing an oxygen- and glucose-
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Figure 3. Effect of hypothermia
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{n = 32), 28°C (n = 23), and 24°C
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deprived medium (ISM), which has been well estab-
lished in spinal and brain slices.’®~2° The ISM for
several minutes at' normothermia induced an agonal
inward current in the spinal ventral horn neurons, as
we previously demonstrated.?® The ISM-induced ago-
nal inward current consisted of a slow and subsequent
rapid inward current in the spinal neurons. It has been
considered that an agonal inward current consists of
pharmacologically distinct components in the hip-
pocampal neurons.’® The slow inward current was
partially suppressed by CNQX and APS, suggesting
that the activation of non-NMDA and NMDA recep-
tors by glutamate accumulation may be involved in the
slow inward current. On the other hand, the rapid

inward current is probably due to a nonselective in-

crease in permeability to all participating ions; this
may occur only under pathologic conditions. In the
present study, hypothermia significantly prolonged
the onset of the slow and rapid inward currents in-
duced by ISM in the spinal ventral horn neurons,
which is consistent with the experiments in hippocam-
pal slices. These results were consistent with those
from other animal models of ischemic and traumatic
spinal cord injury and with clinical studies,*"” which
indicate that hypothermia improves the neurologic
outcome in spinal cord injury patients. Moreover, the
slope of the inward current was significantly decreased
at hypothermia, whereas that of the rapid inward cur-
rent did not change in the present study. These results
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suggest that glutamate accumulation after spinal isch-
emia may be suppressed at hypothermia, which results
in delaying the latency of the ISM-induced membrane

. dysfunction in the spinal ventral horn neurons.

Various ischemic injuries, such as hypoxia, stroke,
and trauma, can disrupt the synaptic function leading
to the accumulation of extracellular glutamate and an
excessive stimulation of these receptors.2® The exces-
sive stimulation of the glutamate receptor/ion channel
complexes triggers calcium flooding and a cascade of
intracellular events which results in apoptosis and/or
necrosis. Although the glutamate receptor antago-
nists, CNQX and APS, could block the glutamatergic
excitatory synaptic transmission, the ISM still gener-
ated an agonal inward current in the spinal ventral
horn neurons examined. In addition, the latencies of
the slow and rapid inward currents were slightly, but
significantly, prolonged in the presence of the gluta-
mate receptor antagonists, when compared with those
in their absence. These results indicate that the activa-
tion of the glutamate receptors is involved in the gen-
eration and maintenance of the ISM-induced mem-
brane dysfunction in the spinal ventral horn neurons.
However, the hypothermia-induced neuroprotection
against ischemic membrane dysfunction may involve
not only the activation of the glutamate receptors, but
also other various mechanisms, such as reducing the
energy demand, attenuating ATP depletion and intra-
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Figure 4. Effect of glutamate receptor antagonists on the ISM-
induced agonal inward current. A, A continuous chart recording of
the sEPSCs before and during the application of ISM in the
presence of the glutamate receptor agonists, CNAX (10 pmol/L)
and AP5 (50 umol/L). Note that the glutamate receptor agonists
completsly blocked the SEPSCs and prolonged the latency of the
ISM-induced agonal inward current. B, The upper histograms
show the summary of the latencies of the slow (left) and rapid
inward current (right) after ISM exposures in the absence and
presence of CNOX and AP5. The lower histograms show the
summary of the slopes of the slow (left) and rapid inward current
{right) after ISM exposures in the absence and presence of CNOX
and APS. Vertical lines accompanied by bars show SEM,; statistical
significance between the data shown by bars is indicated by an
asterisk; *P < 0.05. V,, used was —70 mV.

cellular acidosis, and inhibiting the intracellular pro-
tein kinases.

e Aypothemua decreased th‘
S mdticed slow, mward Cufrent::i.:
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o The glutamate receptor antagonists slightly pro-
- longed the latencies of the slow and rapid inward
- currents that were induced by ISM and signifi-
cantly decreased their slopes.
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Selective Vulnerability to Ischemia in the Rat Spinal Cord

" A Comparison Between Ventral and Dorsal Horn Neurons

Kazuhiro Nohda MD,* Terumasa Nakatsuka, MD, PhD,1 Daisuke Takeda, BS,*
Nobuyuki Miyazaki, MD,* Hideto Nishi, MD,* Hideki Sonobe MD, PhD,*

and Munehito Yoshida, MD, PhD*

Study Design. Whole-cell patch-clamp recordings
were performed from ventral horn (VH) and dorsal horn
(DH) neurons obtained from the rat spinal cord slices.

Objective. This study investigated which is more vul-
nerable to ischemia, spinal VH neurons or DH neurons.

Summary of Background Data. Spinal cord ischemia
or injury sometimes causes a greater loss of motor func-
tion than of sensory function in patients. However, it is
difficult to evaluate whether spinal motor neurons.are
more vulnerable than sensory neurons because of the
anatomic complexity and a variety of physiologic factors
in the spinal cord.

Methods. Whole-cell patch-clamp recordings were
performed from VH and DH neurons obtained from the
spinal cord slices. Ischemia was simulated by superfusing
an oxygen- and glucose-deprived medium (ischemia sim-
ulating medium [ISM]).

Results. Perfusion with ISM generated an agonal de-
polarization in all VH and DH neurons recorded in current-
clamp mods. Following ISM superfusion, an agonal in:
ward current was produced at a holding potential of —70 ‘
mV in all VH and DH neurons tested in voltage-tlamp-~
mode. The agonal inward curient consisted of a slow and -
subsequent rapid inward current. The average latency of-
the rapid inward currents after ISM exposures in VH neu-
rons was significantly shorter than that in DH neurons.
The average amplitude of the agonal inward currents in
VH neurons was significantly bigger than that of DH neu-

“rons.- Moreover, the recovery ratio by the reintroduction
.of oxygen and glucose. in VH neurons was smaller than -
that in DH neurons.

Conclusions. These results suggest that VH neurons’

. are more vulnerable to ischemia than DH neufons. This
finding may hélp in achieving a better understanding of
" the difference between motor and sensory dlsturbance in-:
spinal cord Ischemla or injury patients. - :
Key words: spinal neurons, Ischemia, cell death, patch-
. clamp, electrophys:ology Splne 2007,32.1060—1066
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Specific regions are prone to develop neuronal damage
after brain ischemia or injury, and this phenomenon is
called “selective vulnerability in the brain.”'=3 Hip-
pocampal CA1 and neocortical ITI, V, and VI are partic-
ularly vulnerable to ischemia or hypoxia.2* The precise
mechanisms responsible for such selective vulnerability
are still not fully understood, although it is assumed to be
related with the facilitation of excitatory synaptic trans-
mission as well as the enhancement of the energy metab-
olism in the brain.? Although the pathologic aspects and
the topographic distribution of ischemic lesions have
been extensively studied in the brain,'* little is known
about the distribution of ischemic changes in the spinal
cord. Although it is generally accepted that the gray mat-
ter in the watershed area of the midthoracic level is par-
ticularly vulnerable in the spinal cord,>* it has recently
been reported that the lumbosacral cord is more vulner-
able to ischemia than other levels of the spinal cord.”
Traumatic spinal cord injury usually induces the swelling
of the spinal cord, thus resulting in spinal ischemia; and
it thus becomes a common cause of secondary damage.?
There are cases such as Frankel Grade B spinal cord
injury in which motor disturbance does not improve,
although some feeling remains or the sensory distur-
bance improves in some spinal cord injury patients.® Spi-
nal cord injury after a successful operation on the tho-
racic aorta is a disastrous complication in humans.'® The
mechanism of the spinal cord injury has been thought to
also be involved in spinal ischemia, and spinal motor
neurons are .thus suggested to be vulnerable to isch-
emia.! Although several spinal cord injury animal mod-
els have been developed, it remains very difficult to eval-
uate whether spinal sensory neurons are more vulnerable
to ischemia or injury than motor neurons at the cellular
level because of the anatomic complexity and a variety of
physiologic factors in the spinal cord. In the present
study, in order to investigate which is more vulnerable to
ischemia, namely, spinal ventral horn (VH) neurons or
dorsal horn (DH) neurons, the occurrence of ischemia-
induced membrane dysfunction in VH and DH neurons
of rat spinal cord slices was recorded using whole-cell
patch-clamp technique. Ischemia was therefore simu-
lated by superfusing an oxygen- and glucose-deprived
medium (ischemia simulating medium [ISM]), which has
been well established in such brain slices.’>!?

R Materials and Methods

All experimental procedures involving the use of animals were
approved by the Ethics Committee on Animal Experiments,
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Wakayama Medical University, and were conducted in accor-
dance with the U.K. Animals (Scientific Procedures) Act 1986
and associated guidelines.

Spinal Cord Slice Preparation. The methods used to obtain

rat spinal cord slice preparations have been described previ-
ously.'® In brief, Sprague-Dawley rats at the postnatal age 8 to
12 days were deeply anesthetized with pentobarbital sodium
{60 mg/kg, intraperitoneal), and then a lumbosacral laminec-
tomy was performed. The lumbosacral spinal cord (L1-53) was
removed and placed in preoxygenated artificial cerebrospinal
fluid (ACSF) solution at 1°C to 3°C. Immediately after the
removal of the spinal cord, the rats were given an overdose of
urethane and then were killed by exsanguination. The pia-
arachnoid membrane was removed after cutting all the ventral
and dorsal roots near the root entry zone. The spinal cord was
put on an agar block and mounted on a Vibratome (DTK-
1000; D.S.K., Kyoto, Japan) and then a 500-um-thick trans-
verse slice was cut. The slice was placed in the recording cham-
ber, which had a volume of 0.5 mL solution, and then was
placed on the stage of an upright microscope equipped with an
infrared-differential interference contrast (IR-DIC) system
(BX51WI; Olympus, Tokyo, Japan). Next, the slice was super-
fused at a rate of § mL/min with ACSF solution saturated with
95% O, and 5% CO, at 36 * 1°C. The ACSF solution con-
tained (in mmol/L) 117 NaCl, 3.6 KCl, 2.5 CaCl,, 1.2 MgCl,,
1.2 NaH,PO,, 25 NaHCOQ,;, and 11 glucose, and osmolarity
was 300 mOsm.

Patch-Clamp Recordings From Spinal Neurons. The lam-
ina regions were identified using a 5X objective lens, and indi-
vidual neurons were identified using a 40X objective lens under
an IR-DIC microscope. The microscope was coupled with a
CCD camera (C2741-C79; Hamamatsu, Hamamatsu, Japan)
and a video monitor screen. Whole-celi patch-clamp recordings
were made from VH neurons in the lamina IX and DH neurons
in the lamina II with patch-pipette electrodes having a resis-
tance of 4 to 8 M(L."’ The composition of the patch-pipette
solution was as follows (in mmol/L): 135 potassium gluconate,
5KCl, 0.5 CaCl,, 2 MgCl,, 5 EGTA, 5 HEPES, 5 ATP-Mg, pH
7.2. The signals were acquired with an amplifier Axopatch
200B (Axon Instruments, Union City, CA). The data were dig-
itized with an A/D converter (Digidata 1322A, Axon Instru-
ments) and then were stored on a personal computer using a
data acquisition program (pCLAMP 9, Axon Instruments).

Ischemia Simulation and Drug Application. The slices
were made “ischemic” by superfusing them with ACSF solu-
tion equilibrated with 95% N,/5% CO, and then they were
deprived of glucose by a bath application, which was replaced
with sucrose iso-osmotically ISM. The solution contained (in
mmol/L) 117 NaCl, 3.6 KCl, 2.5 CaCl,, 1.2 MgCl,, 1.2
NaH,PO,, 25 NaHCO;, and 11 sucrose, and osmolarity was
300 mOsm, The drugs were dissolved in ACSF solution and
then were applied by perfusion via a 3-way stopcock without
any change in the perfusion rate. The time necessary for the
solution to flow from the stopcock to the surface of the spinal
cord slice was approximately 20 seconds. The drugs used in this
study were 6-cyano-7-nitroquinoxaline-2,3-dion (CNQX) and
D(-)-2-amino-S-phosphonopentanoic acid (APS) from Tocris
(Ballowin, MO).
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Statistical Analysis. All numerical data were expressed as the
mean * SEM. Statistical significance was determined as P <
0.05 using Student £ test to compare the latency and amplitude
of the inward current and Spearman’s ranked correlation test
to investigate the correlation between the membrane capacitance
and the latency of the inward current. Regarding the electrophysi-
ologic data, n refers to the number of neurons studied.

B Results

The spinal neurons in all laminae were viable for up to 12
hours in the slices perfused with preoxygenated ACSF
solution. However, all recordings were obtained within
4 hours in this study. Whole-cell patch-clamp recordings
were performed from VH neurons in the lamina IX and
DH neurons in the lamina II of the spinal cord slices. VH -
neurons were relatively bigger than DH neurons on a
monitor screen under the IR-DIC system (Figure 1A). In
current-clamp mode, superfused with ISM for a several
minutes caused changes in membrane potential consist-
ing of a slow and subsequent rapid depolarization in all
of VH and DH neurons tested (Figure 1B). When contin-
uously superfused with ISM, these neurons did not repo-
larize and the membrane continued to depolarize pro-
gressively to 0 mV (n = 7).

Latency of the Agonal Inward Current Induced by
Superfusing ISM _
In voltage-clamp mode, spontaneous excitatory postsynap-
tic currents {(SEPSCs) were observed in both VH and DH
neurons at a holding potential of —70 mV. In the presence
of CNQX (10 umol/L) and APS (50 pmol/L), sEPSCs com-
pletely disappeared in both the VH and DH neurons (data
not shown). ISM exposure for several minutes generated an
agonal inward current in all of VH and DH neurons re-
corded (Figure 1B). This agonal inward current consisted of
a slow and subsequent rapid inward current. When contin-
uously superfused with ISM, the synaptic activity disap-
peared and then the holding current became unstable and
irreversible even if oxygen and glucose were reintroduced in
all the VH and DH neurons examined, thus indicating that
the ISM exposure apparently produced an irreversible
membrane dysfunction (Figure 1B). As previously de-
scribed,? the latency of the rapid inward currentin VH and
DH neurons was measured from the onset of superfusion
with ISM to the onset of the rapid inward current, as esti-
mated by extrapolating the slope of the rapid inward cur-
rent to the slope of the slow current (Figures 2A, 3A). The
average latencies of the rapid inward currents were 477 +
11 seconds in 161 VH neurons.and 603 * 20 seconds in
115 DH neurons. The average latency of the rapid inward
currents in the VH neurons was significantly shorter than
that in the DH neurons (Figure 2A). In addition, the mem-
brane capacitance of the VH and DH neurons was exam-
ined. The average membrane capacitances were 70 + 3 pF
in 57 VH neurons and 39 + 1 pF in 54 DH neurons. The
average membrane capacitance in the VH neurons was sig-
nificantly bigger than that in the DH neurons. In addition,
the membrane capacitance in VH neurons demonstrated a
significantly negative correlation with the latency of the
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VH neuron

Figure 1. The ISM-induced an
agonal depolarization and inward
current in spinal neurons. A, IR-

VH neuron

DH neuron

DIC images of a VH (left image) 60 s
and a DH neuron ({right image). ACSF ISM

The VH neurons were relatively N — N
big compared with the DH neu-

rons. B, In current-clamp mode, VH neuron

the perfusion with ischemia sim- ’
ulating medium (ISM} produced
an agonal depolarization (upper
trace). The resting membrane
potential was —60 mV. In volt-
age-clamp mode, the perfusion
with 1SM generated an agonal
inward current (lower trace) at a
holding potential of —70 mV in ali
of the VH and DH neurons re-
corded.

rapid inward current after ISM exposure, but that in DH
ncurons did not have a significant correlation (Figure 2B).

Amplitude of the Agonal Inward Current Induced by

Superfusing ISM
The superfusion with ISM produced an agonal inward cur-
rent, which consisted of a slow and subsequent rapid in-
ward current in all the VH and DH neurons tested. The
amplitudes of the agonal, slow and rapid inward currents
were measured, as previously described.’> The amplitude
of the rapid inward current was measured between the peak
and onset current (Figure 3). The average amplitudes of the
slow inward currents were 119 + 14 pA in 33 VH neurons
and 91 + 12 pA in 33 DH neurons. Although the average
amplitude of the slow inward currents in VH neurons was
bigger than that in DH neurons, no significant difference
was observed between the average amplitudes of the slow
inward currents in VH and DH neurons (Figure 3B). The
average amplitudes of the rapid inward currents were

o) T

200pA |__

60 s

468 + 27 pAin 33 VH neurons and 365 + 28 pA in 33 DH
neurons. The average amplitude of the rapid inward cur-
rents in the VH neurons was significantly larger than that in
the DH neurons (Figure 3B). In addition, the average am-
plitudes of the agonal inward currents were 588 + 34 pAin
33 VH neurons and 456 * 32 pA in 33 DH neurons. The
average amplitude of the agonal inward currents in the VH
neurons was also significantly larger than that in the DH
neurons (Figure 3B).

Recovery of the Holding Current by the Reintroduction

of Oxygen and Glucose
The recovery ratio followed by the reintroduction of oxy-
gen and glucose was compared between the VH and DH
neurons, We considered the neurons to have fully recovered
when the holding current and sEPSCs were restored, and
their levels were similar to those before the superfusion
with ISM. When ISM was stopped and ACSF was readmin-
istered immediately after the peak of the agonal inward
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negative correlation was ob-
served in VH neurons. *P < 0.05.

current, then 60% of the VH neurons (6 of 10 neurons) and
75% of the DH neurons (9 of 12 neurons) were fully recov-
ered (Figure 4). During the reperfusion of ACSF after the
peak of the agonal inward current was prolonged, the re-
covery ratio decreased in both the VH and DH neurons.
When ACSF was readministered at 0.5, 1, and 1.5 minutes
after the peak of the agonal inward current, 40% (4 of 10),
18% (2 of 11), and 8% (1 of 12) of the VH neurons were
fully recovered, respectively (Figure 4B). On the other
hand, when ACSF was reperfused at 0.5, 1, and 1.5 minutes
after the peak of the agonal inward current, then 54% (6 of
11), 33% (4 of 12), and 27% (3 of 11) of the DH neurons
were fully recovered, respectively (Figure 4). The recovery

Latency (s)

ratio of DH neurons tended to be higher that of VH neu-
rons when ACSF was readministered 0, 0.5, 1, and 1.5
minutes after the peak of the agonal inward current. On the
other hand, neither the VH (n = 10) nor the DH neurons
{n = 11) ever recovered when ACSF was reperfused at 2 min-
utes after the peak of the agonal inward current (Figure 4).

m Discussion

The present study demonstrated that ISM generated an ag-
onal inward current, which consisted of a slow and subse-
quent rapid inward current in all of VH and DH neurons
recorded. It has been considered that an agonal inward
current consists of pharmacologically distinct components
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in hippocampal neurons. The slow inward current was par-
tially suppressed by CNQX and APS5, suggesting that acti-
vation of non-NMDA and NMDA receptors by glutamate
accumulation may be involved in the slow inward cur-
rent.!2 On the other hand, the rapid inward current is prob-
ably due to a nonselective increase in permeability to all
participating ions; this may occur only in pathologic con-
ditions.'2 In the present study, the latency of the irreversible
membrane dysfunction after ISM exposures in the VH neu-
rons was significantly shorter than that in the DH neurons.
In addition, the recovery ratio after the reintroduction of
oxygen and glucose in the DH neurons tended to be higher
than that in the VH neurons. Transient ischemia has con-
sistently been histologically demonstrated to result in selec-
tive motor neuron death in the lumbar regions of the rabbit
spinal cord.’ The amplitude of compound muscle action
potentials either decreased or disappeared after the ligation
of the thoracoabdominal aorta or intercostal arteries, while
that of the spinal somatosensory-evoked potentials did not
change.¢ This result indicated that the anterior spinal cord
or motor tract is more vulnerable to ischemia than the pos-
terior spinal cord. In clinic practice, such cases as Frankel
Grade B spinal cord injury are encountered in which the
observed motor disturbance does not improve, even though
some sensation remains or a sensory disturbance im-
proves.” A few reports have described that the motor score
based on the extent and severity of neurologic deficits is less

DH

than the sensory score in both traumatic and ischemic spi-
nal cord injury patients.'” However, it remains unclear as
to which is more vulnerable to ischemia, spinal motor neu-
rons or sensory neurons at a single cell level. Thisis the first
electrophysiological report showing spinal VH neurons to
be more vulnerable to ischemia than DH neurons.

The ISM-induced rapid inward current in the VH neu-
rons was significantly larger than that in the DH neurons.
Interestingly, the membrane capacitance in the VH neurons
demonstrated a significant correlation to the latency of the
rapid inward currents induced by superfusion with ISM,
but that in DH neurons did not have a significant correla-
tion in the present study. It has been previously demon-
strated that the association of the cell volume and the en-
zyme activity to vulnerability to ischemia in the thoracic
and lumber spinal cord.'® On the other hand, it remains
controversial regarding whether or not larger cells are eas-
ier to be damaged in the brain. Previous studies have sug-
gested low vulnerability of small interneurons, while large
motor neurons are more sensitive to ischemia in the brain.*?
In addition, large neurons are more sensitive to the destruc-
tion caused by a viral infection than small neurons in the
neocortex.”® In contrast, several opposite findings have also
been reported, namely, that smaller cells are more vulnera-
ble to ischemia in brain. The large CA3 pyramidal cells
have high resistance to brain ischemia.?' Astrocytic demise
precedes neuronal death following permanent middle cere-

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

— 340 —



Selective Vulnerability to Ischemia * Nohda et al 1065

A ISM

0 min
. ACSF

ISM

ISM

Figure 4. Comparison of the re-
covery rate after the reintroduc-
tion of oxygen and glucose. A,

200 pA L
60s

The changes in the holding cur- B
rents by ACSF reperfusion imme-
diately (upper trace), 1 minute

100

M ventral horn neuron
Odorsal horn neuron

(middle trace), and- 2 minutes af-
ter the peak of the agonal inward
current (lower trace). The DH

neurons fully recovered when
ACSF was readministered imme-

diately and 1 minute after the
peak of the agonal inward cur-
rent (upper and middle trace). B,
The summary of the recovery ra-
tio by ACSF reperfusion immedi-
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peak of the agonal inward cur-
rent in the VH and DH neurons. 0

bral artery occlusion.?? As a result, the difference in the
vulnerability to ischemia between spinal VH and DH neu-
rons may not only be due to the size of the neurons, but also
due to the difference in the neuronal functions such as the
pumps and channels in the neuronal membrane.
Glutamate is the major excitatory neurotransmitter in
the spinal cord, and most neurons as well as many oligo-
dendrocytes and astrocytes possess glutamate receptors.
Various ischemic injuries such as hypoxia, stroke, and
trauma can disrupt the synaptic function leading to the
accumulation of extracellular glutamate and an excessive
stimulation of these receptors.”* The activities of certain
glutamate receptor/channel complexes are enhanced in the
spinal cord, thereby promoting activity-dependent plastic-
ity. The excessive stimulation of glutamate receptor/ion
channel complexes triggers calcium flooding and a cascade
of intracellular events that results in apoptosis and/or ne-
crosis. The abnormal influx of Ca?* through glutamate
receptor channels is thought to contribute to the loss of
neurons associated with a number of neuronal disorders.
Recent findings have indicated that the spinal ventral horn
neurons are considerably more vulnerable than the dorsal
horn neurons to prolonged AMPA receptor overactiva-
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tion.**?% In addition, the selective vulnerability of spinal
motor neurons may be caused by the expression of highly
Ca’*-permeable AMPA receptors in the ventral horn neu-
rons.2® To clarify the direct role of Ca®* -permeable AMPA
receptors in the selective vulnerability to ischemia, further
investigations will thus be required.
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e The recovery ratio by the reintroduction of oxy-
gen and glucose in VH neurons was smaller than
that in DH neurons.
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