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Abstract

Ischemia-induced excitotoxicity at cerebellar Purkinje cells is presumably due to a persistent glutamate action. To the fact that they
are more vulnerable to ischemia than other glutamate-innervated neurons, we studied whether additional mechanisms are present and
whether cytoplasm Ca®" plays a key role in their ischemic excitotoxicity. Ischemic changes in the excitability of Purkinje cells were mea-
sured by whole-cell recording in cerebellar slices of rats with less glutamate action. The role of cytoplasm Ca*" was examined by two-
photon cellular imaging and BAPTA infusion in Purkinje cells. Lowering perfusion rate to cerebellar slices deteriorated spike timing and
raised spike capacity of Purkinje cells. These changes were associated with the reduction of spike refractory periods and threshold poten-
tials, as well as the loss of their control to spike encoding. Ischemia-induced functional deterioration at Purkinje neurons was accompa-
nied by cytoplasm Ca®" rise and prevented by BAPTA infusion. Therefore, the ischemia destabilizes the spike encoding of Purkinje cells

via raising cytoplasm Ca>" without a need for glutamate, which subsequently causes their excitotoxic death.

© 2007 Elsevier Inc. All rights reserved.
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The ischemic death of cells due to their excitotoxicity in
the brain is believed to be the increases of glutamate
release, intracellular calcium, and free radicals in origin
[1-6]. The efforts to correct these deficits have not substan-
tially raised the impact to secure stroke patients [7,8]. It is
likely that other mechanisms leading to neuronal excitotox-
icity are involved [9].

Ataxia in patients recovering from global ischemic
stroke is believed to be the loss of cerebellar Purkinje cells
[10]. Excitotoxic death may result from the intensive inner-
vation of glutamatergic climbing/parallel fibers onto Pur-
kinje cells [10], deficiency of glutamate reuptake [6,11,12],
and persistent activation of AMPA receptors [13-16]. As
Purkinje cells are more vulnerable to the ischemia than
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other glutamate-innervated cells [6,10,17], we hypothesized
that the intrinsic excitability of cerebellar Purkinje cells,
independent of glutamate action, rises in the early stage
of the ischemia, leading to their ischemic excitotoxicity.

We measured the intrinsic excitability of cerebellar Pur-
kinje cells, and examined the role of cytoplasm Ca”" in the
early stage of ischemia with less glutamatergic action.
Ischemia was simulated by reducing perfusion rate to cere-
bellar slices [9]. The intrinsic excitability of cells was mea-
sured as spike patterns, refractory periods, and threshold
potentials [18]. The role of cytoplasm Ca®" in ischemic
excitotoxicity was tested by BAPTA infusion and two-pho-
ton Ca®" imaging.

Methods and materials

Cerebellar slices. The sagittal slices of cerebellar vermis (400 pm) were
prepared from Sprague-Dawley rats in postnatal days (PND) 17-21 (see
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Ref. [19] for detail). A slice was transferred into a submersion chamber at
2 ml/min of perfusion rate with oxygenated ACSF (31 °C) for whole-cell
recording [20] or two-photon cellular imaging. The selection of Purkinje
cells were done under IR-DIC optics (Nikon E600FN), based on the
criteria [19,21] for detail). The procedures are approved by Institutional
Animal Care and Use Committee in Beijing, China.

In vitro ischemia with less glutamatergic inputs. To simulate artery
occlusion and intracranial anastomotic circulation in vivo ischemic stroke,
we reduced the perfusion rate to cerebellar slices from 2 to 0.2 ml/min [9].
We measured the intrinsic properties of sequential spikes and the imaging
of Ca®* levels in Purkinje cells before and 3 min after this procedure. To
reduce the effect of glutamatergic inputs on our experiments, we used the
sagittal sections of cerebellar vermis, in which parallel and climbing fibers
to Purkinje cells were cut. Under this condition, we did not record
spontaneous synaptic events. An addition of 6-cyano-7-nitroquinoxaline-
2,3-(1H,4H)-dione (CNQX, 10 mM) in the perfusion solution removes the
influence of ionotropic glutamate receptors.

Whole-cell recording. Electrical signals were recorded under current-
clamp model by Axoclamp-2B and Multi-clamp 700B integrated with
pClamp 9 (Axon Instrument Inc., Foster, CA, USA). The output band-
width of amplifiers was 3 kHz. Spike patterns were evoked by depolar-
ization pulses with various intensity and duration based on the aim of
experiments. Pipettes were filled with standard solution (mM: 150 K-
gluconate, 5 NaCl, 5 Hepes, 0.4 EGTA, 4 Mg-ATP, 0.5 Tris—-GTP, and 5
phosphocreatine, pH 7.35, adjusted by 2M KOH). The osmolarity of
solution freshly made was 295-305 mOsmol. Pipette resistance was 5-
6 MQ.

The intrinsic properties of Purkinje cells in our study include threshold
potentials for firing spikes and absolute refractory periods (ARP) after
each spike. The definition and measurement of the parameters are given in
the references [18,22]. Spike encoding (capacity and timing precision) is
represented as inter-spike interval (ISI) and the standard deviation of
spike timing (SDST).

Data were analyzed if resting membrane potentials at the recorded
neurons were greater than —55 mV. The criteria for the acceptance of each
experiment also included less than 5% changes in the resting membrane
potentials, spike magnitude and input resistance throughout individual
experiments. Vts, ARP, ISI, and SDST are presented as means + SE. The
comparisons under the control and ischemia were done by r-test.

Loading Ca®" indicative dye into the neurons in slices. AM ester of Ca*"
indicative dye (Oregon Green BAPTA-AM) was dissolved in DMSO and
20% Pluronic F-127 (2 g Pluronic F-127 in 10 ml DMSO) to have its stock
solution at 10 mM, which was diluted in ACSF to yield a final concen-
tration of dye at 1 mM. The loading solution was added into the slice
incubation chamber for 30 min, and washed out with oxygenated ACSF.
A slice was transferred to a submersion chamber and perfused with the
oxygenated ACSF at 2 ml/min for two-photon imaging experiments.

Two-photon cellular image. Ca*" imaging in Purkinje neurons was
taken by using a two-photon laser scanning microscope. Laser beam in the
system (Mai Tai, Spectral Physics, Mountain View, CA, USA) was locked
at 910 nm wavelength, <100 fs pulse width and 80 MHz repeat rate.
Scanning system (Olympus FV-1000s, Tokyo, Japan) is mounted onto
upright microscope (Olympus BX61WI) equipped with water immersion
objectives (X40, 0.8NA). The average power delivered to brain slices was
<20 mW. The parameters set for laser beam and photomultiplier tube
were locked throughout experiments to have consistent comparison before
and after the ischemia. Images were viewed and analyzed with Fluoviewer.
Data are presented as the changes in the intensity of fluorescence.

Results

Ischemia deteriorates the excitatory states of cerebellar
Purkinje cells

The ischemic changes in the intrinsic excitability of cer-
ebellar Purkinje cells were shown in Fig. 1. Fig. 1A and B

are the superimposed waveforms of spikes evoked by depo-
larization currents under the control and 3 min after reduc-
ing perfusion rate, respectively. Spike timing deteriorated
and neurons were overexcited. To quantify the changes in
spike capacity, we measured ISIs between spikes one and
two (ISI;,) up to four and five (ISI4 s). The values of
ISI,_, to ISI4 5 at Purkinje cells under the controls were
10 +£0.52, 12.7+0.63, 13.4+0.62, and 14.2 +0.74 ms
(filled circles in Fig. 1C, n=20); and the values from
ISI; » to ISI4 5 at those cells undergoing ischemia were
824+0.74, 94+1.0, 11 1.0, and 11.5+ 0.9 ms (open
circles). ISI values for corresponding spikes are statistically
lower under the ischemia than control (p <0.05). The
ischemia raises spike capacity, i.e., the overexcitation of
cerebellar Purkinje cells.

In quantifying the changes of spike timing precision, we
measured SDST of spike one (SDST)) to five (SDSTs). The
values of SDST, to SDST5 at Purkinje cells under control
were 0.72+0.1, 1.2+0.12, 1.54+0.15, 1.85+0.18, and
2.14 + 0.2 ms (filled circles in Fig. 1D, n = 20); and the val-
ues from SDST; to SDST5 at those cells during ischemia
were 1.85+0.37, 2.134+0.32, 2.54+0.3, 3.1 +£0.47, and
3.42 + 0.4 ms (open circles). SDST values for correspond-
ing spikes are statistically higher under ischemia than con-
trol (p <0.01). The ischemia deteriorates spike timing
precision, i.e., the unstable encoding of cerebellar Purkinje
cells, which leads to cerebellar dysfunction, such as ataxia.

We then studied the mechanisms underlying these ische-
mic changes. In terms of biophysical aspects, we examined
spike refractory periods and threshold potentials during
the ischemia. For biochemical mechanism, we mainly stud-
ied the essential role of cytoplasm Ca*" in the ischemic dys-
function of Purkinje neurons.

Ischemia lowers spike refractory periods and threshold
potentials

Absolute refractory periods (ARP) of sequential spikes
at cerebellar Purkinje cells appear shorter under the ische-
mia than control (Fig. 2A). Fig. 2B shows a comparison of
ARP at Purkinje cells under these two conditions. The val-
ues of ARP; to ARP; were 3.75+0.11, 3.87 £0.17,
4.0 £0.16, and 4.28 +0.19 ms under control (filled sym-
bols, n = 16); and the values were 3.3 +0.13, 3.25 +0.14,
3.3+ 0.13, and 3.5+ 0.21 ms during ischemia (open sym-
bols). ARP values for corresponding spikes are signifi-
cantly lower during the ischemia than under the control
(» <0.01).

Threshold potentials are calculated as the difference
between resting membrane potential (Vr) and threshold
potential (Vts). The use of Vts—Vr, instead of Vts alone, is
based on the following facts. The values of Vr and Vts vary
among the CNS neurons [22]; Vts—Vr is an energy barrier
to raise Vr toward Vts; and Vts—Vr represents how synaptic
inputs easily drive neurons to fire spikes. Fig. 2D shows the
comparison of Vr—Vts values at Purkinje cells under the con-
trol and ischemia. Vts—Vr values for spikes 1 up to 5 are
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Fig. 1. The simulated ischemia raises the excitability and deteriorates the spike timing of cerebellar Purkinje neurons. (A) The superimposed waveforms of
sequential spikes are evoked by depolarization current pulses (0.3 nA, 100 ms) at CPC under the control condition. (B) The superimposed waveforms of
sequential spikes are evoked by depolarization currents (0.3 nA, 80 ms) 3 min after reducing perfusion rate. (C) The comparisons of inter-spike intervals
for sequential spikes between control (filled symbols, n = 20) and ischemia (open symbols, 7 = 20). (D) The comparisons of the standard deviation of spike

timing between control (filled symbols) and ischemia (open symbols).

13.54+0.89, 1576 £0.9, 17.2+0.86, 18.2£0.82, and
18.96 4+ 0.84 ms under the control (filled symbols, n = 20);
and the values are 10.2 4097, 13.1 +1.0, 14.6 = 0.98,
155+ 1.1, and 15.9 £+ 1.03 ms during ischemia (opens).
Vts—Vr values for corresponding spikes under these two con-
ditions are statistically different (p < 0.05). Threshold poten-
tials were lowered during the ischemia.

The lowered threshold potentials make cells more sensi-
tive to excitatory inputs. The shortened refractory periods
permit cells firing spikes at a high rate [18]. Therefore, the
ischemia-induced reduction of Vts—Vr and ARP at Pur-
kinje neurons underlies their ischemic overexcitation.

Noteworthy, the linear correlations between intrinsic
properties and spike patterns denote that ARP and Vts
control spike encoding [18]. We examined whether the
ischemic deterioration of spike encoding is due to the failed
control of neuronal intrinsic properties to the spiking, i.e.,
a loss of linear correlations during the ischemia. As shown
in supplementary, linear correlation between ARP and ISI
under the control (+* = 0.78, filled symbols) was converted
to non-linear during the ischemia (+* = 0.46, open symbols;
p <0.01); and linear correlation between ARP and SDST
under the control (r* = 0.94, filled symbols) was converted

into non-linear during the ischemia (> = 0.57, open sym-
bols; p <0.01). These results indicate that the ischemia
declines the role of refractory periods in controlling spike
programming at cerebellar Purkinje cells.

Cytoplasm Ca’* is essential to ischemic overexcitation in
Purkinje neurons

We examined the role of cytoplasm Ca®" in the ische-
mia-induced overexcitation of Purkinje cells by measuring
or lowering intracellular Ca®* levels under the condition
of less glutamatergic action (see Methods). If Ca®"
increases in Purkinje cells during ischemia, Ca®" is associ-
ated with their ischemic overexcitation. If lowering cyto-
plasm Ca?" prevents their ischemic overexcitation, Ca®"
must be required.

Ca®" imaging in Purkinje cells of cerebellar slices was
performed with two-photon laser scanning microscope to
test whether intracellular Ca®" rises during the ischemia.
After preloaded Oregon Green BAPTA-AM, a cerebellar
slice was transferred into the submersion chamber with
the perfusion of the oxygenated ACSF at a rate of 2 ml/
min. 30 min after this control, we measured Ca’" levels
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Fig. 2. The ischemia reduces the refractory period (ARP) and threshold potentials (Vts) of sequential spikes at Purkinje neurons. (A) The superimposed
waveforms show the measurement of ARPI (left) and ARP3 (right) induced by depolarization current pulses (3 ms). Red lines show control; blue lines
show ischemia. (B) The comparisons of ARP1-4 of sequential spikes under the control (filled symbols, » = 16) and 3 min after reducing perfusion rate
(open symbols, n = 16). (C) The superimposed waveforms show the measurement of Vts induced by depolarization current pulse (160 ms). Red lines show
control; and blue lines show ischemia. (D) The comparisons of Vts of sequential spikes under control (filled symbols, » = 20) and 3 min after reducing
perfusion rate (open symbols, n = 20). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

in Purkinje cells. The perfusion rate to this slice was
reduced to 0.2 ml/min. After this treatment for 3 min, we
measured Ca”" levels in those Purkinje cells under the same
conditions as the control. Fig. 3 shows the change of Ca*"
in Purkinje cells under the control (left panels) and ische-
mia (right panels) from one of six experiments. The levels
of Ca®" in those Purkinje cells with low activities rise sub-
stantially during the ischemia.

To examine if the rise of Ca®" is required for the ische-
mia-induced overexcitation of Purkinje cells, we loaded
BAPTA (a chelator of Ca®") into these cells via recording
pipettes, and measured their spike encoding under BAPTA
infusion before and after the ischemia. Fig. 4 shows the
changes in spike parameters of Purkinje cells under the
control (filled symbols) and ischemia (open symbols). The
values of ISI; , to ISI4 5 were 26.66 + 1.87, 27.77 + 1.84,
27.99 £ 1.8, and 28.46 &= 1.68 ms under the control; and
the values were 25.95 + 1.81, 26.71 + 1.61, 26.79 + 1.73,
and 27.92 4+ 1.68 ms under the ischemia (Fig. 4C). The val-
ues for SDST; up to SDST5 were 1.76 £+ 0.22, 2.95 4+ 0.26,
3.2 40.28, 3.62 4+ 0.26, and 4.1 & 0.3 ms under the control;

and the values were 1.61 +0.25, 2.79 + 0.4, 3.52 +0.32,
3954043, and 4.24 4+ 041 ms under the ischemia
(Fig. 4D). The values for corresponding spikes under the
two conditions are not statistically different (n=11,
p > 0.20). The preventive effect of BAPTA on ischemia-
induced overexcitation indicates the requirement of rising
cytoplasm Ca>" for the ischemic excitotoxicity of cerebellar
Purkinje cells.

Discussion

We found that the ischemia raises cellular excitability
and worsens spike timing precision under the condition
of less glutamatergic action, which causes Purkinje cells
dysfunction, excitotoxic death, and behavioral changes,
such as post-ischemic ataxia. In terms of the biophysical
mechanism, the ischemia reduces spike refractory periods
and threshold potentials, as well as breaks down the con-
trol of ARP to spike encoding. The increase of cytoplasm
Ca®" plays an essential role of in such ischemic changes
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Fig. 3. The increase in Ca>" levels during ischemia. Top panels are Ca>" imaging of cerebellar Purkinje cells two-photon (TP) laser scanner confocal
microscope (laser beam 910 nm, PMT scanner FTIC). Middle panels show the analyses of Ca®" levels, in which blue-red-yellow indicates Ca>" levels from
low to high. Bottom panels show the analyses of Ca>" levels based on the column height of fluorescent intensity. Left panels show Purkinje cell imaging
under control; and right panels show imaging of the same Purkinje cells after reducing perfusion rate for 3 min. Ca>" levels rise in Purkinje neurons with
low (yellow arrows) and high (red arrows) basal Ca®>" activity (top panels), especially Ca>" increase in cells with low basal activity (cells 2, 4, 5, and 6, see
middle and bottom panels). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

in Purkinje cells, in which the pathway independent of
glutamatergic action is involved.

In addition to our study showing glutamate-indepen-
dent excitotoxicity, other data imply that the glutamate
action is not a sole mechanism of ischemic cell death.
For example, cerebellar Purkinje cells are more vulnerable
to ischemic excitotoxicity than other glutamate-innervated
cells [6,10,17]. Although the ischemic cell death may result
from glutamate-dependent neuronal excitotoxicity [1-
3,5,6,10], the methods used to correct such deficits have
not substantially improved the outcome of stroke patients
[7,8]. These facts support that the mechanisms beyond
glutamatergic action are involved in the ischemic excitotox-
icity of cerebellar Purkinje cells. Thus, new therapeutic
strategies, other than anti-glutamate, remain to be devel-
oped to prevent ischemic stroke.

We ascertain an essential role of cytoplasm Ca”" in the
ischemic overexcitation of Purkinje neurons with compel-
ling strategies. Two-photon imaging shows cytoplasm
Ca”" rise in Purkinje cells during the ischemia, indicating
that Ca”" is associated with their overexcitation. The pre-
vention of ischemic overexcitation by lowering cytoplasm
Ca’" grants Ca”>" requirement. It is noteworthy that the

mediate steps from ischemia to glutamate-independent rise
of cytoplasm Ca”" remain to be addressed.

We measured the changes in the intrinsic excitability of
cerebellar Purkinje cells during ischemia, such as spike
capacity and timing precision. Our finding, ischemia-
induced destabilization of excitation and spike encoding,
provides the first quantitative description for the functional
deterioration of Purkinje cells during ischemia, as well as
the complement for the previous studies that were focused
on addressing ischemic changes in the morphology and
numerical loss of Purkinje cells.

In studying the mechanisms of Ca®" downstream for
ischemic overexcitation, we found that spike refractory
periods were shortened, which allows an increase in spike
capacity, and that threshold potentials were lowered,
which makes Purkinje neurons more sensitive to excit-
atory inputs firing spikes. Moreover, the disappearance
of linear correlation between refractory periods and spike
encoding shows that cellular intrinsic properties lose
their control over spike encoding during the ischemia,
leading to the deterioration of spike timing precision at
cerebellar Purkinje cells, and the dysfunction of the
cerebellum.
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Fig. 4. The infusion of BAPTA into Purkinje neurons prevents ischemia-induced overexcitation. (A) The superimposed waveforms of sequential spikes are
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(0.3 nA) 3 min after reducing perfusion rate. (C) The comparisons of inter-spike intervals for sequential spikes between control (filled symbols, n = 11) and
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and ischemia (open symbols) while infusing BAPTA.

The refractory periods and threshold potentials of
sequential spikes are controlled by voltage-gated sodium
channels [21,23]. The ischemic reduction of ARP and Vts
is likely due to the facilitation of VGSC activation. A
recent study demonstrated the neuroprotective effect of
sodium channel blockers on cerebral ischemia [24], consis-
tent to our prediction. It is noteworthy that a rise in
VGSC-mediated excitability facilitates the activation of
voltage-gated calcium channels and the accumulation of
sodium ions in cells. Both strengthen Ca®" increase in Pur-
kinje cells.

We propose a model for the mechanisms of rising
cytoplasm Ca*" and Purkinje cell excitation during ische-
mia. The ischemia or hypoxia lowers the level of adeno-
sine triphosphate (ATP), which causes a deficiency of
glutamate transporter in presynaptic terminal (pathway
one). Glutamate accumulation in synaptic cleft prolongs
activation of its receptors and in turn raises intracellular
Ca”" level. This pathway is consistent with the previous
theory [6,11-16,25]. In addition, ATP consumption dur-
ing the ischemia lowers the function of the primary
active transporters (Ca>" and Na—K pumps) and subse-
quently secondary active one (Na—Ca exchanger), leading
to their inability to pump Ca*" out of cytoplasm (path-

way two). Together these with Ca®'-induced Ca®"
release, cytoplasm Ca®" in Purkinje cells rises via gluta-
mate-independent manners. The rise of cytoplasm Ca®"
is essential to ischemia-induced overexcitation in Purkinje
cells, which further raises cytoplasm Ca”’" by activating
more voltage-gated calcium channels. This positive feed-
back leads eventually to the excitotoxicity of cerebellar
Purkinje cells.
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