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Abstract

Oxygen and glucose deprivation (OGD) elicits a rapid and irreversible depolarization

with a latency of ~5 min in intracellular recordings of hippocampal CA1 neurons in rat slice

preparations. In the present study, we examined the role of cathepsin L in the OGD-induced

depolarization. OGD-induced depolarizations were irreversible as no recovery of membrane

potential was observed. The membrane potential reached 0 mV when oxygen and glucose

were reintroduced immediately after the onset of the OGD-induced rapid depolarization. The

OGD-induced depolarizations became reversible when the slice preparations were

pre-incubated with cathepsin L inhibitors (types | and IV at 0.3-2 nM and 0.3-30 nM,

respectively). Moreover, pre-incubation with these cathepsin inhibitors prevented the

morphological changes, including swelling of the cell soma and fragmentation of dendrites,

observed in control neurons after OGD. These findings suggest that the activation of

cathepsin L contributes to the irreversible depolarization produced by OGD.
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1. Introduction

Hippocampal CALl neurons display a stereotyped response to oxygen and glucose

deprivation (OGD), characterized by an initial hyperpolarization followed by a slow

depolarization, which leads to a rapid depolarization after ~5 min of exposure to OGD. When

oxygen and glucose are reintroduced immediately after the rapid depolarization, the

membrane depolarizes further (persistent depolarization), reaching 0 mV within 5 min after

the onset of the reintroduction. The membrane never recovers to the potential before exposure

to OGD (irreversible depolarization). As a result, the neurons show no functional recovery [1].

An increase in the ATP-sensitive K* conductance is largely responsible for the initial

hyperpolarization [2]. Inhibition of the Na*/K*-ATPase, which results in an elevation in [K*]o,

and an accumulation of glutamate contribute to the slow depolarization. The non-selective

increase in ion permeability elicits the rapid depolarization [1]. The persistent depolarization

is a Ca?*-dependent process that is mediated by the activation of ionotropic glutamate

receptors and Ca?*-induced Ca?* release from intracellular Ca?* stores [3]. Moreover, blebs

appear on the cell body of CA1 pyramidal neurons 1 min after the reintroduction of oxygen
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and glucose, and the cell body becomes swollen 3 min later, resulting in irreversible cell

membrane dysfunction [4].

There is considerable evidence that oxygen radicals are important mediators of tissue

injury in cerebral ischemia [5-10]. The excessive production of NO induced by Ca?* influx

through NMDA receptor channels contributes to the irreversible depolarization produced by

OGD in rat CAl pyramidal neurons [11]. Oxygen radicals produced by the metabolism of

arachidonic acid by cytochrome P-450 isozymes also play a role in the irreversible

depolarization induced by OGD [12]. In addition, oxygen radicals produced by COX-2

metabolism of arachidonic acid following OGD increase lysosomal membrane permeability

in the rat hippocampus [13]. Indeed, NO levels and cathepsin B and L activity increase after

OGD in the rat brain [14]. Therefore, the release of lysosomal enzymes might lead to

neuronal death after OGD [13].

Cathepsins are a family of acid proteases, and are classified into three subfamilies

according to the amino acid in the active site that confers catalytic activity; cysteine

(cathepsins B, C, F, H, K, L, N, O, S, T, U, W and X), aspartate (cathepsins D and E) and

serine (cathepsins A and G). Among the lysosomal cathepsins, B, L and D are abundant in

neurons [15]. Although the activity of cathepsin L markedly increases soon after OGD [16], a
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few studies have shown that the activity of cathepsin B increases 2 h after OGD [13, 17]. It is

therefore possible that the production of oxygen radicals by the metabolism of arachidonic

acid following OGD induces cathepsin L release from lysosomes, and this may lead to the

irreversible depolarization. In the present study, we examined whether cathepsin L

contributes to the irreversible depolarization induced by OGD.

2. Materials and methods

2.1. Ethics

All experiments were conducted in accordance with the Guiding Principles for the Care

and Use of Animals in the Field of Physiological Science, formulated by the Physiological

Society of Japan, and had the approval of the Institutional Animal Use and Care Committee

at Kurume University.

2.2. Slice preparation
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Wistar rats (male, 250-350 g, 8-12 wks old) were rapidly decapitated under ether

anesthesia, and the forebrains were removed and placed in chilled (4-6 °C) Krebs solution

aerated with 95% 02/5% CO.. The composition of the Krebs solution was (in mM) 117 NaCl,

3.6 KCI, 2.5 CaCly, 1.2 MgCl,, 1.2 NaH2PO4, 25 NaHCO3 and 11 glucose. The hippocampus

was dissected and then sliced (thickness of 350 um) with a Vibrating Microtome 7000smz

(Campden Instruments). A slice was placed on a nylon net in a recording chamber (volume,

500 pL) and immobilized with a titanium grid placed on the upper surface of the section. The

preparation was completely submerged in the superfusion solution (temperature, 36.5 *

0.5 °C; flow rate, 4-6 mL/min).

2.3. OGD and electrophysiology

Intracellular recordings from CAL pyramidal cells were made with glass micropipettes

filled with potassium acetate (2 M). The electrode resistance was 5090 MQ. In conventional

intracellular recordings, the apparent input resistance in CA1l neurons was monitored by

passing small hyperpolarizing pulses (0.2-0.4 nA, 200 ms) through the recording electrode

every 3s.



102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

Ischemia was induced by superfusing the slice with medium equilibrated with 95%

N2/5% CO2 and by iso-osmotically replacing the glucose with NaCl (oxygen- and

glucose-deprived medium). When switching the superfusing medium, there was a delay of

15-20 s before the new medium reached the chamber owing to the volume of the connecting

tubing. As a result, the chamber was filled with the test solution ~30 s after switching the

solution. We used one slice per experiment because the responses to OGD could not be

reproduced.

The latency of the rapid depolarization was measured from the onset of superfusion to

the onset of the rapid depolarization estimated by extrapolating the slope of the rapid

depolarization to the slope of the slow depolarization [1]. The degree of recovery after the

reintroduction of oxygen and glucose was evaluated as follows: no recovery, 30-60 min after

reintroduction, the membrane potential rests between 0 and —19 mV; complete recovery, the

membrane potential is more negative than —60 mV; partial recovery, the membrane potential

repolarizes to between —20 and —59 mV [3].

2.4. Biocytin labeling
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For biocytin labeling, slices were transferred to 0.1 M phosphate buffer solution with 4%

paraformaldehyde buffered to pH 7.4 within 20 s of withdrawal of the recording electrode

filled with potassium acetate (2 M) and biocytin (2%). After overnight fixation, the slices

were washed with alcohol (80%) and subsequently with dimethylsulfoxide (DMSO). Slices

were then transferred to 0.1 M phosphate-buffered saline (NaCl, 150 mM, pH 7.0) and rinsed.

The slices were pretreated with Triton X-100 (0.05%) containing Tris buffer (pH 7.0),

followed by overnight incubation with Extravidin-horseradish peroxidase conjugate (1:1,000

dilution). Subsequently, the slices were reacted with diaminobenzidine (0.05%) and hydrogen

peroxide (0.03%). The slices were rinsed in Tris buffer and then mounted in glycerol and

examined by light microscopy.

2.5. Reagents

The following reagents were used: biocytin, Extravidin-horseradish peroxidase conjugate

and diaminobenzidine (Sigma Chemical); DMSO (Wako Chemicals); hydrogen peroxide

(Mitsubishi  Kasei); Z-Phe-Phe-CH2F  (Z-FF-FMK/cathepsin L inhibitor 1), and

1-naphthalenesulfonyle-lle-Trp-CHO (cathepsin L inhibitor 1V) (Calbiochem). All drugs
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were dissolved in the perfusate and applied by bath application. The slices were pretreated

with media containing the drug for 10 min before the ischemic exposure. For analysis of the

membrane potential 30 min post-OGD, the relative recovery ratio (%Recovery) was

calculated. The membrane potential 30 min post-OGD divided by the resting membrane

potential yielded the %Recovery (Fig. 1).

(Fig. 1 near here)

2.6. Statistical analysis

All gquantitative results were expressed as the mean + SD. The number of slices examined

is given in parentheses. One-way analysis of variance with Scheffé’s post hoc test was used to

compare the data. Statistical significance was set at p < 0.05, unless otherwise indicated.

3. Results
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Hippocampal CA1l pyramidal neurons with stable membrane potentials more negative

than —60 mV were used for the following studies. The resting membrane potential and the

apparent input resistance in CA1 neurons were —74.1 = 1.6 mV (n=161) and 38 + 10 MQ (n

= 161), respectively. The slice preparations were pretreated with drugs and exposed to

ischemia only once.

3.1. Effects of cathepsin L inhibitors on the irreversible depolarization induced by OGD

We examined the involvement of cathepsin L in the membrane potential changes

produced by OGD in hippocampal CA1 pyramidal neurons. Slice preparations were treated

with potent and cell-permeable inhibitors of cathepsin L, cathepsin L inhibitors I and IV.

Treatment with the cathepsin L inhibitors at all concentrations tested induced weak and

inconsistent  potential changes—hyperpolarization or depolarization of a few

millivolts—before OGD, but no significant differences were observed in the resting

membrane potential (data not shown). Figs. 2A and 3A show the typical potential changes in

CAL1 neurons during and after OGD in the absence (control) and presence of cathepsin L

inhibitor | (2 nM) or cathepsin L inhibitor IV (20 nM). Under control conditions, OGD

10
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induced a sequence of potential changes consisting of an initial hyperpolarization, a slow

depolarization, and then a rapid depolarization (Figs. 2A and 3A, top). When oxygen and

glucose were reintroduced immediately after the rapid depolarization, the membrane

depolarized further (persistent depolarization), reaching 0 mV within 5 min. Thereafter, the

membrane never recovered to the potential before exposure to OGD (irreversible

depolarization). The amplitude and the duration of the initial hyperpolarization under control

conditions were —5.1 £ 2.9 mV and 2.8 £+ 0.8 min (n = 51), respectively. The latency and the

maximal slope of the rapid depolarization in the control were 4.8 + 0.7 min and 8.2 £ 3.2

mV/s (n = 51), respectively.

When slices were pretreated with cathepsin L inhibitors I (2 nM) and 1V (20 nM), the

amplitudes of the initial hyperpolarization were significantly different from the control (—8.2

+3.2mV (n=14) and —8.3 £ 1.2 mV (n = 10), respectively). In contrast, the durations of the

initial hyperpolarization were not significantly different (2.9 + 0.7 min (n = 14) and 3.6 £ 0.6

min (n = 10), respectively). The latency and the maximal slope of the rapid depolarization

also did not significantly differ from control (4.2 + 0.6 minand 6.9 £+ 3.5 mV/s (n=14),49

0.8 min and 8.6 = 2.0 mV/s (n = 10), respectively). These results indicate that neither

cathepsin L inhibitor affects the rapid depolarization.

11
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(Figs. 2 and 3 near here)

Each of the cathepsin L inhibitors partially restored the membrane potential to the

pre-exposure level after the reintroduction of oxygen and glucose following the rapid

depolarization (Figs. 2A, B and 3A, B). The percentage of neurons exhibiting recovery from

the irreversible depolarization induced by OGD was dependent on the concentration of the

cathepsin L inhibitor (Figs. 2B and 3B). The effects of the cathepsin L inhibitors on the

membrane potential 30 min after the reintroduction of oxygen and glucose (30 min

post-OGD) are shown in Figs. 2C and 3C. In the absence of cathepsin L inhibitors (control

condition), the membrane potential 30 min post-OGD was —3.4 £ 44 mV (n = 51). With

treatment with cathepsin L inhibitor I, the membrane potential 30 min post-OGD repolarized

toward pre-exposure levels in a concentration-dependent manner, as follows: 300 pM, —15.9

+20.0 mV (n = 10, not significant); 500 pM, —13.8 £ 24.7 mV (n = 10, not significant); 1 nM,

—35.3+26.9mV (n=14, p<0.01); 1.5 nM, —44.0 + 21.4 mV (n =9, p < 0.01); 2 nM, —53.9

+28.2 mV (n = 14, p < 0.01). With treatment with cathepsin L inhibitor IV, the membrane

potential 30 min post-OGD significantly repolarized toward pre-exposure levels in a

12
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concentration-dependent manner, as follows: 300 pM, —-9.1 £ 16.8 mV (n = 9, not

significant); 1 nM, —17.4 £ 16.3 mV (n=9, p <0.05); 2 nM, -20.3 £ 19.1 mV (n=10, p <

0.05); 10 nM, —36.8 + 14.0 mV (n=9, p < 0.01); 20 nM, —42.6 + 18.8 mV (n= 10, p < 0.01);

30 1M, —49.5 +27.4 mV (n =8, p < 0.01).

To clarify whether the repolarization of membrane potential produced by cathepsin L

inhibitors 30 min post-OGD is mediated by the inhibition of cathepsin L activity, the relative

recovery ratio (%Recovery) was calculated, and the concentration dependency of

the %Recovery was analyzed for cathepsin L inhibitor IV, which is a selective and reversible

reagent. The %Recovery effectuated by cathepsin L inhibitor IV increased in a

concentration-dependent manner (Fig. 4A). When the %Recovery values were fitted to the

Michaelis—-Menten equation using a nonlinear regression analysis program (Kaleida Graph

Version 4.01) (shown as a solid curve in Fig. 4A), the 50% effective concentration of

cathepsin L inhibitor IV was 1.81 nM. These results suggest that cathepsin L contributes to

the generation of the irreversible depolarization induced by OGD.

3.2. Morphological changes in the presence of cathepsin L inhibitors 30 min post-OGD

13
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We next examined the morphological features of biocytin-labeled neurons after OGD in

the absence and presence of the cathepsin L inhibitors since the membrane dysfunction was

followed by the morphological damage in most CA1 neurons tested. Under control conditions,

the cell body became swollen, and the proximal apical dendrite eventually fragmented into

pieces in recorded CA1 neurons (Fig. 4B, b). In contrast, in recorded CA1 neurons treated

with the cathepsin L inhibitors, the cell body and proximal apical dendrite appeared normal,

and the cells exhibited a complete restoration of membrane potential, similar to control

neurons not subjected to OGD (Fig. 4B, a and c). The long and transverse axes of control

neurons not subjected to OGD were, respectively, 34.0 £ 9.4 um and 19.3 £ 3.0 um (n =9).

The long and transverse axes of neurons treated with cathepsin L inhibitor IV were,

respectively, 34.0 + 3.9 um and 18.6 + 2.8 um (n = 7, not significant).

(Fig. 4 near here)

4. Discussion

14
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In hippocampal CA1 neurons, cathepsin L inhibitors significantly restored the membrane

potential after OGD to pre-exposure levels in the majority of neurons tested, and they yielded

the recovery from the persistent depolarization after OGD. These results suggest that

cathepsin L contributes to the generation of the irreversible depolarization.

4.1. Effects of cathepsin L inhibitors on the electrophysiological and morphological changes

induced by OGD

Cathepsin L inhibitors, such as | and IV, provide protection against the persistent

depolarization and the ensuing irreversible depolarization elicited by OGD. Cathepsin L

inhibitor | is a potent, cell-permeable, selective and irreversible inhibitor of cathepsin L.

Cathepsin L inhibitor | at 1-2 nM significantly restored the membrane potential 30 min

post-OGD to pre-exposure levels. This concentration is similar to that shown to inhibit

neuronal death induced by quinolinic acid in rat striatal neurons [18]. Cathepsin L inhibitor

IV is a potent, cell-permeable, selective and reversible inhibitor of cathepsin L. Cathepsin L

inhibitor 1V at 1-30 nM significantly restored the membrane potential 30 min post-OGD to

pre-exposure levels. The %Recovery provided by cathepsin L inhibitor IV increased in a

15
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concentration-dependent manner. When the membrane potential 30 min post-OGD recovered

to the pre-exposure level, 100% inhibition of membrane dysfunction was considered to have

been achieved by cathepsin L inhibitor 1V. The 50% effective concentration of cathepsin L

inhibitor 1V would therefore provide a %Recovery of 50%. The 50% effective concentration

(1.81 nM) was similar to the 1Cso for cathepsin L (1.9 nM), determined using recombinant

human cathepsin L purified from mouse myeloma cells [19]. Therefore, the concentration of

cathepsin L inhibitor 1V used in this study was high enough to inhibit cathepsin L. In the

presence of the cathepsin L inhibitors, the rapid depolarization induced by OGD was not

affected, and biocytin-labeled neurons did not become swollen nor did they exhibit

membrane dysfunction 30 min post-OGD. It is therefore possible that cathepsin L inhibitors

affect the persistent depolarization, thereby preventing the establishment of irreversible

depolarization. These results suggest that the activation of cathepsin L is an important event

in the irreversible membrane dysfunction induced by OGD.

In slices pretreated with the cathepsin L inhibitor, there was a significant increase in the

amplitude of the initial hyperpolarization. Because the hyperpolarization in rat hippocampal

CAL1 neurons is mainly caused by the activation of ATP-sensitive potassium channels by the

reduction in [ATP];i following hypoxia [2], our findings suggest that cathepsin L inhibitors

16
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affect the ATP-sensitive potassium conductance. However, further studies are required to

clarify the mechanisms underlying the increase in the initial hyperpolarization.

4.2. Mechanisms underlying the irreversible depolarization induced by OGD

In general, OGD induces an accumulation of extracellular glutamate (Glu), which

activates ionotropic Glu receptors (NMDA and/or AMPA/kainate-type receptors). The

activation of ionotropic Glu receptors produces a depolarization that increases Ca®* influx

through NMDA and voltage-gated Ca?* channels. The influx of Ca?" also induces

Ca?*-activated Ca?" release from intracellular Ca®* stores (e.g., endoplasmic reticulum) [3].

These processes increase the intracellular Ca?* concentration ([Ca®']i) further. The

accumulated extracellular Glu activates the metabotropic Glu receptor, which in turn

activates phospholipase C (PLC). The activated PLC produces diacylglycerol (DAG) and

inositol triphosphate (IP3) from membrane phospholipids. IPs increases the [Ca?*]i further by

enhancing release of Ca?* from intracellular Ca?* stores. The resulting high [Ca?*]; triggers

the activation of phospholipase A2 (PLA), adenylate cyclase (via Ca?*/calmodulin) and

nitric oxide (NO) synthase to produce arachidonic acid, CAMP and NO, respectively. DAG

17
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activates protein kinase C (PKC), and cAMP activates protein kinase A (PKA). PKC and

PKA enhance NMDA and AMPA/kainate Glu receptors [20-25]. Furthermore, activated PKA

augments the activity of nitric oxide synthase (NOS) [11,26]. Cytochrome P-450 metabolizes

arachidonic acid, resulting in the production of oxygen radicals [27,28]. NO reacts with

oxygen radicals to yield peroxynitrite (ONOO™) [11]. ONOO™ and/or oxygen radicals

damage the cytoskeleton and induce peroxidation of membrane lipids, which likely

contributes to the large blebs and cell swelling observed in rat CA1 pyramidal neurons during

the persistent depolarization [12].

In the present study, the cathepsin L inhibitors significantly restored the membrane

potential 30 min post-OGD toward the pre-exposure level, similar to the effects of free

radical and NO scavengers in our previous studies [11,12]. The treatment with the cathepsin

L inhibitors prevented the morphological changes, including swelling of the cell body and

fragmentation of dendrites, observed in the control neurons after OGD. Oxygen radicals

induce lysosomal membrane permeabilization and trigger the release of cathepsins from

lysosomes after OGD [13]. Therefore, it is possible that ONOO™ and/or oxygen radicals

induce lysosomal membrane permeabilization and the release of cathepsin L, which in turn

causes the irreversible depolarization (Fig. 5).
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(Fig. 5 near here)
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Figure captions

Fig. 1. Protocol for the calculation of the relative recovery ratio (%Recovery). The horizontal

white bar indicates treatment with the cathepsin L inhibitors. The horizontal gray bar

indicates the period of oxygen and glucose deprivation (OGD). The upper most dotted line

indicates 0 mV potential. The membrane potential 30 min post-OGD (b) divided by the

resting membrane potential (a) yields the %Recovery.

Fig. 2. Effects of cathepsin L inhibitor I on membrane potential changes produced by

OGD in rat hippocampal CA1 neurons. (A) Typical changes in membrane potential during

and after OGD in the absence of an inhibitor (control, top trace) and in the presence of

cathepsin L inhibitor I (bottom trace). OGD was conducted between the period indicated by

the downward and upward arrows. The dotted lines in each trace show the pre-exposure

membrane potential (=74 and —75 mV from top to bottom). Downward deflections show

hyperpolarizing potentials elicited by anodal current pulses (0.2-0.4 nA, 200 ms duration, 3s

intervals). In the presence of cathepsin L inhibitor I, the membrane potential recovered to the

resting membrane potential after re-perfusion of oxygen and glucose. (B) Effect of cathepsin
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L inhibitor 1 on the percentage of neurons exhibiting recovery from the irreversible

depolarization produced by OGD. Open columns, shaded columns and closed columns

indicate no, partial and complete recovery, respectively. (C) Effect of cathepsin L inhibitor I

on the membrane potential 30 min after re-perfusion of oxygen and glucose (30 min

post-OGD). In the presence of cathepsin L inhibitor I, the membrane potential repolarized

toward pre-ischemic levels in a concentration-dependent manner after re-perfusion of oxygen

and glucose. Each column shows mean + SD. **p < 0.01 (one-way analysis of variance with

Schefté’s post hoc test).

Fig. 3. Effects of cathepsin L inhibitor IV on membrane potential changes produced by OGD

in rat hippocampal CA1 neurons. (A) Typical changes in membrane potential during and after

OGD in the absence of an inhibitor (control, top trace) and in the presence of cathepsin L

inhibitor 1V (bottom trace). The dotted lines in each trace show the pre-exposure membrane

potential (=74 and —73 mV from top to bottom). (B) Effect of cathepsin L inhibitor IV on the

percentage of neurons exhibiting recovery from the irreversible depolarization produced by

OGD. Open columns, shaded columns and closed columns indicate no, partial and complete

recovery, respectively. (C) Effect of cathepsin L inhibitor IV on the membrane potential 30
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min after re-perfusion of oxygen and glucose (30 min post-OGD). In the presence of

cathepsin L inhibitor IV, the membrane potential repolarized toward pre-ischemic levels in a

concentration-dependent manner after re-perfusion of oxygen and glucose. Each column

shows mean £+ SD. *p < 0.05, **p < 0.01 (one-way analysis of variance with Scheffé’s post

hoc test).

Fig. 4. (A) Changes in the relative recovery ratio (%Recovery) following the administration

of cathepsin L inhibitor V. %Recovery increases in a manner dependent on the concentration

of the cathepsin L inhibitor. Solid curve shows the %Recovery fitted with the Michaelis—

Menten equation using a nonlinear regression analysis program (Kaleida Graph Version 4.01).

(B) A biocytin-labeled pyramidal neuron after 30 min in normal Krebs solution (a). A

biocytin-labeled pyramidal neuron 30 min post-OGD in the absence of inhibitor (b). A

biocytin-labeled pyramidal neuron 30 min post-OGD in the presence of cathepsin L inhibitor

(c). 2, soma. A, dendrite. Scale bar indicates 10 pum.

Fig. 5. Putative mechanisms contributing to the generation of the irreversible depolarization

induced by OGD. OGD induces the activation of several signaling mechanisms that increase
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[Ca?*]i and result in the irreversible depolarization. Lysosomal membrane permeabilization

(LMP) causes the release of cathepsins and other hydrolases from the lysosome into the

cytosol. Peroxynitrite (ONOQO™) and/or oxygen radicals induce LMP and the release of

cathepsin L, which in turn causes the irreversible depolarization.
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