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Depression of Fast Excitatory Synaptic Transmission in Large
Aspiny Neurons of the Neostriatum after Transient Forebrain

Ischemia
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Spiny neurons in the neostriatum die within 24 hr after transient
global ischemia, whereas large aspiny (LA) neurons remain
intact. To reveal the mechanisms of such selective cell death
after ischemia, excitatory neurotransmission was studied in LA
neurons before and after ischemia. The intrastriatally evoked
fast EPSCs in LA neurons were depressed =24 hr after isch-
emia. The concentration-response curves generated by appli-
cation of exogenous glutamate in these neurons were approx-
imately the same before and after ischemia. A train of five
stimuli (100 Hz) induced progressively smaller EPSCs, but the
proportion of decrease in EPSC amplitude at 4 hr after ischemia
was significantly smaller compared with control and at 24 hr
after ischemia. Parallel depression of NMDA receptor and
AMPA receptor-mediated EPSCs was also observed after isch-
emia, supporting the involvement of presynaptic mechanisms.

The adenosine A1 receptor antagonist 8-cyclopentyl-1,3-
dipropylxanthine blocked the inhibition of evoked EPSCs at 4 hr
after ischemia but not at 24 hr after ischemia. Electron micro-
scopic studies demonstrated that the most presynaptic termi-
nals in the striatum had a normal appearance at 4 hr after
ischemia but showed degenerating signs at 24 hr after isch-
emia. These results indicated that the excitatory neurotrans-
mission in LA neurons was depressed after ischemia via pre-
synaptic mechanisms. The depression of EPSCs shortly after
ischemia might be attributable to the enhanced adenosine A1
receptor function on synaptic transmission, and the depression
at late time points might result from the degeneration of pre-
synaptic terminals.
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Large aspiny (LA) neurons only account for <2% of the entire
neuronal population in the neostriatum but have great influences
on the function of basal ganglia. They have large somata (20—60
pm) with extended smooth dendrites and widespread axonal
arborizations (DiFiglia and Carey, 1986; Wilson et al., 1990;
Kawaguchi, 1992). LA neurons are the source of acetylcholine in
the neostriatum (Butcher and Hodge, 1976; Bolam et al., 1984),
and by activation of muscarinic receptors, they affect the output
of the neostriatum through the complex modulation of synaptic
transmission in spiny projection neurons and interneurons
(Kawaguchi et al., 1995; Galarraga et al., 1999; Koos and Tepper,
1999; Calabresi et al., 2000).

The striatum is one of the most vulnerable regions in the brain
to cerebral ischemia. Small- to medium-sized neurons (most
likely spiny neurons) in the dorsal striatum die 24 hr after 25-30
min of forebrain ischemia (Pulsinelli et al., 1982). However, LA
neurons in the same region are resistant to ischemic insult (Fran-
cis and Pulsinelli, 1982; Chesselet et al., 1990). The mechanisms
underlying this selective vulnerability after ischemia are poorly
understood. Excitotoxicity is one of the major causes of neuronal
death after ischemia (Rothman and Olney, 1986; Choi and Roth-
man, 1990). Previous studies have shown that the excitatory
synaptic transmission is enhanced in ischemia-vulnerable CA1l
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pyramidal neurons in the hippocampus after ischemia/hypoxia
(Urban et al., 1989; Crepel et al., 1993; Gao et al., 1998a). On the
contrary, a depression in excitatory synaptic transmission has
been observed in ischemia-resistant CA3 neurons and dentate
granule cells after ischemia (Gao et al., 1998b). These results
suggest that the enhancement of excitatory neurotransmission
might be associated with ischemic cell death, and that the depres-
sion of excitation might be involved in neuroprotection after
ischemia.

Electrophysiological studies on selective cell death in the stri-
atum after ischemia are less extensive. What are the differences in
synaptic transmission between spiny neurons and LA neurons
after ischemia? What are the mechanisms underlying these
changes and how these changes determine the ischemic outcome
of these neurons? In vitro studies have reported that the mem-
brane potential of spiny neurons was depolarized during hypoxia/
hypoglycemia, whereas that of LA neurons was hyperpolarized
(Calabresi et al.,, 1997b; Pisani et al., 1999). Deprivation of
oxygen and glucose in brain slices has been shown to induce
long-term potentiation (LTP) in spiny neurons but not in LA
neurons (Calabresi et al., 2002). Because of the dramatic differ-
ence in temperature, microenvironment, and homeostasis, the
neuronal responses to hypoxia/hypoglycemia in vitro might differ
from those after ischemia in vivo. To reveal the synaptic trans-
mission changes in striatal neurons after ischemia, especially
those after reperfusion, studies using an intracellular recording in
vivo technique have shown that IPSPs in spiny neurons were
abolished, and that the incidence of cortically evoked polysynap-
tic EPSPs was significantly increased after transient forebrain
ischemia (Gajendiran et al., 2001). Little is known about synaptic
transmission changes in LA neurons after ischemia in vivo, be-
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cause recording from LA neurons in vivo is extremely difficult
because of their sparse distribution. To circumvent this problem,
the present study examined the evoked EPSCs from visually
identified LA neurons in brain slices prepared at different inter-
vals after ischemia in vivo.

MATERIALS AND METHODS

Male Wistar rats (100-180 gm; Charles River Laboratories, Wilmington,
MA) of ~5-6 weeks of age were used in the present study. Experimental
protocols were institutionally approved in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals. All
efforts were made to minimize both the suffering and number of animals
used.

Transient forebrain ischemia. Transient forebrain ischemia was induced
using the four vessel occlusion method (Pulsinelli and Brierley, 1979)
with modifications (Ren et al., 1997). The animals were fasted overnight
to provide uniform blood glucose levels. For surgical preparation, the
animals were anesthetized with a mixture of 1-2% halothane, 33% O,,
and 66% N, via a gas mask placed around the nose. A silicon tube loop
was placed loosely around each common carotid artery to allow subse-
quent occlusion of these vessels. The animal was then placed on a
stereotaxic frame, and the vertebral arteries were electrocauterized. A
very small temperature probe (0.025 inch D; Physitemp, Clifton, NJ) was
inserted beneath the skull in the extradural space, and the brain tem-
perature was maintained at 37°C with a heating lamp using a
temperature-control system (BAT-10; Physitemp). Transient forebrain
ischemia was induced by occluding both common carotid arteries to
induce ischemic depolarization for ~22 min. Cerebral blood flow re-
sumed immediately on release of the carotid artery clasps.

Slice preparation and whole-cell, voltage-clamped recording. Brain slices
were prepared from animals before ischemia and at 4—6 and 24 hr after
reperfusion as described previously (Chi and Xu, 2000). The animals
were anesthetized with ketamine-HCI (80 mg/kg, i.p.) and decapitated.
The brains were quickly removed and immersed in ice-cold artificial CSF
(ACSF), which was composed of the following (in mm): 130 NaCl, 3 KCl,
2 CaCl,, 2 MgCl,, 1.25 NaH,PO,, 26 NaHCOs, and 10 glucose. Trans-
verse striatal slices of 280 um thickness were cut using a vibratome (VT
1000S; Leica, Nussloch, Germany) and incubated in ACSF for =1 hr at
room temperature before being transferred to the recording chamber.
The slice was submerged beneath the fluid surface and superfused
continuously with oxygenated ACSF. The flow rate was adjusted to 2-3
ml/min. Recordings were performed at room temperature (~24°C).

For whole-cell recording, patch electrodes were prepared from boro-
silicate glass (Warner Instruments, Hamden, CT) using a horizontal
electrode puller (P-97; Flaming/Brown; Sutter, Novato, CA) to produce
tip openings of 1-2 um (3-5 M{). Electrodes were filled with an
intracellular solution containing (in mm): 43 CsCl, 92 CsMeSO,, 5 TEA,
2 EGTA, 1 MgCl,, 10 HEPES, and 4 ATP (Sigma, St. Louis, MO).
Neurobiotin (2%) (Vector Laboratories, Burlingame, CA) was included
in some experiments to verify the neurons recorded. Neurons were
visualized with an infrared-differential interference contrast (DIC) mi-
croscope (BX 50 WL; Olympus Optical, Tokyo, Japan) and a CCD
camera. Only those with large somata (>20 um) were selected for
recording. Positive pressure was applied to the recording pipette as it was
lowered into the medium and approached the cell membrane. Constant
negative pressure was applied to form the seal (>1 G{)) when the
recording pipette attached to the membrane. A sharp pulse of negative
pressure was applied to open the cell membrane for whole-cell recording.
The series resistance of the pipette was ~10 M(). Voltage-clamped
recording was performed with an Axopatch 200 B amplifier (Axon
Instruments, Foster City, CA). Signals were filtered at 2 kHz and digi-
tized at a sampling rate of 5 kHz using a data-acquisition program
(Axograph 4.5; Axon Instruments). Intrastriatal stimulation was deliv-
ered every 10-20 sec using a bipolar tungsten electrode (~5 M{); Micro
Probe, Potomac, MD), and 0.1 msec current pulses were used to evoke
the excitatory responses. Zero to five times of threshold stimulus inten-
sity (0-5T) was used in the present experiments. In some experiments, a
train of five stimuli at 100 Hz with the same intensity (4T) and duration
(100 usec) was applied at an interval of 60-90 sec.

In some experiments, neurobiotin was iontophoresed into the cell by
passing depolarizing pulses after recording. The slice was then fixed in
4% paraformaldehyde overnight and incubated in 0.1% horseradish
peroxidase-conjugated avidin D (Vector Laboratories) in 0.01 M potas-
sium PBS, pH 7.4, with 0.5% Triton X-100 for 24 hr at room temperature.
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After detection of peroxidase activity with 3,3’-diaminobenzidine, slices
were examined in potassium PBS. Slices containing labeled neurons were
mounted on gelatin-coated slides and processed for light microscopy.

Electron microscopy. At 4—6 hr (n = 2) or 24 hr (n = 2) after transient
forebrain ischemia, the animals were anesthetized with ketamine (80
mg/kg, i.p.) and then perfused transcardially with 100 ml of PBS,
followed by 400 ml of 2% glutaraldehyde and 2% paraformaldehyde in
0.1 M potassium PBS. The brain was removed and postfixed in the same
fixative for =12 hr. The brain blocks, including the striatum between 1.2
and 0.2 mm from the Bregma level, were cut in vibratome. Sections of 50
wm thickness were postfixed with 0.5% osmium tetroxide for 1 hr and
incubated in 0.5% uranylacetate for 2 hr. The sections were embedded in
Embed 812 and put into an oven at 60°C for polymerization for 48 hr.
Ultrathin sections were stained with 2% uranylacetate and 1% lead
citrate and examined under a Philips electron microscopic (EM) 400
electron microscope. For quantitative analysis of degenerated terminals
at different intervals after ischemia, images at the dorsal striatum were
captured randomly at 13,000 magnification (unit area of 42.3 um? per
image). The pictures were enlarged, and the presynaptic terminals were
counted and divided into different groups according to their morpholog-
ical features. The data were analyzed using StatView 5.0 (Abacus Con-
cepts, Calabasas, CA).

Drug application. (—)-Bicuculline methiodide (BMI), (—)-2-amino-5-
phosphonopentanoic acid (D-APV), scopolamine, 8-cyclopentyl-1,3-
dipropylxanthine (DPCPX), and glybenclamide were obtained from
Sigma. Antagonists were applied via bath superfusion. BMI was used to
block GABA 4 receptors at a concentration of 30 uM, and 50 uM D-APV
was used for NMDA receptor (NMDAR) blockade. (*)-4-(4-amino-
phenyl)-1,2-dihydro-1-methyl-2-propylcarbamoyl-6,7-methylenedioxy-
phthalazine (SYM 2206), cyclothiazide (CTZ), and (RS)-a-methyl-4-
carboxyphenylglycine (MCPG) were purchased from Tocris Cookson
(Ellisville, MO). Agonists were applied through a “Y”-tube system
(Kiyosawa et al., 2001). The tip of the Y-tube had a diameter between
100 and 150 wm and was placed close to the neuron under study.

Data analysis. A Michaelis-Menten equation using a least-squares
fitting was applied for evaluation of the ECs, of glutamate in the con-
centration—response relationships, as follows: a = b"/(b" + ECs,"), where
a is relative activation, b is agonist concentration (molar concentration),
and n is the Hill coefficient.

The values were presented as mean = SEM. The unpaired ¢ test (for
two groups) or ANOVA (for more than two groups) followed by post hoc
Scheffe’s test was used for statistical analysis (StatView 5.0; Abacus
Concepts). Changes were considered significant if p < 0.05.

RESULTS

LA neurons were easily identified according to their large so-
mata, ranging from 20 to 60 wm in diameter under infrared-DIC
optics (Fig. 14). Intracellular staining with neurobiotin revealed
that these neurons have large somata with three to five primary
dendrites bearing few spines (Fig. 1B). Forebrain ischemia that
induces an ischemic depolarization of ~22 min consistently pro-
duced >90% cell death in the dorsal striatum (Ren et al., 1997).
At 24 hr after ischemia, it was difficult to find small- to medium-
sized neurons from brain slices, whereas neurons with large
somata remained intact.

Depression of AMPA receptor-mediated EPSCs

after ischemia

Intrastriatal stimulation evoked both EPSCs and IPSCs from LA
neurons. To block the IPSCs mediated by GABA , receptors and
muscarinic receptors, BMI (30 uM) and scopolamine (3 uM) were
added to the bath solution. Both AMPA receptor (AMPAR)-
and NMDAR-mediated components contribute to EPSCs in LA
neurons (Kawaguchi, 1992; Calabresi et al., 1998). Inward EPSCs
were evoked at a holding potential of —60 mV. Because AM-
PARs, especially calcium-permeable AMPARs, play an impor-
tant role in neuronal injury after ischemia (Pellegrini-Giampietro
et al., 1994; Gorter et al., 1997), the present study focused on
changes in AMPAR-mediated EPSCs in LA neurons after isch-
emia. Therefore, D-APV (50 um) was added to the bath solution
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Figure 1. Photomicrographs of a LA
neuron visualized in brain slice with an
infrared-DIC microscope before re-
cording (A) and after intracellular
staining with neurobiotin (B). The cell
body of this neuron is ~60 um in diam-
eter, and the dendrites are smooth.

Figure 2. Non-NMDAR-mediated
EPSCs in LA neurons. 4, Evoked syn- A
aptic currents were recorded from a LA
neuron at a holding potential of —60
mV. Synaptic currents were elicited by
intrastriatal stimulation in the presence
of BMI (30 um) and scopolamine (3
uM). D-APV (50 um) was added to the
bath subsequently. The evoked EPSCs
were blocked by 30 um CNQX, indicat-
ing that they are AMPAR-mediated B

Control

currents. B, Current-voltage relation- 1

ship of AMPAR-mediated EPSCs in Vi (mV)
LA neurons. BMI, scopolamine, and 440 Control
D-APV were added to the bath medium.

B1, Representative traces showing the +20
EPSCs recorded at different holding po- 0
tentials with four times the threshold -20
stimulus intensity (4T) before and at 4 -40

hr after ischemia. The amplitude of EP- -60
SCs increased with more hyperpolariz- 80
ing holding potentials, and the inward -100

currents reversed to outward currents at
positive holding potentials. B2, Cur-
rent-voltage (I-V) curves of AMPAR-

s
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In the presence of BMI+scopolamine

50 pm
50 uM APV 30 uM CNQX Wash
\/ 100 pA
20 ms
2 Relative Amplitude
0.57
Ischemia 4 h
Vu(mV) ol 4
r T 2
50 ﬂ —e-Control
~eo-Ischemia
20 ms

mediated EPSCs in LA neurons before (n = 9) and after (n = 9) ischemia. Amplitudes of evoked EPSCs at various holding potentials (}/;;) were
normalized to those at various holding potentials of —60 mV. The I-V curve showed strong inward rectification at positive holding potentials. All traces
are the average of 6-10 consecutive recordings. The values of the plotting are mean = SEM.

to block NMDAR-mediated EPSCs. The remaining evoked re-
sponses could be reversibly blocked by 30 um CNQX, indicating
non-NMDAR-mediated responses (Fig. 24). To further clarify
the receptor subtype that mediated the synaptic response, the
AMPAR-specific antagonist SYM 2206 (100 um) was applied and
completely blocked the EPSCs. The current-voltage relationship
of AMPAR-mediated EPSCs showed inward rectifications before
and after ischemia (Fig. 2B), suggesting that they are mediated by
Ca?*-permeable AMPARs (Suzuki et al., 2001).

To examine the efficacy of synaptic transmission in LA neu-
rons, the threshold of stimulus intensity was compared before and
after ischemia. The threshold of stimulus intensity was defined as
the stimulating current that evokes the smallest detectable re-
sponse from LA neurons. There were significant changes in the
threshold of stimulus intensity after ischemia (ANOVA; F =
4.07, df 2, 45; p = 0.024). In control animals, the threshold
stimulus intensity for inducing EPSCs was 410 £ 61 pA (n = 18)
in the present experimental conditions. The threshold stimulus
intensity increased to 524 = 75 pA (n = 17) and 808 = 16 pA
(n = 13; post hoc Schefte’s test; p < 0.05) at 4—6 and 24 hr after
ischemia, respectively. The amplitudes of the evoked EPSCs
increased according to the increase in stimulus intensities (Fig. 3).
In comparison with the control levels, the amplitudes of EPSCs in
LA neurons decreased dramatically at most stimulus intensities

after ischemia (Fig. 3B). For example, at a stimulus intensity of
four times the threshold stimulus intensity (4T), the amplitude of
EPSCs was significantly depressed (ANOVA; F = 7.22; df 2, 45;
p = 0.002). The amplitude was 129.7 = 14.4 pA in controls (n =
18) and 68.9 = 11.9 pA (n = 17; post hoc Scheffe’s test; p < 0.01)
and 75.1 = 10.5 pA (n = 13; p < 0.05) at 4-6 and 24 hr after
reperfusion, respectively.

No significant change in postsynaptic AMPAR function
after ischemia

To reveal whether the depression of evoked EPSCs after isch-
emia was caused by the attenuation of glutamate receptor func-
tions, postsynaptic responses were examined by focal application
of exogenous AMPA or glutamate in the presence of pD-APV
through a Y-tube system. The application of glutamate induced
an inward current at a holding potential of —60 mV. The non-
NMDAR antagonist CNQX (data not shown) and the AMPAR-
specific antagonist SYM 2206 (Fig. 4A41) blocked the glutamate-
induced responses in a dose-dependent manner. The AMPAR
desensitization was extremely rapid, ranging from 2 to 40 msec in
neurons (Kiskin et al., 1986; Trussell et al., 1988; Tang et al.,
1989), and the speed with which we could apply agonists to our
recorded neurons in slice was limited. The peak current might not
be accurately detected in the present configuration. Therefore,
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Figure 3. Changes in EPSCs in LA
neurons before and after ischemia. A,

180 1

—e— Control (n=18)
—o— Ischemia 4 h (n=17)
1| —— Tschemia 24 h (n=13)

Representative traces recorded from
LA neurons before and at 4 hr after
ischemia. The amplitude of evoked
EPSC increased with increasing stimu-

120 1

JIOO pA

5 ms

Ischemia 4 h 60 +

Amplitude (pA)

lus intensities (0-5 times threshold in-
tensities, 0-5T), but the amplitude of
EPSCs at 4 hr after ischemia was signif-
icantly smaller than that of control ones.
The traces are the average of six con-
secutive recordings. B, The input—out
relationship of evoked EPSCs before
and at different intervals after ischemia.
The amplitude of EPSCs was dramati-

1T 2T

Stimulus Intensity

A Inthe presence of 5x 10 -5 M APV
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cally decreased at 4 and 24 hr after
ischemia at all stimulus intensities (1.5~
5T). *p < 0.05; 'p < 0.01.

3IT 4IT 5T

Figure 4. Exogenous glutamate in-
10s duced whole-cell currents before and
after ischemia. 4, Application of exog-
enous glutamate induced an inward cur-
rent at a holding potential of —60 mV in
the presence of 50 um D-APV. The glu-
tamate responses were antagonized by
SYM 2206, a specific AMPAR antago-
nist (47). The amplitude of glutamate-
induced currents was increased accord-
ingly with increasing concentrations of

—a— Control (n=13)
—e - Ischemia 4 h (n=11)
— ¢ - [schemia 24 h (n=8)

60 1

ﬁggfﬁl};'h |13(r]1 ”} ischemia. B, Dose-response curve of

—* Ischemia 24 h (n=§

glutamate before (42) and after (43)

glutamate responses before and after

0.5 40

Normalized current

ischemia. The ECj, values and Hill
coefficients of the dose-response curve
after ischemia were approximately the
same as those in control neurons. C,
Comparison of current densities of glu-
tamate-induced currents in LA neurons
before and after ischemia. The current

Steady-state Current density (pA/pF)

’ T T
1073 104 1073 10-2
Concentration (M)

the steady-state currents were compared before and after isch-
emia. The glutamate-induced currents became detectable at a
concentration of ~3 X 10> M and then increased in a sigmoid
manner with increasing glutamate concentrations. The normal-
ized concentration-response curves were approximately the
same before and after ischemia (Fig. 4B). The ECs, values were
6 + 0.31 X 10 ~* ™ (n = 13) for control neurons and 6.4 + (.29 X
10 * M (n = 11) and 6.8 = 0.35 X 10 ~* M (n = 8) for neurons at
4-6 and 24 hr after ischemia, respectively. The Hill coefficients
were 1.8 = 0.2 (n = 13) in the control group and 1.9 = 0.2 (n =
11) and 1.9 = 0.2 (n = 8) at 4-6 and 24 hr after ischemia,
respectively. To eliminate the impact of cell size, currents were
normalized by cell capacitance and expressed as current densities.

Concentration (M)

) density was slightly decreased at 4 hr
10 after ischemia, but no statistic signifi-
cance was detected.

No significant difference in current density was detected after
ischemia (Fig. 4C).

AMPARSs quickly desensitize, and a decrease in the desensiti-
zation of AMPAR-mediated responses has been shown to be
involved in cell death after trauma (Goforth et al., 1999). To
examine the possible changes in desensitization of AMPARs
after ischemia, 100 um CTZ, a drug that selectively blocks AM-
PAR desensitization (Bertolino et al., 1993), was used to elimi-
nate the fast desensitization. After coapplication of CTZ,
AMPA-induced currents were increased more than twofold, but
no significant difference in current densities was detected after
ischemia (Fig. 5B). To further explore whether the desensitiza-
tion contributes to the changes in EPSCs after ischemia, the
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A

Ischemia 4 h
CTZ

Figure 5. Comparison of desensitiza-
tion of AMPAR-mediated responses
before and after ischemia. 4, Examples
of whole-cell currents induced by 1 mm
AMPA at 4 hr after ischemia before
and after application of CTZ. After
treatment with 100 um CTZ, the ampli-
tude of glutamate-induced responses
dramatically increased. B, Current den-
sity of AMPA-induced responses in LA
neurons was approximately the same
before and after ischemia. No differ-
ence in current density was found be-
tween control and ischemic neurons af-
ter application of CTZ, despite the
current density values of all neurons
that were significantly increased. C,
Representative traces showing the de-
cay of evoked EPSCs were well fitted by
the single exponential method. The
traces are the average of six consecutive
recordings. D, Histogram showing that
the mean decay time of EPSCs in LA
neurons did not change after ischemia.
The above results indicate that desensi-
tization plays little role in synaptic de-
pression of LA neurons after ischemia.

AMPA
—
__|200pA

10 s

s}

|[OControl (n=7)
60 - P4 Ischemia 4 h (n=9)
[ schemia 24 h (n=6)

40 -

20 7

100 uM AMPA

Steady-state current density (pA/pF)

decay time of evoked EPSCs was compared before and after
ischemia. The decay phase of EPSCs could be well fitted by a
single exponential (Fig. 5C). The decay times were 7.86 * 0.46
msec (n = 14) in control neurons, and no significant difference
was found in neurons after ischemia (8.58 = 1.05 msec at 4-6 hr,
n = 10; 8.08 = 1.04 msec at 24 hr, n = 11) (Fig. 5D). These data
indicated that the desensitization did not contribute to the
changes in evoked EPSCs in LA neurons after ischemia.

Alterations of presynaptic mechanisms after ischemia

Another possible cause of the reduction of evoked EPSCs after
ischemia is a decrease in presynaptic transmitter release proba-
bility. To investigate whether alteration of release probability
accounts for the reduction of evoked fast EPSCs, a paired-pulse
test (50 msec interstimulus interval) was conducted in LA neu-
rons before and after ischemia. However, no obvious changes
were detected in paired-pulse ratio (PPR) at all stimulus intensi-
ties after ischemia (data not shown). The changes in release
probability were also examined by comparing the EPSCs evoked
by a train of five stimuli at 100 Hz (Scheuss et al., 2002). A train
of stimuli at high frequency markedly reduces synaptic release by
depleting the releasable pool of vesicles (Wang and Kaczmarek,
1998; Bellingham and Walmsley, 1999). A decrease in release
probability will decrease the speed of vesicle depletion in the
presynaptic terminals, and therefore, the fifth/first EPSC ratio
will increase. As shown in Figure 642, the fifth/first EPSC ratio
was significantly increased at 4 hr after ischemia (ANOVA; F =
12.57; df 2, 23; p < 0.001). In control conditions, the amplitude of
the fifth EPSC was reduced to 28.7 + 2.8% of the first one (n =
11). Four hours after reperfusion, the fifth EPSC was only re-
duced to 53.4 £ 8.2% of the initial EPSC (n = 7; post hoc
Scheffe’s test; p < 0.01). At 24 hr after reperfusion, the fifth EPSC
was reduced to 16.2 = 4.6% of the initial values, which was close
to the control values. The above results suggest that the releasing
probability transiently decreased 4—6 hr after ischemia.

To further examine the involvement of a presynaptic mecha-
nism in the changes in EPSCs after ischemia, the AMPAR- and
NMDAR-mediated responses were compared before and after

Y —
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Ischemia

T.9.18 ms

Jsu pA

10 ms

(14) (10) (11)

100 uM AMPA Control Ischemia 4 h Ischemia 24 h

+100 pM CTZ

ischemia, because AMPARs and NMDARs are often colocalized
at individual synapses. The changes in presynaptic transmitter
release are expected to cause an equal increase or decrease in the
synaptic currents mediated by these two receptor subtypes (Per-
kel and Nicoll, 1993; Liao et al., 1995; Malenka and Siegelbaum,
2001). With BMI- and scopolamine-containing medium,
NMDAR-mediated responses were obtained by subtracting the
responses at +60 mV with p-APV from those without D-APV
(Fig. 6BI1). AMPAR-mediated responses were isolated in the
presence of BMI, scopolamine, and b-APV at a holding potential
of —80 mV. At 4 hr after ischemia, NMDAR- and AMPAR-
mediated EPSCs showed parallel decrease (NMDA: control,
201.89 = 26.87 pA; ischemia, 79.31 = 23.72 pA; unpaired ¢ test;
p <0.01) (AMPA: control, 181.28 = 21.31 pA; ischemia, 77.07 *
15.55 pA; p < 0.01). The ratio of NMDAR-mediated EPSCs to
AMPAR-mediated EPSCs was approximately the same before
and after ischemia (Fig. 6B2). These data also supported a
presynaptic mechanism in the decrease in AMPAR-mediated
responses after ischemia.

Adenosine receptors and metabotropic glutamate receptors
(mGluRs) have long been recognized to be associated with pre-
synaptic inhibition of transmitter release (Zhang and Schmidt,
1999). To reveal the possible roles of these receptors in synaptic
transmission after ischemia, the effects of the nonselective
mGluR antagonist MCPG and the adenosine Al receptor antag-
onist DPCPX on fast EPSCs were examined before and after
ischemia. When MCPG (1 mm) and DPCPX (100 nm) were
applied to control slices, no obvious changes were found in the
amplitude of EPSCs, indicating that no tonic inhibition was
induced by endogenous mGIluR and Al receptor activation be-
fore ischemia. Four hours after ischemia, application of MCPG
produced no detectable changes, but application of DPCPX sig-
nificantly increased the amplitude of evoked EPSCs (Fig. 7). The
average amplitude increased =144 * 2.1% after DPCPX appli-
cation (n = 9; unpaired ¢ test; p < 0.01) compared with the
control one. However, application of DPCPX did not increase the
amplitude of evoked EPSCs at 24 hr after ischemia. These data
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Figure 6. Comparison of EPSCs elicited by a train of high-frequency
(100 Hz) stimulation and changes in NMDAR/AMPAR-mediated re-
sponses before and after ischemia. 47, Representative traces showing the
synaptic responses induced by a train of five stimuli before ischemia and
at 4 hr after reperfusion. The two traces were normalized to the same
amplitude of the first EPSCs to show the difference in the fifth/first EPSC
ratio between these traces (right). All traces are the average of six
consecutive recordings. A2, Pooled data showing the changes in EPSCs
during train stimuli. All amplitudes were normalized to the first EPSCs at
each recording. The fifth/first EPSC ratio was significantly higher at 4 hr
after ischemia compared with controls and at 24 hr after ischemia,
suggesting that the releasing probability of LA neurons was transiently
decreased shortly after ischemia. B, Parallel change in NMDAR-and
AMPAR-mediated responses before and at 4 hr after ischemia. BI, left,
Evoked EPSC in the presence of 20 um BMI and 2 um scopolamine
(Scop.), at the holding potentials of —80 mV and +60 mV, respectively.
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indicated that activation of the Al receptor was involved in the
reduction of fast EPSCs shortly after ischemia.

The decrease in excitatory transmission during energy deple-
tion has been attributed, at least in part, to ATP-dependent
potassium channels (K rp) (Ashcroft, 1988; Calabresi et al.,
1997a). To reveal the role of K, p in the changes in fast excita-
tory synaptic transmission after ischemia, the K,y p channel
blocker glybenclamide (10 um) was applied to the medium, and
no significant difference in EPSC amplitude was observed before
and after ischemia (109.4 = 0.8%, n = 9, controls; 101.6 * 1.5%,
n = 5, 4 hr after ischemia; 95.9 + 13.3%, n = 4, 24 hr after
ischemia) (Fig. 7C).

Ultrastructural changes in presynaptic terminals of

LA neurons

LA neurons receive excitatory inputs from the neocortex and
thalamus (Lapper and Bolam, 1992). Certain neurons in the
cortex and thalamus are vulnerable to transient cerebral ischemia
(Pulsinelli et al., 1982). To investigate whether decreased EPSC
amplitude after ischemia is caused by the degeneration of pre-
synaptic terminals, the morphology of presynaptic terminals was
examined at different intervals after ischemia. Approximately 6
hr after ~22 min of ischemia, most of the small- to middle-sized
neurons in the dorsal striatum displayed shrunken and electron
dense somata with many vacuoles in the cytoplasm. Many swollen
processes of astrocytes were observed in the neuropil. The neu-
rons with large somata, most likely LA neurons, remained intact
at this time. Asymmetrical synapses were found on the cell bodies
or dendrites of large neurons. No degenerating signs were ob-
served in most of these terminals and their postsynaptic targets. A
representative axosomatic synapse on a large neuron at 6 hr after
ischemia is shown in Figure 84. The postsynaptic membrane of
this synapse had a prominent coating of dense material on its
cytoplasmic face, and the presynaptic terminals contained a dense
pack of small round vesicles, indicating that this is an asymmet-
rical synapse and is excitatory in nature. At 24 hr after ischemia,
the small- to medium-sized neurons were further degenerated.
The plasma membranes were ruptured, and the organelles were
collapsed. The only intact structures were those of ischemia-
resistant interneurons, including L A neurons. Despite the normal
structure of dendrites and somata of these large neurons, some
terminals making synaptic contacts on these neurons showed
degenerating signs. Some of these terminals were electron dense,
and the fine structures within the terminals were obscured. Some-
times the swollen vesicles were visible in these dark terminals
(Fig. 8 B). Another type of degenerating terminal showed severely
swollen structures, but the presynaptic vesicles remained identi-
fiable (Fig. 8C). To quantitatively compare the changes in pre-
synaptic terminals at different intervals after ischemia, a total of
497 terminals at 6 hr after ischemia and 756 terminals at 24 hr
after ischemia were analyzed. Within a unit area (42.3 um?), the
terminals with intact structures were 18.6 = 0.5 per area, and the
dark terminals were 7.5 = 0.5 per area at 6 hr after ischemia (n =

«

Middle, Evoked AMPAR-mediated responses in the presence of BMI,
scopolamine, and 50 nm D-APV. Right, top trace, The NMDAR-mediated
response was obtained by subtracting the left two top traces. B2, left
histogram, Parallel decrease in NMDAR- and AMPAR-mediated re-
sponses after ischemia. Right histogram, Comparison of NMDAR-
mediated current with the AMPAR-mediated current ratio before and
after ischemia. No significant difference in NMDA/AMPA ratio was
detected between these two conditions. *p < 0.05; p < 0.01.
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Figure 7. Effects of mGIluR and adenosine Al receptor blockers on
EPSCs in LA neurons. A, Effect of bath application of the mGluR blocker
MCPG (1 mm) and the Al receptor DPCPX (100 nm) on the amplitude
of EPSCs 4 hr after ischemia. Application of MCPG has no effects on
EPSC amplitude, whereas DPCPX significantly enhances the EPSCs. The
insets are representative traces averaged from six recordings before and
after DPCPX application. B, The plotting showing the effects of DPCPX
on EPSCs before and after ischemia. DPCPX has no effect on EPSCs in
control neurons but enhances the EPSCs of LA neurons 4 hr after
ischemia. C, The plotting showing the effects of glybenclamide (10 uM) on
the evoked EPSCs from LA neurons. Glybenclamide had no obvious
effects on EPSCs before and after ischemia.
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19). No swollen terminals were observed at this time. Compared
with those at 6 hr after ischemia, the number of intact terminals
at 24 hr after ischemia was decreased to 5.1 * 0.8 per area (n =
25; unpaired ¢ test; p < 0.01), the dark terminals were increased
to 19.5 = 1.1 per area (p < 0.01), and the swollen terminals were
increased to 5.6 = 0.5 per area (p < 0.01). These changes
represented a significant increase in degenerated terminals from
16% at 6 hr after ischemia to 84% (20% swollen, 64% dark) at 24
hr after ischemia (Fig. 8D). The above ultrastructural studies
indicate that the neurons with large somata are resistant to
transient cerebral ischemia, and most presynaptic terminals in the
striatum remain intact at 4—6 hr after ischemia but show degen-
erating signs at 24 hr after reperfusion.

DISCUSSION

The present study has shown that transient forebrain ischemia
suppresses AMPAR-mediated EPSCs in LA neurons. Such sup-
pression results from the alterations of presynaptic rather than
postsynaptic components after ischemia. The decrease in release
probability mediated by adenosine Al receptors contributes, at
least in part, to the reduction of EPSCs at 4—6 hr after ischemia,
and the degeneration of presynaptic terminals is responsible for
the reduction of EPSCs at late time points after reperfusion. The
depression of excitatory neurotransmission might be one of the
mechanisms protecting LA neurons against transient global
ischemia.

Several lines of evidence, based on studies of hippocampal
neurons, suggest that enhancement of excitatory synaptic trans-
mission might cause neuronal injury, and that suppression of
excitatory synaptic transmission might be neuroprotective after
cerebral ischemia. Evoked EPSPs in ischemia-vulnerable CAl
neurons are potentiated after ischemia/hypoxia (Urban et al,
1989; Hori and Carpenter, 1994; Tsubokawa et al., 1994; Gao and
Xu, 1996; Gao et al., 1998a). In contrast, the slope and amplitude
of EPSPs in ischemic-resistant CA3 neurons and dentate granule
cells are reduced 12-36 hr after transient forebrain ischemia
(Gao et al., 1998b). Further supporting the notion that synaptic
depression is associated with neuronal survival after ischemia,
CALl neurons also exhibit a depression of synaptic transmission
after mild ischemia (~5 min) that does not cause neuronal
damage (Xu and Pulsinelli, 1994, 1996). In the neostriatum,
small- to medium-sized neurons, most likely spiny neurons, die
within 24 hr after transient forebrain ischemia, whereas interneu-
rons, including L A neurons, survive (Francis and Pulsinelli, 1982;
Pulsinelli et al., 1982; Chesselet et al., 1990). The incidence of
polysynaptic EPSPs was significantly increased in spiny neurons
after ~22 min of ischemia (Gajendiran et al., 2001), indicating
the facilitation of excitatory neurotransmission. When the isch-
emia duration was reduced to 5-8 min, which does not produce
cell death in the striatum, the synaptic transmission of spiny
neurons was transiently depressed (Xu, 1995). Recent studies
have shown that facilitation of synaptic transmission in the form
of LTP was induced from spiny neurons but not in LA neurons
after deprivation of oxygen and glucose in vitro (Calabresi et al.,
2002). Together with the above observations, the reduction of
EPSCs in LA neurons after ischemia indicates that the depres-
sion of excitatory neurotransmission also participates in neuro-
protection in the neostriatum after cerebral ischemia.

Several mechanisms might be involved in the depression of
synaptic transmission after ischemia: (1) a decrease in postsyn-
aptic responsiveness after ischemia, which might be caused by the
decreased receptor number or reduced receptor sensitivity,
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Figure 8. Electron micrographs show-
ing the changes in presynaptic terminals
after ischemia. 4, An electron micro-
graph taken from the dorsal striatum at
6 hr after ischemia showing an axoso-
matic synapse (arrow). The postsynaptic
membrane is thicker than the presynap-
tic one, indicating that this is an asym-
metrical synapse. The presynaptic
terminal contains many round vesicles.
The postsynaptic target is the soma of a
large neuron, most likely a LA neuron,
with intact cytoplasmic organelles. Next
to this synapse are swollen processes of
spiny neurons or astrocytes (asterisk). B,
Electron micrograph showing the
degenerating synapses in the dorsal
striatum at 24 hr after ischemia. Two
degenerating synapses are filled with
electron-dense materials. The dense
postsynaptic membrane of one synapse
(arrow) is still visible, indicating that
this is an asymmetrical synapse. The
synaptic vesicles of the other dark ter-
minal are swollen. C, Electron micro-
graph showing an example of another
type of degenerating terminal in the
striatum 24 hr after ischemia. The ter-
minal is enlarged dramatically with
swollen mitochondria (arrowhead). A
cluster of presynaptic vesicles (arrow) is
located in the center of the terminal. D,
Quantitative comparison of presynaptic
terminals in the dorsal striatum at 6 and
24 hr after ischemia. Left, Histogram
showing the number of terminals
counted in a unit area (42.3 pum?/field).
Compared with that at 6 hr after
ischemia, the number of terminals with
normal appearances in a given area
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significantly decreases, and the number
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increases at 24 hr after ischemia. No swollen terminals are observed at 6 hr after ischemia. Right, Comparison of percentage change of terminals in the
dorsal striatum at different intervals after ischemia. The degenerated terminal significantly increases from 16% at 6 hr after ischemia to 84% at 24 hr

after ischemia. * ™%

and (2) a reduction of presynaptic function, which might result
from a decrease in release probability or in the number of active
synapses. A differential sensitivity of the presynaptic and postsyn-
aptic component to ischemia/hypoxia has been noticed for some-
time. Because presynaptic impulses persisted, whereas postsyn-
aptic potentials were depressed in the hippocampus by hypoxia, it
was believed that hypoxia-induced synaptic depression was pri-
marily caused by postsynaptic changes (Kass and Lipton, 1982;
Urban et al., 1989; Lee et al., 1991). However, studies using more
sensitive techniques suggested that the hypoxia-induced depres-
sion was caused by presynaptic alterations. The IPSPs and EPSPs
were depressed during hypoxia without obvious change in
postsynaptic responses to focal application of GABA or quis-
qualic acid (Krnjevic et al., 1991; Rosen and Morris, 1993), and
the mean amplitude of spontaneous miniature EPSCs was not
affected by hypoxia at a time when the evoked synaptic responses
were almost completely inhibited (Hershkowitz et al., 1993). In
the present study, several lines of evidence indicate that postsyn-
aptic mechanisms are not involved in the reduction of EPSCs
after ischemia. First, the amplitude of AMPAR-mediated EPSCs
in LA neurons was significantly reduced by =24 hr after ischemia,
whereas the response to exogenous glutamate remained the same
as that before ischemia. Second, the desensitization character of
AMPARSs does not change after ischemia, because application of

p < 0.01 compared with its counterpart at 6 hr after ischemia.

CTZ, an agent that selectively blocks AMPAR desensitization
(Bertolino et al., 1993), had similar potency on EPSCs of control
as well as ischemic neurons. Third, the decay time constant of
EPSCs after ischemia was the same as that of control neurons,
further suggesting that the desensitization of AMPARs does not
contribute to the reduction of EPSCs in LA neurons after isch-
emia. However, evidence strongly indicates that the presynaptic
release probability has been transiently altered and is responsible
for the reduction of EPSCs after ischemia. High-frequency stim-
ulation depletes the release pool of synaptic terminals so that the
amplitude of consecutive EPSCs progressively decreases (Wang
and Kaczmarek, 1998; Bellingham and Walmsley, 1999; Scheuss
et al., 2002). The alteration of fifth/first EPSC ratio in different
experimental conditions suggests the change in release probabil-
ity. The high (or low) release probability results in fast (or slow)
depletion of the releasing pool and, therefore, the low (or high)
fifth/first EPSC ratio. The fifth/first EPSC ratio of LA neurons at
4-6 hr after ischemia was significantly higher than those of
controls and at 24 hr after reperfusion, suggesting that the release
probability transiently decreases shortly after ischemia. Despite
the fact that the paired-pulse experiment with an interstimulus
interval of 50 msec failed to show a significant change in PPR
after ischemia, the ratio of second/first EPSC in high-frequency
train stimulation (interstimulus interval of 10 msec) at 4 hr after
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ischemia was significantly higher than that seen for controls and at
24 hr after ischemia (Fig. 6.42). In addition, a parallel decrease in
NMDAR- and AMPAR-mediated responses was observed after
ischemia, indicating the decrease in transmitter release from
presynaptic terminals 4 hr after ischemia. However, the present
study could not exclude other presynaptic or postsynaptic factors
that might also contribute to this short-term plasticity (Scheuss et
al., 2002).

Adenosine is a modulator that has broad actions on neuronal
activities (Song et al., 2000; Dunwiddie and Masino, 2001). It has
inhibitory effects on the release of neurotransmitter, especially in
glutamatergic systems (Dunwiddie and Hoffer, 1980; Kocsis et al.,
1984). Extracellular adenosine significantly increases after isch-
emia/hypoxia (Winn et al., 1979; Latini et al., 1998), and activa-
tion of Al receptors plays an important role in the depression of
excitatory synaptic transmission after ischemia (Fowler, 1989;
Katchman and Hershkowitz, 1993; Tanaka et al., 2001), which
offers neuroprotection against the insult (Hsu et al., 1994; Mitch-
ell et al., 1995). In the present study, the Al receptor antagonist
DPCPX had no effects on EPSCs in control conditions but
strongly facilitated the EPSCs of LA neurons at 4—6 hr after
ischemia, suggesting that by activation of Al receptors, adenosine
contributes, at least in part, to the reduction of EPSCs in LA
neurons at early time points after ischemia. The inhibitory effects
of adenosine on spiny neurons have also been reported in corti-
costriatal synapses and in GABAergic synapses during anoxia/
aglycemia (Calabresi et al., 1997a,b; Centonze et al., 2001).
However, different from the present study, these authors have
shown that adenosine has endogenous tonic inhibition in control
conditions, and paired-pulse facilitation has been observed in
these studies. Besides the difference in cell type, one of the
possible explanations for these discrepancies is the difference in
afferent fiber pathway. L A neurons are predominantly innervated
by fibers from the thalamus (Lapper and Bolam, 1992). Thus, the
EPSCs in the present study are mediated primarily by thalamo-
striatal synapses, whereas the synaptic transmission in other
studies is mediated by corticostriatal or GABAergic synapses.

Based on the above observations, transient changes in presyn-
aptic components, most likely by activation of adenosine Al
receptors, may account for the reduction of EPSCs in LA neu-
rons at 4—6 hr after ischemia. However, the amplitude of EPSCs
remained reduced at 24 hr after ischemia, whereas the release
probability returned to control levels, suggesting that other mech-
anisms must be involved in the synaptic depression at late time
points after reperfusion. The excitatory inputs to LA neurons are
from the cerebral cortex and thalamus (Lapper and Bolam, 1992).
The neurons in the cortex and thalamus die within 24 hr after
~15 min of forebrain ischemia (Pulsinelli et al., 1982). The
forebrain ischemia induced in the present study lasts for ~22 min,
and the ischemia-vulnerable neurons in the cortex and thalamus
certainly have died at 24 hr after reperfusion. EM examination
has found that most of the presynaptic terminals in the striatum
are degenerated at 24 hr after ischemia, suggesting that the
reduction in excitatory inputs attributable to degeneration of
presynaptic terminals is the major cause of EPSC reduction in LA
neurons at 24 hr after ischemia. The ultrastructure of most
presynaptic terminals remains intact at 4—6 hr after ischemia,
suggesting that the reduction of EPSCs in LA neurons at early
time points after ischemia is primarily caused by the transient
malfunction of the presynaptic components rather than the struc-
tural damages.

Pang et al. « Depression of EPSCs in LA Neurons after Ischemia
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