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Glycolysis Prevents Anoxia-Induced Synaptic Transmission Damage
iIn Rat Hippocampal Slices

GUO-FENG TIAN AND ANDREW J. BAKER
Traumatic Brain Injury Laboratory, Cara Phelan Centre for Trauma Research and the Department of Anaesthesia,
St. Michael's Hospital, University of Toronto, Toronto, Ontario M5B 1W8, Canada

_Tian, Guo-Feng_ and And_reV\_/ J. Baker.Gchonsis_prevents anoxia- malian CNS (Barinaga 1997; Nelson et al. 1968). Althouph
induced synaptic transmission damage in rat hippocampal slicesmany investigators have examined the changes in the intripisic
Neurophysiol.83: 1830-1839, 2000. Prolonged anoxia can cau embrane properties during anoxia (Belousov et al. 19p5:

permanent damage to synaptic transmission in the mammalian CNS. ) : o
We tested the hypothesis that lack of glucose is the major cause *ed et al. 1995; Hershkowitz et al. 1993; Jiang and Haddad

irreversible anoxic transmission damage, and that anoxic synapke94; Krnjevicand Leblond 1989; Zhang and Krnjevi®93)
transmission damage could be prevented by glycolysis in rat higdd protection against anoxic damage (Clark and Rothman
pocampal slices. The evoked population spike (PS) was extraceth887; Fried et al. 1995; Schurr et al. 1995), few papers have
larly recorded in the CA1 pyramidal cell layer after stimulation of theddressed the issue of the energy supply during anoxia (Gr'@g
Schaffer collaterals. When the slice was superfused with artificighq Anderson 1989: Lipton and Whittingham 1982; Schurr g
cerebrospinal fluid (ACSF) containing 4 mM glucose, following 1%“_ 1987; Zhang and Krjevid993) even though glucos

>
min anoxia, the evoked PS did not recover at all after 60 mip~ " fi ¢ ient t f iE
reoxygenation. When superfusion ACSF contained 10 mM glucog privation causes transient or permanent l0Ss of neur '?

with or without 0.5 mMa-cyano-4-hydroxycinnate (4-CIN), after 60 functions (Fowler 1993; Shoji 1992; Wada et al. 1997).

min reoxygenation the evoked PS completely recovered following 10 There are discrepant conclusions arising from the result
min anoxia. When superfusion ACSF contained 20 mM glucose wigtudies on either mechanisms or the dose response of ar
or without 1 mM sodium cyanide (NaCN), after 60 min reoxygenatiophjury in brain slice preparations. For example, after 10 nj

the evoked PS completely recovered even following 120 min anoxignoxia there was almost no recovery of CA1 synaptic tra

In contrast, when superfusion ACSF contained 4 mM glucose, f%ission in slices from young and adult rats (Kass and Lipt

lowing 10 min 1 mM NaCN chemical anoxia alone, without anox&%) . f > . . .
anoxia, the evoked PS displayed no recovery after 60 min reoxyger?89); in contrast, after up to 20 min anoxia, synaptic tra

ation. Moreover, when 16 mM mannitol and 16 soditsiactate were Mission almost completely recovered (Grigg and Anders
added into 4 mM glucose ACSF, following 10 min anoxia the evoketi989). We suggest that the concentration of glucose in
PS failed to recover at all after 60 min reoxygenation. The resubgtificial cerebrospinal fluid (ACSF) is a critical factor. Th
indicate that elevated glucose concentration powerfully protected #6ncentration of glucose in ACSF varied from 4 mM (Fried
synaptic transmission against anoxic damage, and the powerful PEP- 1995: Kass and Lipton 1982, 1986, 1989; Lipton a

tection is due to anaerobic metabolism of glucose and not a resul -~ |
the higher osmolality in higher glucose ACSF. We conclude that la Flttlngham 1979, 1982), 7 mM (Clark and Rothman 198

of glucose is the major cause of anoxia-induced synaptic transmissith MM (Belousov et al. 1995; Hershkowitz et al. 1993; Jiap
damage, and that if sufficient glucose is supplied, glycolysis cound Haddad 1994; KrnjeViand Leblond 1989; Schurr et al
prevent this damage in vitro. 1987; Zhang and KrnjeVit993), 11 mM (Fujiwara et al. 1987
Grigg and Anderson 1989; Shoji 1992), and up to 25
(Jiang and Haddad 1994). This has usually been neglect
INTRODUCTION discussions of discrepant experimental results of in vitro stpd-
ies (i.e., Fujiwara et al. 1987; Jiang and Haddad 1994; Kassjand

Neurons in the mammalian CNS may be functionally iy, 1989) In this study, we demonstrate that variations|in
paired following anoxic exposure (Fujiwara et al. 1987; Kas in

and Lipton 1982, 1986, 1989: Krniéviand Leblond 1989: glucose cc_)ncentrations may account for the. difference
Lipton gnd Whittingham 1979). Ano>](ia for 10—15 min in vivoreSUItS (Grigg and Anderson 1989; Kass and Lipton 1989) and

causes irreversible morphological (Pulsinelli et al. 1982; Vdhat glucose powerfully protects synaptic transmission agajnst
Lubitz and Diemer 1983) and functional (Keykham et al. 197§1nOX|a-|nduced damage in vitro.

Smith et al. 1983) damage to brain tissue. Anoxia for 10 miéFA"hough some investigators (Grigg and Anderson 1989;
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in vitro also leads to irreversible loss of synaptic transmissigrEhU!T et al. 1987) have noted that increased glucose congen

(Kass and Lipton 1982, 1986, 1989; Lipton and Whittingha ations in ACSF improved recovery of neuronal function fro
1979). ' ' ' anoxic challenge, the duration of anoxia has never exceedef 6(

Because little glycogen is stored in brain tissue, a continuofia” " bra|r; si!|ces. %ﬁjrAgagglts S?O.W. that f_;,.uper;‘usllon of
supply of glucose is crucial for neuronal function in the ma lippocampal Slces wit containing sufficient giucose
sustains partial synaptic transmission during anoxia and |en-

The costs of publication of this article were defrayed in part by the payme?lpreS Its rapld recovery after hypOXIa is terminated. These

of page charges. The article must therefore be hereby maskhaftisemerit  results demonstrated that during anoxia, lack of glucose |m-
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ pairs synaptic transmission. If sufficient glucose is supplied

1830 0022-3077/00 $5.00 Copyright © 2000 The American Physiological Society
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during anoxia, synaptic transmission is partially supported and 1 hour 2 hour 3 hour
completely protected by glycolysis.

METHODS

<

4{\ /{\
Male Sprague-Dawley rats (150—200 g) were anesthetized with *

2.0-2.5% halothane in oxygen (Tian et al. 1999) and decapitated.

Hippocampal slices from rat brains were prepared as described = §

previously (Zhang et al. 1998). The brain was immediately re- E ) - -

moved and maintained in an ice-cold ACSF for 3-5 min before -5

slicing. The brain was mounted on an aluminum block and trans-

versely sliced {400 um) in ice-cold €3°C) ACSF using a

vibratome (series 1000, Technical Products International, St. s 93

Louis, MO). Slices then were kept in oxygenated ACSF at room ES —

temperature (22-23°C) for at least 1 h before the experiment and <2

not more tha 8 h after slice preparation. The composition of the o

ACSF is (in mM) 126 NacCl, 3.0 KClI, 1.4 KkKPO,, 2.4 CaC}, 1.3

MgSQO,, 26 NaCQ, and 4 glucose (Kass and Lipton 1989), pH 7.4 4 mM glucose

at 365i 0.500 When aerated Wlth 95%26% Cq [ O O O
For electrophysiological recording, the slice was placed in a super- :_,__‘_::___‘:;____;M""

fusion chamber, which was closed up like a box by adding removable 6

plates, and only a small slit remained, which gave access to the 3 10 mM glucose

electrodes. The slice was fully submerged in the superfusion chamber 2 . § R

and continuously superfused (7—8 ml/min) with ACSF equilibrated E_E ey e e e e et e pting

and continuously bubbled with 95%,8% CO, (Zhang et al. 1998). g =~ 6 - ot

Humidified, warmed 95% ©5% CO, was blown over the chamber to »

ensure a warm oxygenated local environment (Zhang et al. 1998). All o oo MM glucose -

recordings were made at slice temperature of 36-37°C. To achieve a I it el S

stable experimental temperature, the ACSF was warmed up before it 6 Sacestetasonstose -

superfused the slice using a water bath controlled by a temperature T T | T T I ‘

controller, and the temperature of the ACSF in the superfusion cham- 0 30 60 90 120 150 180

ber was continuously monitored using a YSI 4600 series precision Time (min)

thermometer with a micro YSI 451 temperature sensor (YSI, Yellow ) o
Springs, OH). The slice was made “anoxic” by superfusing them withF'c: 1. Extracellular recordings were kept stable for ath inartificial
ACSF preequilibrated and continuously bubbled with 95%5% cerebrospinal fluid (ACSF) without anoxic challengés.recordings were

e o o obtained from the CA1 pyramidal cell layer after stimulation of the Schaf]
CO;, and humidified, warmed 95%6% CO, was blown over the oflaterals at 1, 2, ah3 h in ACSF containing 4, 10, and 20 mM glucose.

chamber to ensure a warm oxygen-free local environment. F'ej ulation artifacts; 1 , presynaptic volley (PV), representing action pote
potentials were recorded extracellularly through glass pipettes fillggls from the axonal terminals of the Schaffer collaterals; *, population sp
with 150 mM NaCl (tip resistance of 2-3®), and the electrode was (PS), consisting of the synchronized firings of postsynaptic neurons.
placed in the somatic layer of the CA1 region. Signals were recordedordings are shown in the same scaisplots of PS amplitude vs. time
using an Axopatch 200B amplifier (Axon Instrument, Foster Cityyhen the slice was superfused with ACSF containing 4, 10, and 20 1
CA), and data were stored and analyzed with pCLAMP softwagiucose (2 data obtained from each glucose concentration in ACSF), indica
(version 6.0.4, Axon Instrument). that recordings were kept stable for up to 3 h.
Electrical stimulation of Schaffer collaterals was performed using a ) ) o
bipolar tungsten electrode placed in the stratum radiatum of CAQ0, and 120 min) of anoxia, except ACSF containing 4 or 20 m
Stimulation pulses of constant current (0.2—0.5 mA, 0.1 ms) wegicose plus 1 mM NaCN, which were superfused only during ano
generated by a Grass S88 stimulator (Grass Instrument, West Wathis case ACSF containing 4 or 20 mM glucose without NaCN
wick, RI) and delivered through an isolation unit (PSIU6) every 30 §uperfused for 15 min before anoxia and during 60 min reoxyg
The extracellular postsynaptic orthodromic responses started witR#n. Recovery of synaptic transmission was assessed by expre
small downward stroke (arrows in FigAljust after the stimulus the 1-h postanoxic PS amplitude as a percentage of control (pr
artifact, the presynaptic volley (PV) (Fried et al. 1995). The PV wa&ic) amplitude. o _
followed by an upward waveform [field excitatory postsynaptic po- All data are expressed as group meanSD. Significance levels in
tential (fFEPSP)]. During the fEPSP, there was a sharp downwzRl cases were determined by Studertitest.
stroke, the postsynaptic population spike (PS; asterisk in FAg. 1
(Fried et al. 1995). The PS amplitude was evaluated by calculating @E SULTS
voltage difference between the negative peak and the positive one
preceding it. _ o _Extracellular recordings of evoked responses
To examine the effect of glucose on synaptic transmission during
and after anoxia, S.lices were superfused with ACSF that Containeq:igure 1A shows the Synaptic responses recorded from
different concentrations of glucose. In one set of experiments, glucqsg q pyramidal cell layer after electrical stimulation of th

concentrations were 4, 10, and 20 mM. In another series, glucose thaffer collaterals when the slice was superfused with AC
used in combination with other chemicals [4 mM glucose plus 16 m L
containing 4, 10, and 20 mM glucose. The responses W

mannitol, 4 mM glucose plus 16 mM sodiurdactate, 4 mM glucose ~. . . .
plus 1 mM sodium cyanide (NaCN), 10 mM glucose plus 0.5 m,\§|m_|lar to those repor_ted previously (Fried et al. 1995). T
a-cyano-4-hydroxycinnate (4-CIN), 20 mM glucose plus 1 mMypical response consists of three parts: the PV, the fEPSP,

NaCN]. Different ACSFs were superfused for 15 min before anoxif)e PS. The PV is a small downward stoke (arrow in Fig) 1

during anoxia, and 60 min reoxygenation after different durations (1joist after the stimulus artifacts (Fried et al. 1995), representing
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action potentials from the axonal terminals of the Schaffer Prior to anoxia Atthe endof  Atthe end of 60 min
collaterals. The fEPSP is an upward waveform just after the 10 min anoxia reoxygenation
PV. The PS is a sharp downward stroke during the fEPSP [\

(Fried et al. 1995), consisting of the synchronized firings o ""."‘ e e
postsynaptic neurons, its magnitude largely determined by the J2mv
number and synchronization of their firings (asterisk in Fig. 2ms
1A). The extracellular recordings were stable for up to 3 h
when the slice was superfused with ACSF containing 4, 10, 10 mM Glucose
and 20 mM glucose in normal conditions without any anoxic 07 s
challenge (Fig. B). The maximal PS amplitudes averaged
7.1 £ 1.3 mV (meant SD, range 5.0-13.0 m\fj = 86).

-

Anoxia

-
o o
o
|

50

o
|

Normalized PS
amplitude (%)

T T T T T T
. _ o 0 15 30 45 60 75
When the slice was superfused with ACSF containing 4 mM Time (min)

glucose, the PV was abolished within 5 min after introduction

of anoxia (1 = 6; Fig. 2A). However, it persisted throughout 10 Prior to anoxia Atthe end of  Atthe end of 60 min
min (n = 6; Fig. 3A) and 60 min (1 = 7; Fig. ) of anoxia at 60 min anoxia reoxygenation
10 mM glucose; it also persisted throughout 60 min= 6; C 1 I——— 1

Fig. 4A) and 120 min if = 6; Fig. 4C) of anoxia at 20 mM ¢ o ° J2mv
glucose. Thus severe prolonged anoxia did not impair the oms
ability of Schaffer collaterals to be excited and conduct action

Effects of anoxia on evoked responses

10 mM Glucose
—_—

-
)]
L

Prior to anoxia At th_e end c_uf At the end of 6_0 min
10 min anoxia reoxygenation

A '*:V\ -~
_2mv

2ms

Anoxia

N
o
o
|
-
!

O

A

Normalized PS
o o
| |

amplitude (%)

T T T T T T
4 mM glucose 15 75 ?0 .105 120 135
150 e Time (min)
Anoxia Fic. 3. Recovery of synaptic transmission after 10 min anokiar{dB) or
60 min anoxia C and D) at 10 mM glucose in ACSF. Recordings wer
50 obtained before anoxia, at the end of 10 min anoRjrar 60 min anoxia )
and at the end of 60 min reoxygenatiordrandC. e (in A andC), stimulation
0 artifacts. Normalized PS amplitudes were obtained during 15 min bef
anoxia, during 10 min anoxigBj or 60 min anoxia D), and during 60 min
0 15 30 45 60 75 reoxygenation irB andD. The PS completely recovered after 10 min anox
Time (min) or partially recovered after 60 min anoxia at 10 mM glucose in ACS
indicating that glucose at 10 mM in ACSF protected synaptic transmisg
against damage by 10 min anoxia and even 60 min anoxia. Error bars repr
SD (5-min intervals).

0 _"‘\/_/“" potentials when the slices were superfused with ACSF ¢
-4 taining 10 or 20 mM glucose.
At 4 mM glucose, the fEPSP in all slices completely disa

o

100

amplitude (%)

vy}
Normalized PS

4 e noxia Anoxia __Anoxia

(mv)

@)
DC shifts

0 At 10 mM glucose, however, the fEPSP in some slices did
_'”\// disappear during 10 min (2 of 6) and 60 min (2 of 7) anoxia
-4 all (Table 1); the fEPSP in some slices disappearec &t 8
min after introduction of anoxia, but the fEPSP in some slig
recovered later during anoxia (Table 1). Similar to those at
mM glucose, at 20 mM glucose, and during 60 and 120 n
anoxia, the fEPSP in some of slices did not disappear at
Fic. 2. Recovery of synaptic transmission after 10 min anoxia at 4 mghroughout the duration of anoxia (FigA5Table 1); the fEPSP
glucose in ACSFA: recordings were obtained before anoxia, at the end of 38, some slices disappeareed4—10 min after introduction of
min anoxia and at the end of 60 min reoxygenatmrstimulation artifactsB: ia b he fEPSP i l dl d
normalized PS amplitudes were obtained during 15 min before anoxia, durﬁBOX!a' _Ut the In some s '?es recovere at_er u
10 min anoxia, and during 60 min reoxygenation. The PS did not recovéfloxia (Fig. B, Table 1). The retention of the fEPSP in son
indicating irreversible damage to synaptic transmission by 10 min anoxia aglices (Fig. ) and its reappearance in others (Fig) Sluring
mM glucose in ACSF. Error bars represent SD (5-min interv&@lspC shifts  gnoxia at 10 or 20 mM glucose, particularly at 20 mM glucol

were obtained during 10 min anoxia in 6 slices (30-s intervals). Anoxig, .. ; : P :
depolarization occurred within 2-5 min after the introduction of anoxia iﬁqung anoxia IaStmg 120 min, indicated that presynaptic

every recording at 4 mM glucose in ACSF, indicating the ion gradients acrdd&nals could still be. excited and could retain.the ability
neuronal membrane were severely disturbed. release neurotransmitters, and that postsynaptic membran

Time (min)

4 gginoxia o Anoxia o Anoxia peared at~2—4.5 min after introduction of anoxia (Table 1}.

114
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. ) At the end of At the end of 60 min 3 min 5 min 30 min
Prior to anoxia

60 min Anoxia reoxygenation
A - —p—— —"V\ ‘*'WW ““"W e "H‘lww
° ] )
° ° °

J2mv
2ms
20 mM Gl A 60 min 90 min 120 min
m ucose
2 T 150 m—
- < Anoxia M ”’q "“]
.g % 100 [ . ° JO.5 mV
B = g 50 3 ms
£=
£ g- :
g ] 0 | | | | | , 3 min 60 min 90 min

0 2 & (m1i?3 120 140 MWMNW WW‘WM NTW

. . At the end of At the end of 60 min
Prior to anoxia

120 min Anoxia reoxygenation B
C - | S—— - 100 min 110 min 120 min
L] [} [}
g g 09
2ms o ) o __|0.5 mv

0~ 20 mM Glucose 3 ms 8

o s 150 oo FIc. 5. Synaptic transmission partially supported by glycolysis during 12%

S o 100 Anoxia e min anoxia at 20 mM glucose in ACSR: persistence of PV and field| =

D NT T4t excitatory postsynaptic potential (fEPSB). persistence of PV with loss and £
®E 50 eventual reappearance of fEPSP. Numbers indicate time (min) after stajtapf

§ = anoxia.e, stimulation artifacts. Persistence of PV and fEPSP or the fEPSf(
2 E 0 reappearance during anoxia indicates that the synaptic transmission is partialy

! ' ' ' ' ' maintained, and the glycolysis of glucose partially supported the synapfie

0 20 140 160 180 200 transmission during such prolonged up to 120 min anoxia at 20 mM glucoseh

Time (min) ACSF. s

FIG. 4. Recovery of synaptic transmission after 60 min ana&iar{dB) or . . . . E
120 min anoxia € and D) at 20 mM glucose in ACSF. Recordings wereN = 6) after introduction of anoxia (Fig.@. The occurrence %
obtained before anoxia, at the end of 60 min anoAjeof 120 min anoxia€),  of anoxic depolarization indicated that the ion gradients acrpigs
and at the end of 60 min reoxygenationAnandC. e (in A-C), stimulation neuronal membrane were severely disturbed. However, at 11001

artifacts. Normalized PS amplitudes were obtained during 15 min bef : ot "
anoxia, during 60 min anoxiaBf or 120 min anoxiaD), and during 60 min Fomm glucose' anoxic dep0|arlzatlon was not observed durf

reoxygenation irB andD. PS was fully restored after 60 min anoxia and everdtO, 60, and even .120 min anoxia. Anoxic deDOIfarization W
120 min anoxia at 20 mM glucose in ACSF, indicating that glucose at 20 mRiot observed during 10, 60, and even 120 min of anoy
in ACSF virtually prevented synaptic transmission against damage by 60 mjnggesting that the extracellular potassium concentration
anoxia and even 120 min anoxia. Error bars represent SD (5-min intervalg}a|| maintained in ACSF containing 10 or 20 mM glucose
ceptors retained the ability to respond to released neurotrans- ) o _ _
mitters. Recovery of synaptic transmission following anoxia

The PS was always depressed~&2.5—-1.5 min and com-

R D)

n

1002 '0Z®

Table 2 summarizes the PS recovery after different duratipn

pletely abolished within 3 min after the introduction of anoxigt anoxia in the presence of different concentrations of glucpse
regardless of glucose concentratidh>f 0.05; Figs. 2—4). ?ﬁd combinations in ACSF.

At 4 mM glucose, the anoxi_c depolarization (Rober'gs an
Sick 1988) always occurred within 2-5 min (3:3 0.8 min, Effect of glucose concentration on recovery of synaptic

TABLE 1. Effect of anoxia on fEPSP at different glucose transmission following anoxia
concentration in ACSF

(2]

When the slice was superfused with ACSF containing 4 mM

fEPSP Abolished glucose, following 10 min anoxia, although the PV recovergd

Glucose,  Anoxia, fEPSP (Fig. 2A), PS displayed no recovery after 60 min reoxygenation
mM min Sustained*  Time, mint n  Recovery: (Fig. 2, A and B, and Table 2). This indicated that synapt|c
transmission was completely damaged by 10 min anoxia qt 4
1?') ig cz) 23{ (1’-2 2 8 mM glucose in ACSF. However, when anoxia was terminated
10 60 5 54+ 1.8 5 5 at 30 s after anoxic depolarization occurred, the PS sloyly
20 60 2 5.1+ 1.3 4 2 recovered within 2—7 min (4.2 1.8 min, n = 7) after
20 120 1 7.5+ 25 5 4 reoxygenation (Fig. 6A andB). Its recovery at the end of 6(

- _ _ _min reoxygenation was 34 15% (O = 7). At 4 mM glucose
Values in Time are meang SD; n is number of slices. fEPSP, field ;

excitatory postsynaptic; ACSF, artificial cerebrospinal fluid. * Number olfn ACSF, the PS did partlally recover when anoxia was terti-

fEPSPs persisting throughout anoxia. T Time to fEPSP abolition after intgated at 30 s after the occurrence of anoxic depolarization,
duction of anoxia. ¥ Number of fEPSPs reappearing during anoxia. indicating anoxic duration after the occurrence of anoxic de-



http://jn.physiology.org

1834 G.-F. TIAN AND A. J. BAKER

TABLE 2. Effect of glucose concentration on PS recovery after anoxia

Glucose, mM Addition Anoxia, min n Recovery Start, min* Final Recovery, %
4 10 6 0
10 10 6 3.0 0.7 105+ 14
10 60 7 3.0-1.6 91+ 27
20 60 6 2.1+ 0.9 119+ 25
20 120 6 1.8+ 0.6 112+ 12
4 16 mM mannitol 10 6 0
4 16 mM NaL-lactate 10 6 0
20 1 mM NaCN 120 6 2506 118+ 9
10 0.5 mM 4-CIN 10 6 2.4-0.3 107+ 6
10 0.5 mM 4-CIN 60 6 2.3:0.8 100+ 13

Values in Recovery Start and Final Recovery are mear8D; n is number of slices. PS, population spike; NaCN, sodium cyanide;-Matate, sodium
L-lactate; 4-CIN,a-cyano-4-hydroxycinnate. * Time of PS recovery after start of reoxygenation. T PS amplitude as percent of control at the end of| 60
reoxygenation.

polarization was strongly correlated with the degree of recolffect of superfusion rate on recovery of synaptic
ery of synaptic transmission following anoxic challenge.  transmission following anoxia

When the slice was superfused with ACSF containing 10 ) _ _ )
mM glucose, following 10 min anoxia, the PS rapidly re- The superfusion rate varied from 1-2 ml/min (Khazipov
covered within 2.0-4.0 min after reoxygenation (Fig@ 32 1993; Shurr et al. 1987), 4-5 ml/min (Takata and Ok3
and Table 2), and its recovery at the end of 60 min reox 995), 7-9 mi/min (Fujiwara et al. 1987), 25-35 mi/min (Ka

. . nd Lipton 1982; Lipton and Whittingham 1982), up to 60—]
genation was 105 14% (Fig. 3,A and B, and Table 2). /min (Fried et al. 1995; Kass and Lipton 1986) at differe

o

3 N UJ
aveq”

This sutggdests thatt glucos? a: 10 mMiin subpe1r1(‘)u5|on AC boratories. Because the anoxic depolarization is very t oR-
prevents damage to synaptic transmission by 19 min an0Xig, + i the slices (Fig.@), the potassium might be washed o J@:

the superfusion rate of 7—8 ml/min. To evaluate this pos

ki

1.5-6.0 min after reoxygenation (FigD3and Table 2), and pjity the slices were superfused at a slower flow rate~&t )
its recovery at the end of 60 min reoxygenation was®1 y/min superfusion rate, the results were similar to those at tfe
27% (Fig. 3,C andD, and Table 2). Thus even following 60syperfusion rate of 7-8 ml/min. When slices were superfused
min anoxia, glucose at 10 mM in ACSF still protects synwith ACSF containing 20 mM glucose at2 ml/min (1.8-2.2 |'§
aptic transmission from irreversible damage. ml/min), following 120 min anoxia, the PS still rapidly recoj-S

When the slice was superfused with ACSF containing 2§ted within 1.0-3.0 min after reoxygenation (Fi@®)7and its |<
mM glucose, following 60 min anoxia, the PS rapidly recovrecovery at the end of 60 min reoxygenation was ¥149% | @
ered within 1.0-3.5 min after reoxygenation (Fig8 4nd (n = 6; Fig. 7,A andB). However, the PS was abolished at ég
Table 2), and its recovery at the end of 60 min reoxygenatistower rate after introduction of anoxia when slices weqré
was 119+ 25% (Fig. 4,A andB, and Table 2). Even following superfused at the slower flow rate (3.0-5.0 min vs. 2.0—3@
120 min anoxia, the PS rapidly recovered within 1.0-2.5 mimin). This indicated that when the slice was superfused with
after reoxygenation as well (Fig.D4and Table 2), and its ACSF containing 20 mM glucose, the superfusion rate did 6t
recovery at the end of 60 min reoxygenation was #122% affect recovery of synaptic transmission following 120 mjr
(Fig. 4,C andD, and Table 2). This indicated that the 20 mMRNOXIa. S
glucose provided virtually complete protection against anoxia-
induced damage to synaptic transmission by prolonged anogiflect of metabolism on recovery of synaptic transmission
even up to 120 min. following anoxia

Our recordings were made at least 16® below the upper

Effect of osmolality on recovery of synaptic transmission surface of the slice. In this region during anoxia, no oxyger is

following anoxia available to neurons (Fujii et al. 1982; Fujiwara et al. 1987). [fo
confirm the absence of oxygen during anoxic challenge, the

The protection of synaptic transmission during anoxia bpllowing experiments were performed. First, if during anoxja
higher glucose concentration could be due to higher osmolalitbe tissue was able to acquire some oxygen, lactate couldl bg
in ACSF (Huang et al. 1996) rather than the glucose itself. Tused to produce ATP via aerobic metabolism, and then proyide
evaluate this possibility, 16 mM mannitol was added inteome protective effect on synaptic transmission against anpxic
ACSF containing 4 mM glucose to yield an ACSF with amlamage. Therefore 16 mM sodiurdlactate was added intg
osmolality equal to that of ACSF containing 20 mM glucoséACSF containing 4 mM glucose, to confirm whether aerolpi

indicated that the protection against anoxia-induced disruptiogoxygenation (Fig. 7C andD, and Table 2), suggesting thgt
of synaptic transmission was due to glucose itself, not to hightte production of ATP via aerobic metabolism of glucose
osmolality. during anoxia (with consequent protection against anoxia) was

ull
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Prior to anoxia

S0secafter AD  reoxygenation ical anoxia alone without anoxic anoxia for 10 min at 4 mM
A — —— -y glucose. When the slice was superfused with ACSF contairfing
° ¢ ¢ 4 mM glucose, following 10 min 1.0 mM NaCN chemicgl
_l2mv anoxic challenge, the PS failed to recover after 60 min reoky-
2ms genation § = 6; Fig. 8, C and D). Therefore the cyanide
_ endangered the slice preparation, and 10 min 1.0 mM NaCN
D = 150 ) e RO s chemical anoxia alone without anoxic anoxia could completgly
s Anoxia damage the synaptic transmission in 4 mM glucose bicarbon-
B gg 10 ate/CQ ACSF. These results also confirmed that the protectjon
E %_ 50 W afforded by glucose was not due to ATP produced via aerdbic
5E o metabolism during anoxic challenge.
ze® T —r T 1 T ] The lactate produced by glucose during anoxia may play a
0 15 0 15 30 45 60 very important role in the recovery of synaptic transmissipn
Time (min) after reoxygenation (Schurr et al. 1997a,b). When the slice yvas

superfused with 10 mM glucose ACSF containing 0.5 mM
Attheendof  Attheendof60min  4-CIN (a lactate transporter inhibitor that inhibits the lactgte

Prior to anoxia

10 min anoxia reoxygenation
Prior t i At the end of At the end of 60 min
C —1. "'1:*""'""" "1.V""—"""' rior to anoxia 120 min anoxia reoxygenation
_J2mv
2ms A "‘1. "'I.n/"""“""" ""‘1.
_2mv
4 mM Glucose + 16 mM Mannitol 2ms

D 5 150

a X

- 7 Anoxia .

8 % 100 20 mM Glucose (~2 ml/min)
D £5 L3 150 e

gE %0 - Anoxia T T T T T T T T I TTT

sg- 0 e .8 100 ) g e A A e A

zc© 1 | 1 | T T B T2 5

0 15 30 45 60 75 g g-
i i o 0
Time (min) S& L | ‘ ‘ ‘ | :
FiGc. 6. Effects of anoxic duration and osmolality on recovery of synaptic 0 15 135 150 165 180 195
transmission after anoxia terminated at 30 s after anoxic depolarization at 4 i .
mM glucose A andB) or 10 min anoxia at 4 mM glucose plus 16 mM mannitol Time (min)

(CandD) in ACSF. Recordings were obtained before anoxia, at the end of 30 s
after anoxic depolarizatiorAj or 10 min anoxia€), and at the end of 60 min
reoxygenation irA andC. e (in A andC), stimulation artifacts. Normalized PS
amplitudes were obtained during 15 min before anoxia, during anoxia termi-, I
nated at 30 s after anoxic depolarizati@) 6r 10 min anoxia), and during C -1. _'o —‘o"

60 min reoxygenation. At 4 mM glucose in ACSF, the PS did partially recover _2mv
when anoxia was terminated at 30 s after the occurrence of anoxic depolar- 2ms
ization, indicating anoxic duration after the occurrence of anoxic depolariza-

tion was strongly correlated with the recovery of synaptic transmission after 4 mM Glucose + 16 mM Na L-lactate

anoxic challenge. The PS did not recoverdrand D, indicating irreversible T
damage to synaptic transmission by 10 min anoxia at 4 mM glucose plus 16
mM mannitol in ACSF and higher osmolality in higher glucose concentration D
in ACSF did not play an important role in glucose protection of synaptic
transmission against anoxic damage. AD, anoxic depolarization. Error bars
represent SD (5-min intervals).

At the end of At the end of 60 min

Prior to anoxia 10 min anoxia reoxygenation

N

-
o o,
o o

[rae]
Anoxia

a
o O

Normalized PS
amplitude (%)

T T T T T T
not responsible for the protection against anoxia-induced dam- 0 1 30Time (4,,5“") 60 e
age. Second, 1 mM NaCN was added to ACSF containing 20IG 7. Effects of superfusion rate and aerobic metabolism on recover
m.M glucose durmg ano>_<|a to cause anoxic anoxia comblng aptic transmission after 120 min anoxia at 20 mM glucose in A@Sin(
with chemical anoxia (Wind et al. 1997). Before and after thig) and 10 min anoxia at 4 mM glucose plus 16 mM soditsactate C and
combined anoxia, the slice was superfused with ACSF cobyin ACSF. Recordings were obtained before anoxia, at the end of 120
taining 20 mM glucose without NaCN. The results were sinmgnoxia @) or 10 min anoxiaC), and at the end of 60 min reoxygenationAn
ilar to those during anoxia when slices were superfused wRRdC. ® (in A andC), stimulation artifacts. Normalized PS amplitudes we
g . obtained during 15 min before anoxia, during 120 min anoBaof 10 min
ACSF co_ntalnlng 20 mM glucose W'thOU,t 1.0 mM_ NaCN. Th‘anoxia D), and during 60 min reoxygenation BrandD. The PS was fully
fEPSP either persisted or recovered during anoxia, and the RMored after 120 min anoxia at 20 mM glucose when the superfusion rate
persisted throughout the anoxic period of 120 min. After2 ml/min (A andB). Results were similar to those at the superfusion rate|
reoxygenation, the PS returned within 1.5-3.5 min, and ifs8 ml/min, indicating that the superfusion rate does not affect recovery

: : o synaptic transmission after anoxia. PS did not recover after 10 min anox
recovery at the end of 60 min reoxygenation was ¥18% 4 mM glucose plus 16 mM sodiumlactate in ACSFC andD), indicating that

(Fig. 8,A andB, and Table 2). To confirm whether the cyanidehere was no effect of aerobic metabolism on recovery of synaptic transmis|
in the bicarbonate/COACSF endangered the slice preparaafter anoxia. Error bars represent SD (5-min intervals).

Atthe end of At the end of 60 min tion, the slice was challenged with only 1.0 mM NaCN chefn-
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At the end of At the end of 60 min

Prior to anoxia

metabolism (Duffy and Pulsinelli 1979; Lutz and Nilssgn

120minanoxia  reoxygenation 1997). During anoxia, brain tissue requires more glucose |via
A - S - glycolys!s to compensate for the inefficiency of anaerobic
. . . metabolism, because 1 molecule of glucose produces only 2
2_12mV molecules of ATP via anaerobic metabolism, whereas 1 mol-
ms ecule of glucose produces 38 molecules of ATP via aerdbic
20 mM Glucose metabolism (Lutz and Nilsson 1997; Schurr et al. 1997a; Whss
2 150 4 ey and Lanier 1996). Thus we hypothesized that glucose in ¢le-
S o 100 4 Z“noxi: vated supply would provide a sufficient source of energy Yyia
B %g glycolysis to preserve important neuronal function during gn-
£S5 50 oxia. There is precedence for this phenomenon in turtle brain
S . .
S E 04 tissue (Lutz 1992; Lutz and Nilsson 1997).
T T T T T I T
0o 15 135 150 165 180 195
Time (min) General inhibition to synaptic transmission by anoxia
Prior to anoxia Attheend of  Atthe end of 60 min Our results showed that the PS amplitude began to decr¢as
10 min anoxia reoxygenation ~0.5-1.5 min after the introduction of anoxia. This decredse
might be caused by a decrease in ATP in the synaptic regiop of
C H v v the hippocampal slice, i.e., in the molecular layer (Lipton ahd
l2mv
2ms Prior to anoxia At th_e end qf At the end of 60 min
10 min anoxia reoxygenation W]
2 < 150 4 mM Glucose %’
< = - =l
8 ® 100 1 mM NaCN v » )
NT S
D 52 _2mv )
g - 50 2ms 9;
R 5)
Z © 0 3
T T T T T - 10 mM Glucose + 0.5 mM 4-CIN =
0 30 45 60 75 0 52 150 | — 3
. . - - Anoxia gl
Time (min) e 9 100 =3
NT S
FiG. 8. Effects of chemic anoxia on recovery of synaptic transmission afterB E 2 50 o
120 min combined anoxia (chemic anoxia combined with anoxic anoxia) at20 g & S
mM glucose [during anoxia with addition of 1.0 mM NaCN (aerobic metabolic S g 0 <
blocker); A and B] or 10 min chemic anoxia alone (1.0 mM NaCN without z T T T T T T e
anoxic anoxia) at 4 mM glucos€@ndD) in ACSF. Recordings were obtained 0 15 30 45 60 75 ‘g
before anoxia, at the end of 120 min combined anofA)of 10 min chemic Time (min) S
anoxia alone @) and at the end of 60 min reoxygenationArandC. e (in A 3
andQ), stimulation grtlfact_s. Normah_zed PS _amplltudes were ot_)talned (_1ur|ng Prior to anoxia At the end of At the end of 60 min 2
15 min before anoxia, during 120 min combined anodadr 10 min chemic 60 min anoxia reoxygenation N
anoxia alone D), and during 60 min reoxygenation BiandD. PS was fully o
restored after 120 min anoxia at 20 mM glucose even during anoxia with f\_ )
addition of 1.0 mM NaCN in ACSF, indicating that there was no effect of C '1"‘ "1." " 8
aerobic metabolism on recovery of synaptic transmission after anoxia. PS did _|2 mV ~
not recover after 10 min chemic anoxia alone at 4 mM glucose, indicating that 2ms
10 min 1.0 mM NaCN chemic anoxia alone could completely damage the
synaptic transmission at 4 mM glucose in ACSF. Error bars represent SD 10 mM Glucose + 0.5 mM 4-CIN
(5-min intervals). g_’ £ 150 A
- ; Ano><|a
. . .. [ 100 —
transportation from glia to neurons), the results were similar tqy &5
. - . . o
those when slices were superfused with ACSF containing 10 gg_ 50 1
mM glucose without 0.5 mM 4-CIN. The PV persisted S E o
throughout the anoxic period, and the fEPSP either persisted or < 100 120

reappeared during anoxia. The PS returned after reoxygen-
ation, and their recoveries at the end of 60 min reoxygenation

Tlme (min)

were 107+ 6% and 100+ 13% following 10 and 60 min
anoxia, respectively (Fig. 9 and Table 2). These results indic
that the protectlon of glucose is not due to lactate produced Rre obtained before anoxia, at the end of 10 méingr 60 min C) anoxia,

glia, but is due to glucose metabolism by the neuron itself. and at the end of 60 min reoxygenationdrandC. e (in A andC), stimulation
artifacts. Normalized PS amplitudes were obtained during 15 min befpre
anoxia, during 10 min anoxieBf or 60 min anoxia ), and during 60 min

DISCUSSION

During anoxia, neuronal energy supply decreases beca
neurons cannot produce energy via efficient oxidative met
olism; to compensate, there is a rapld increase in anaerohitis study. Error bars represent SD (5-min intervals).

Fic. 9. Effect of lactate produced by glia on recovery of synaptic traps-
ission after 10 min anoxigA(andB) or 60 min anoxia € andD) at 10 mM
cose plus 0.5 mMe-cyano-4-hydroxycinnate (4-CIN) in ACSF. Recordings

reoxygenation inB and D. After 10 min anoxia or 60 min anoxia, the PS$
veries were similar to those in 10 mM glucose ACSF without 0.5 4-JIN
2), indicating that lactate produced by glia might not play an importgnt
in the glucose protection of synaptic transmission against anoxic danjage

e
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Whittingham 1982), and the increase in extracellulardte to In isolated turtle cerebellum, with 20 mM glucose in ACS
inhibition of the Na' /K" ATP pump (Fujiwara et al. 1987; ATP levels could be maintained and significant increase
Lipton and Whittingham 1979). The PS was completely abdK *], could be prevented during prolonged anoxia (up to 6
ished~1.5-3.0 min after the exposure to anoxia. This effe¢Perez-Pinzon et al. 1992). Although evoked field potenti
might be due to a neuronal depolarization because extracellulaare significantly depressed at the erffddch anoxia, evoked

K™ increased (Fujiwara et al. 1987; Lipton and Whittingharfield potentials could restore to the initial values (Perez-Pinz
1979). et al. 1992).

However, in most of our hippocampal slices, during ano
Damage to synaptic transmission by anoxia the fEPSP was restored after its disappearance at the begirn

of the anoxia (Fig. B). We interpreted this observation a
When the hippocampal slice was superfused with ACSBllows. At the beginning of anoxia, the brain tissue canr
containing 4 mM glucose, there was no recovery of the Rffoduce enough high-energy phosphates such as ATP to
following exposure to anoxia for only 10 min. This findingtain the fEPSP. The glucose anaerobic metabolism pathyv
indicates that synaptic transmission in CA1 is completely damhich might be inhibited in normoxia, becomes more active
aged by 10 min exposure of anoxia under these conditionsaroxia progresses. It has been suggested that this Pal
result consistent with those of Kass and Lipton (1986, 198%ffect, i.e., increased glycolysis as compensation for inhibit
This irreversible damage to synaptic transmission might be doie oxidative metabolism, may exist during anoxia in turt
to both a decreased ATP level and an increased cytosdfi@ins (Lutz 1992; Perez-Pinzon et al. 1992). Therefore
calcium level (Kass and Lipton 1982, 1986, 1989). However, HEPSP progressively recovered after its initial disappearal
4 mM glucose in ACSF, when anoxia was terminated at 30(Eig. 5B). When the brain tissue produced enough high-ene
after anoxic depolarization occurred, the PS could partialphosphates to support synaptic functions, the fEPSP
recover after reoxygenation. When the slice was superfussdwly increased or restored (Fig. A,and B).

o
with 4 mM glucose ACSF, the anoxic depolarization always Our results demonstrated that higher concentrations of gI8-

occurred after anoxia. The anoxic duration after anoxic depeese prevented damage to synaptic transmission by ang
larization was 5-8 min (Fig. @) when the slice was chal- resulting in faster and complete recovery of PS amplitug
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lenged by 10 min anoxia at 4 mM glucose in ACSF, so the iomhen the slices were reoxygenated. Indeed, 20 mM gluc]
gradients across the neuronal membrane might be sevealyvides virtually complete protection against damage to s

disturbed. Our results further confirm that the anoxic duratiaptic transmission by anoxia lasting as long as 120 min. Thig #
after anoxic depolarization is strongly correlated with the irredtro powerful protection against anoxia-induced synapfi

versible transmission damage (Roberts and Sick 1988; Sickreinsmission damage is impressive. Synaptic transmissio
al. 1987). our slices was impaired less compared with the results of
earlier report (Schurr et al. 1987). In that study, only 39 a
Glucose protection against damage to synaptic transmissiopi 7 of hippocampal slices recovered synaptic function follo
by anoxia ing 10 min anoxia in the presence of 10 and 20 mM gluco
respectively. In our study, following 10 min anoxia, 100%
Although previous reports have stated that elevated glucagdiees recovered synaptic function and the PS amplitude red
improves functional recovery from anoxic challenge in vitrered to a mean of 105% of preanoxic value at 10 mM glucg
(Grigg and Anderson 1989; Schurr et al. 1987), it was unpréhe effect of the superfusion rate on these results was ev
dicted and remarkable in the present study to find that glucasted. The results at the superfusion rate~& ml/min were
offers such an extremely powerful protection against damagienilar to those at the superfusion rate of 7—8 ml/min (Fig.
to synaptic transmission by anoxia in vitro. A andB), indicating that the superfusion rate does not affg
During 60 min and even 120 min of anoxia, when the sliceecovery of synaptic transmission following anoxia. The bet
was superfused with ACSF containing 20 mM glucose, thperformance” of our tissues might be due to the followir
evoked PV and fEPSP could be sustained throughout tfaetors. First, the hippocampal slices in this study may ha
duration of anoxia (Fig. A). This finding indicated that during less traumatic injury (Lipton et al. 1995), because our slid
up to 120 min of exposure to anoxia, the presynaptic terminakre obtained by a vibratome slicer and cutting speed was
could still be excited and could retain the capability to releaséow (<5 mm/min), whereas theirs were obtained by Mcllwa
neurotransmitters, and the postsynaptic receptors could stilldf®pper. Second, the hippocampal slices were obtained f
excited by those neurotransmitters. These novel findings in ty@unger rats in this study (weighing 150—200 g vs. 2003
anoxic hippocampal slice demonstrated that mammalian n&)- Finally, there were differences in the method of interpreti
ronal synaptic functions could be sustained under severe ageovery of synaptic function. This study compared the
oxic conditions if there were enough glucose in the brammplitude at the end of 60 min reoxygenation of each slice
tissue. As pointed out previously, these conditions are sonits-own preanoxic level.
what like those of turtle brain tissue (Lutz 1992; Lutz and
Nilsson 1997), which can survive a prolonged anoxic chalzechanism of glucose protection against anoxic synaptic
lenge. During anoxia there is a marked hyperglycemia in th&nsmission damage
turtle, with plasma glucose rising to as much as 17.7 mM
(Penney 1974) accompanied by an increase in blood flow to #fROTECTIVE EFFECT OF HIGH OSMOLALITY ON ANOXIA
brain by as much as 260% (Davies 1990). During prolong@s&NAPTIC TRANSMISSION DAMAGE. Although it has been
anoxia (up to 6 h), extracellular potassium concentratiof][K shown that when 100 mM mannitol or fructose was added i

otinuo im0 RoaI0BALd

‘0getinBu
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remained near baseline in intact turtle brain (Sick et al. 198200 mM glucose ACSF, such a hyperosmolality environment
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improved functional recovery from anoxia (Huang et al. 1996yith 20 mM glucose in ACSF, synaptic transmission could
in our study, 4 mM glucose plus 16 mM mannitol or 16 mMpartially sustained by glycolysis during anoxia lasting as 10|
sodiumc-lactate in ACSF did not show any protection againsts 120 min. Third, we demonstrated that the lack of glucos

mM glucose and 20 mM glucose in ACSF provided completaission, and glucose, via in vitro anaerobic metabolism,
protection against 10 and 120 min anoxic damage to synaptides powerful protection against prolonged up to 120
transmission, respectively. These results therefore confirmatbxia-induced damage of synaptic transmission.

that the protection offered by high concentrations of glucoseWe conclude that lack of glucose is the major cause
against damage to synaptic transmission by anoxia was not éumexia-induced synaptic transmission damage, and that if
to an increase in osmolality. ficient glucose is supplied, this damage could be prevented
glycolysis in vitro.

10 min anoxic damage to synaptic transmission. In contrast, t® major cause of anoxia-induced damage to synaptic tr’PIns-

OTHER SOURCES OF OXYGEN IN THE PREPARATION. Our record-
ings were performed at depths of at least 1466 from the _ 3
upper surface of the hippocampal slice so that in the recording e authors thank DrS-DJ-VE/).Uﬁ'I”' S. 'icl?e’ha’l‘d.Y];. T. Wang for critig
area there was no oxygen that could be used by neurons (Rl Ziag and K. McClenaghan for excellent assistance.
et al. 1982; Fujiwara et al. 1987). Furthermore, if neuronsthis work was supported by the St. Michael’'s Hospital Foundation.

could use the extra glucose to produce energy via oxidativeddress for reprint requests: G.-F. Tian, Traumatic Brain Injury Laborato

metabo”sm' then they C0u|d Certain'y use |acta‘[e to produ@éfa Phelan Centre for Trauma Research, Rm. 7080, 7th Fl., Bond Wing,

energy via oxidative metabolism to protect synaptic transmié:chael's Hospital, 30 Bond St., Toronto, Ontario M58 1W8, Canada.

sion from anoxic damage. However, there was no recovery @dceived 30 June 1999; accepted in final form 8 December 1999.
the PS when the hippocampal slice was perfused with an ACSF
containing 4 mM glucose and 16 mM Na-lactate. REFERENCES
It should also be noted that, if oxygen from other sources
was used, oxidative metabolism should be blocked durigrinaca, M. What makes brain neurons ruSgience276: 196—-198, 1997.
chemical anoxia combined with anoxic anoxia; i.e., when tHf&LoUsov A. B., GODFRAIND, J. M., AND KRNJEVK, K. Internal C&" stores
ACSFE cqntained 1 mM NaCN.(Wind _et al. 19.97). At 4 mM Z]é/gl\gef{g%rg)xllgge;ponses of rat hippocampal neurdriBhysiol. (Lond.)
glucose in ACSF, without anoxic anoxia, 10 min NaCN chentiark, G. D. axo RoTHwan, S. M. Blockade of excitatory amino acid
ical anoxia alone could completely damage the synaptic transreceptors protects anoxic hippocampal slidésuroscience21: 665—671,
mission (Fig. 8,C and D). However, there was no Synapticqé/?ss?b G. Distribution of systemic blood flow during anoxia in the turtlg
transmission damage even following a 120-min exposure hrvsemve scripta. Respir. PhvsigB: 383-390. 1990
chemical anoxia combined with anoxic anoxia in the presenﬁ@FFQ/ T. EY AND SJLSINELS, W. K Regional cerebral glucose metabolisi
of 20 mM glucose in ACSF (Fig. 8\ andB). during hypoxia.Adv. Neurol.26: 287-297, 1979.
These results therefore demonstrate that the protection highLer, J.C. Glucose deprivation resm_JIts ina Iact_ate'prever_ltable increas
concentration glucose affords against damage to synaptic tran denosine and depression of synaptic transmission in rat hippocampal s

.. L L . . Neurochem60: 572-576, 1993.
mission by anoxia is not due to any glucose oxidative metag; E‘f AVORIM, P.. GHAMEERS, G.. GoTTRELL, J. E.,AND KAss, I. S. The

olism during anoxia. importance of sodium for anoxic transmission damage in rat hippocani

slice: mechanisms of protection by lidocaing. Physiol. (Lond.)489:
ROLE OF LACTATE PRODUCED BY GLIA IN SYNAPTIC 557 565 1995.

TRANSMISSION RECOVERY. The lactate produced by glia mightruan, T., BaumcartL, H., anp Lussers D. W. Limiting section thickness of
be an obligatory aerobic energy substrate for functional recovguinea pig olfactory cortical slices studied from tissue pO2 values 3
ery after anoxia (Schurr et al. 1997a,b). In this study, when O.leﬁigfa'l\laﬁmgiﬁﬂuger; ‘I\h;g'fg}fi 8A138¢0182|?5QRA M. Effects of
mM 4-CIN _WaS add‘?d |_nt_o 10 mM glucose AC_’SF’ the IaCta{:éjhypoxi’a OH rat hip;;océympal nehroHes in vitc. Physiol. .(Lond.)384:
transportation was inhibited by 4-CIN (Izumi et al. 1997). 131151, 1987.

However, the recoveries of synaptic transmission following I&kics, J. J.anp Anperson E. G. Glucose and sulfonylureas modify differer]
and 60 min anoxia were similar to those at 10 mM glucosephases of the membrane potential change during hypoxia in rat hippocal

; ; i~ slices.Brain Res.489: 302-310, 1989.
without 4-CIN in ACSF. Therefore the lactate produced by gl'ﬁERSHKowwz N.. Katcr, A. N.. AvD VEREGGE S. Site of synaptic

m|ght not play f"m |mp0r.tar'1t ro[e in the synaptic transm|SS|Ondepression during hypoxia: a patch-clamp analy3isNeurophysiol.69:
recovery following anoxia in this study. 432-441, 1993.

These findings confirmed that the protection offered by highuane, R., ATken, P. G., anp Somien, G. G. Hypertonic environment
concentrations of glucose against damage to synaptic transmi%fg;gg;sm%iﬁ";'ﬂgg'%”ef‘e”tf’ I T e Ir sy POXig
sion during anoxia in vitro is due to the anaerobic metabolis MI, Y., BENZ, A M., KATSUKI, H., AND ZorUMSKI, C. F. Endogenous
of glucose. o ~_monocarboxylates sustain hippocampal synaptic function and morphol

In summary, three novel findings have been reported in thisal integrity during energy deprivatiod. Neuroscil7: 9448-9457, 1997.
study. First, the evoked PV, representing action potentials &f\c. C. Ap Habbap, G. G. A direct mechanism for sensing low oxyge
presynaptic axonal terminal, could be elicited throughout 120/€Vels by central neuron&roc. Natl. Acad. Sci. USB1: 71987201, 1994.

. ia in th f 20 mM alucose with or withot! Ass, |. S:ANQ LipTON, P Mechanlsms_ involved in irreversible anoxic dama
min anoxia in t. € presence o - g9 . to the in vitro rat hippocampal slicel. Physiol. (Lond.)332: 459-472,
1.0 MM NaCN in ACSF. Thus with 20 mM glucose in ACSF, 19s2.
the excitability of the presynaptic axonal terminal is not imKass, I. S.anp Lipton, P. Calcium and long-term tranmission damage fg
paired by prolonged anoxia (up to 120 min). Second, during'JOVgﬂgS%}O?'L% n g‘;gt_aéelsag‘é it aegions of the rat hippocampal sli
sqperfusmn with ACSF containing 20 mM glucose Wlth OkASS, . S.AND LipTON, P. Protectio’n of hippocampal slices from young ra|
without 1.0 mM NaCN, the evoked fEPSP either persisted Ofagainst aoxic transmission damage is due to better maintenance of /
recovered during prolonged anoxia (up to 120 min). Thereforel. Physiol. (Lond.313: 1-11, 1989.
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