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Glutamate (GLU) is a neurotransmitter. Massive release of GLU and glycine
(GLY) into the brain’s extracellular space may be triggered by ischemia, and
may result in acute neuronal lysis or delayed neuronal death. The aim of this
study was to evaluate the possible relationship between hyperventilation and
the level of GLU and GLY during brain ischemia.

Rabbits were anesthetized with halothane and oxygen. Group 1 was
allowed to hyperventilate (PaCO, 25-35 mmHg). PaCO, was maintained
throughout the study. Group 2 was a normal control group that maintained
normocapnia. Two global cerebral ischemic episodes were produced.
Microdialysate was collected during the peri-ischemic and reperfusion
periods from the dorsal hippocampus. GLU and GLY concentrations were
determined using high-performance liquid chromatography.

In the control group, GLU and GLY were significantly elevated during each
episode of ischemia ; these levels returned to baseline within 10 minutes
after reperfusion. In contrast, in the hyperventilation group GLU and GLY
concentrations increased during ischemia, but they were not statistically
significant.

We were able to demonstrate that hypocapnia during periischemic period
lowered extracellular GLU and GLY concentrations. These results can ex-
plain a part of the protective action of hypocapnia during cerebral ischemia.
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INTRODUCTION

The clinical management of patients in coma after
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cardiac arrest involves the restoration of adequate
cardiopulmonary function to prevent further cerebral
injury. Over the years, many therapeutic approache-
s have been devised to alleviate the dismal out-
come of cerebral ischemia. One of these modalities
is the idea of regulating PaCO, to reduce ischemic
brain damage. Manipulation of the arterial carbon
dioxide tension (PaCQO,) is a potent mean by which
cerebral blood flow (CBF) can be changed. There
are many reports that support the beneficial effect
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of hyperventilation(Todd et al., 1985). One of the
underlying mechanisms of the beneficial effect of
hyperventilation is the improvement of intracellular
acidic environment(Vanicky et al., 1992) However,
numerous studies demonstrated hyperventilation aft-
er traumatic brain injury is deleterious. Possible dis-
advantages include cerebral vasoconstriction to su-
ch an extent that cerebral ischemia ensues and onl-
y transient effect on the cerebrospinal fluid(CSF) pH
with loss of HCOs™~ buffer from the CSF. Prolonged
hyperventilation also provided a relative ischemia in
brain tissue and promoted production of brain lacta-
te(Yoshida and Marmarou, 1991). Accordingly, as -
ong as hyperventilation has a cerebral protective a-
ction, there should be other mechanisms in addition
to the above-mentioned ones. Glutamate is a known
neurotoxin when present in excessive concentratio-
ns and may make neuronal destruction. Under ano-
xic and or ischemic conditions, synaptically re-
leased excitatory transmitters, most likely glutamate,
accumulate to neurotoxic level. Also neurotransmit-
ter release is enhanced by anoxia. If we can de-
monstrate that hypocapnia during the peri-ischemic
period lowers the extracellular glutamate concentra-
tion, we can explain a part of the protective
mechanism to be the ability of hypocapnia to
attenuate the increased release of glutamate. We
used the well-established rabbit models of global
ischemia and evaluated the changes produced by
a 3-h period of hypocapnia.

MATERIALS AND METHODS

Six New Zealand white rabbits weighing 2.24%
0.21 (meanxSD) kg were anesthetized in a plexig-
las box with 5% halothane in oxygen. After intuba-
tion of the trachea with a 3.5 mm uncuffed wire
reinforced endotracheal tube, anesthesia was main-
tained with 1.2% halothane in oxygen, the animals
were mechanically ventilated with animal ventilator
to maintain normocapnia (Harvard Apparatus, Anim-
al ventilator, U.S.A. PaCO, = 35-45 mmHg). Body
temperature was controlled and maintained at 37.5
°C. After infiltration with 0.25% bupivacaine, a cathe-
ter (PE-90) was inserted into the femoral artery for
measurement of arterial blood pressure and sam-
pling for the arterial blood gases. The femoral vein
was also cannuldted for the administration of drugs
during inflation of the neck tourniquet. An ear vein
catheter was inserted for the administration of fluids
(09% saline) and drugs. All rabbits were initially
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hydrated with 0.9% saline solution (40 ml-kg"') admi-
nistered over one hour period. This was followed by
a maintenance infusion at 4 ml-kg'-h" throughout
the study. The rabbit's head was positioned in a
stereotactic frame (David Kopf, USA), and a
pneumatic tourniquet (8 inches in length, Zimmer,
U.S.A) was secured loosely around the neck. After
infiltration with 0.25% bupivacaine, the cranium was
exposed and burr holes were made bilaterally over
the dorsal hippocampus (4 mm posterior and 4 mm
lateral to the bregma) for the insertion of microdialy-
sis probes(CMA-10, Carnegie Medicin, Sweden).
Biparietal needle electrodes were placed into the
scalp for continuous recording of the EEG. Moni-
tored variables included mean arterial pressure,
heart rate, arterial blood gases, hematocrit, blood
glucose concentration, esophageal temperature,
and the electroencephalogram (EEG). Following the
completion of these surgical preparations, the in-
spired halothane concentration was decreased to
1%.

Recovery rates for each microdialysis probe were
deteimined using 10?2 M dextrose solution in vitro
prior to their insertion into the brain. The dura over
the dorsal hippocampus were then incised, and
microdialysis probes of concentric design (fiber
length=4 mm, diameter=0.25 mm) were inserted
vertically to a depth of 6 mm using micromanipula-
tors (David Kopf, U.S.A.). The probes were perfuse-
d with artificial cerebrospinal fluid (147 mM NaCl,
2.3 mM CaCl,, 0.9 mM MgCl,, 4.0 mM KClI) at a
rate of 2 WL-min'. After implantation into the brain,
the probes were perfused for at least 1 hour prior to
collecting baseline samples of brain tissue microdia-
lysate.

The rabbits were randomly assigned to one of
two groups. Group 1 (n=3) was allowed to hyper-
ventilate to the level of PaCO, 25-35 mmHg 60 min.
prior to the onset of ischemia. PaCO, was main-
tained throughout the study. Group 2(n=23) was a
normal control group that maintained normocapnia.
Global cerebral ischemia was induced by lowering
the mean arterial blood pressure to less than 50
mmHg by using bolus doses(10mg) of trimethapan,
and the application of positive end-expiratory airway
pressure. The neck tourniquet was then inflated to a
pressure of 20 psi for 7.5 minutes. A tendency to
hypertension during the first three minutes of ische-
mia was treated with additional doses of trimetha-
pan as needed to keep mean arterial pressure be-
low 50 mmHg. Global cerebral ischemia was veri-
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fied in each rabbit by observation of an isoelectric
EEG within 30 seconds after tourniquet inflation. Im-
mediately after deflation of the tourniquet, a bolus
dose and then infusion of phenylephrine was done
to restore the mean arterial pressure to 75 mmHg.
After one hour of recirculation, a second identical
period of global ischemia was instituted.

At the end of the study period, the microdialysis
probes were removed and the recovery rate for
each microdialysis probe was again determined us-
ing 102 M dextrose solution in vitro. To verify the
position of probes, 5 ml of Evans blue dye (2%)
was administered intravenously. After the animal
was euthanized, the brain was removed and sec-
tioned coronally to see the staining of the dye along
the tracks of the probes.

Samples of microdialysate were collected as fol-
lows from the dorsal hippocampus. Two baseline
samples (each of 20 minute’'s duration) were col-
lected 60 minutes after insertion into the brain. After
collection of baseline samples manipulation of ven-
tilation was started. Three samples (20 minute's
duration) were collected in all groups before the
onset of the first ischemia. Global cerebral ischemia
was induced as described and every five minutes
samples were taken (two ischemia samples, fol-
lowed by two immediate reperfusion samples). Two
samples (20 minute's duration) were collected be-
fore the onset of the second ischemia. For the
second ischemia this process was repeated. Finally
three reperfusion samples (each 20 minute’'s dura-
tion) were collected at 80, 120 and 160 minutes
after the onset of the first ischemia.

All samples were collected on ice and immediate-
ly frozen and stored at —25°C until their analysis for
amino acid content by high-performance liquid chr-
omatography(HPLC).

The dialysate from the dorsal hippocampus was
analyzed for glutamate and glycine concentrations
using HPLC with o-phthaldehyde derivatization on a
reverse phase C-18 column. Derivatives were de-
tected fluorometrically and peak areas were inte-
grated and quantified based on linear calibration
with known amino acid standards. This method has
been shown to be sensitive to low picomolar range
concentrations of glutamate.

The means and SEMs for the concentrations of
glutamate and glycine were calculated for each
time period. Data for amino acid concentrations
were corrected using in vitro recovery rates for de-
xtrose and analyzed by 2-way ANOVA (groups vs.
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time). Physiological data were tabulated and com-
pared using ANOVA test at each point. Differences
associated with p<0.05 were considered statistical-
ly significant.

RESULTS

Physiologic data are shown in Table 1. Other
than the intended differences in PaCO, and pH,
there were no other significant differences in physio-
logic variables between the groups. As intended,
PaCO, decreased from the mean value of 39.7+
3.2 mmHg to 31£2.2 mmHg in the hyperventilation
group. These differences in PaCO, persisted throu-
ghout the study(Fig. 1). In vitro mean recovery rate
of microdialysis catheters for dextrose was 2815%.

Prior to the onset of ischemia, stable concentra-
tions of extracellular glutamate and glycine were
documented (from t=—95 to —25 minutes). In the
control group the hippocampal extracellular concen-
trations of glutamate and glycine were significantly
elevated during each episode of ischemia (Fig. 2 a-
nd 3) ; these levels returned to baseline within 10 m-
inutes after reperfusion. In contrast, in the hyperven-
tilation group hippocampal glutamate and glycine c-
oncentrations increased during ischemia, but they
were not statistically significant. Two way ANOVA for
the peri-ischemic periods (t=15,80) revealed lower
glutamate values for the hyperventilated animals(p=

mmHg B Control
50 Hyperventilation

PaC02

CO, 10 75 120 160
Min

Initial

Fig. 1. PaCO, changes during the study.
*: p<0.05 between groups
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Table 1. Summary of physiologic Data
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. Control Hyperventilation Control Hyperventilation
Vamable (=3) (n=3) Variable  (n=3) (n=3)
pH Mean Arterial Pressure
Initial 7.351+0.02 7.3610.05 6913 72+ 8
Hyperventilation 7.3310.02 7.451+0.05* 70%3 72+ 4
10 min after ischemia 7.28+0.02 7.46£0.04* 8619 80+13
75 min after ischemia 7.29£0.03 7.38£0.03* 8118 68+12
120 min after ischemia 7.36£0.02 7.45£0.01* 67x3 80+ 3
160 min after ischemia 7.3630.01 7.49+0.02* 67+2 76x 7
PaCO, Heart Rate
Initial 388+1.3 39.7+32 235+10 257+ 2
Hyperventilation 386+1.6 31 *22* 255+ 5 266+ 6
10 min after ischemia 41122 23.3%+19* 229t 6 223+ 9
75 min after ischemia 405%2 27.6x05* 219+ 5 197+ 3
120 min after ischemia 39712 27116 241+ 8 21712
160 min after ischemia 39.3£038 27 1+ 247+ 8 235420
PaO2 Esophageal Temperature
Initial 371149 429123 38.510.1 37.6x0.4
Hyperventilation 444122 467t 7 384101 382103
10 min after ischemia 446132 490+ 8 38.410.1 378+0.2
75 min after ischemia 468140 506t 9 38.4%0.1 37601
120 min after ischemia 46037 50123 38.410.1 37.7104
160 min after ischemia 440x46 462+16 38501 37805
B.E Blood Glucose
Initial —3 *07 —21%29 140£13 172+51
Hyperventilation —4 +11 —07%15 129+17 130%24
10 min after ischemia —6.2%1.1 —47+14 139+14 13527
75 min after ischemia —6.1%1.4 —65+1.8 130+14 99x11
120 min after ischemia —2 *14 —27%+15 122+13 88+13
160 min after ischemia —1.6x0.7 —08%1.7 113%13 85+10
Hematocrit *:p<0.05 from control
Hyperventilation 302%1.2 32+2.1
160 min after ischemia 30.1£0.9 32%25
H“M
601 —o— Control “M . .
—s— Hyperventilation 407 —o— Control - ~
—a— Hyperventilation
401 301
] 201
204
104
T 04— T — ——
0 —t —— —120 —80 —40 0 40 80 120 160
—120 —80 —40 0 40 80 120 160 Time(Min)
Time(Min) Fig. 3. Ischemia-induced glycine increase(mean®SEM).

Fig.

2. Ischemia-induced glutamate increase(mean=

SEM). Arrows indicate onset of ischemia.

Arrows indicate ischemic episodes.

*: p<0.05 between groups
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0.06). A similar analysis of peri-ischemic glycine
concentrations revealed significantly lower values in
the hyperventilated group(t=10,15,75,80 : p=0.03)
as compared to normal controls.

DISCUSSION

Considerable evidences have now accumulated
from both neuronal cultures and in vivo experiments
that excitatory amino acids play an important role in
the evolution of ischemic brain damage. It appears
that these excitatory amino acids are released into
the brain’s extracellular space during normal neurot-
ransmission as well as in response to a variety of
insults including hypoxia and ischemia(Siejo,
1992a ; Siejo, 1992b ; Zivin and Choi, 1991 ; Benv-
eniste et al, 1989). Acutely, glutamate, acting at
post-synaptic NMDA receptors, activates associated
ion channels resulting in a massive influx of Nat
and CI™ ions and H,O(Choi et al., 1988). This influx
of water can lead to an acute osmotic lysis of the
neuron. Delayed neuronal damage is thought to be
secondary to the glutamate induced calcium influx-
(Rothman et al., 1987). An excessive rise in in-
tracellular Ca™ results in overactivation of lipases,
proteases, and endonucleases which may be de-
trimental to cellular homeostasis(Siejo, 1992a). Elec-
tron microscopy has demonstrated that the neuro-
pathological state produced by glutamate is char-
acterized by rapid cellular swelling and is most
marked near dendrosomal components of the
neurons that contain the excitatory amino acid re-
ceptors(Rothman and Olney, 1986).

Glycine has a facilitatory effect on glutamate’s
neurotoxic action. Activation of the NMDA receptor
by glutamate has recently been shown to require
the presence of glycine at strychnine-insensitive
binding site(Foster and Kemp, 1989 ; Kloog et al.,
1990). Thus, any intervention that results in reduc-
tion of such elevated levels may be expected to
lessen the ischemic injury. To prevent further ische-
mic neuronal damage, it would be better to block
the initial step in this cascade of events.

Glutamate is normally released by Ca** depen-
dent exocytosis(Nicholls, 1989), but ATP is also re-
quired and the release is therefore arrested within a
few minutes after the start of ischemia(Siejo, 1988).
Two transport pathways are integral to the ability to
function as a neurotransmitter : first, a powerful upta-
ke carrier located in both neurons and glia and
capability of lowering the extracellular glutamate
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concentration to about 1 1M ; and, second, a more
specific transporter capable of packaging glutamate
into a subpopulation of synaptic vesicles for subse-
quent exocytosis.

Since there are several glutamate pools, the
question arises from which compartment(s) gluta-
mate is released during ischemia : (presynaptic)
cytoplasm, vesicles, neuronal soma, astrocytes, etc.
Because the vesicular release of glutamate is inhi-
bited when ATP levels fall after a few minutes of
anoxia, it seems likely that much of the glutamate
released into the extracellular space during anoxia
is Ca**-independent, nonvesicular release(Sanc-
hez-Prieto and Gonzalez, 1988).

During ischemia, the extracellular K* concentra-
tion in the brain, [K*],, increase steeply to 60-80
mM(Hansen, 1985 ; Hansen et al., 1982). A rise in
[K*], will release more glutamate into the extracel-
lular space in two ways, First, it will depolarize ne-
urons, increasing vesicular release of glutamate(if
this is not already inhibited by a fall in ATP
levels : see below) ; secondly, it will promote the re-
lease of glutamate by reversal of the plasma mem-
brane glutamate uptake carrier. Several factors lead
to failure of glutamate uptake in the pathologic con-
ditons described above. First, a rise in [K*], in-
hibits uptake directly because it hinders the loss of
counter-transported K* from the carrier. Second,
depolarization of the cell by the raised [K*], inhibits
uptake. Third arachidonic acid released by the high
glutamate concentration inhibits uptake. Finally, a
decrease in [Na*],, which can result from low ATP
levels inhibiting the Na* pump or from a large K*
influx through glutamate- and voltage-gated Na*
channels, also inhibits uptake(Szatkowski et al.,
1990). The combination of these factors is sufficient
to reduce the rate of uptake less than 10% of its
normal magnitude(Nicholls and Attwell, 1991). The
resulting rise in glutamate concentration will depola-
rize neurons further and thus release more K*
(Nicholls and Attwell, 1991). This is a positive feed-
back system that tends to lead to a large increase
in extracellular glutamate concentration. Thus, block-
ing the increase of [K*], can be a part of the
cerebral protective measures during ischemia.
Hypocapnia causes respiratory alkalosis which in
turn induces intracellular shift of Kt to compensate
the decreased concentration of H* in ECF, then [K
+], decrease(Flemma and Young, 1964). If hyper-
ventilation in peri-ischemic period can also attenuate
the increase of [K*],, the increased levels of gluta-
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mate in extracellular fluid would be prevented. We
did not measure [K*],. However, It would be possi-
ble to assume that [K*], is already reduced by
hyperventilation and that [K*], during the ischemia
might be lower than [K*], without hyperventilation.
The major finding of this study was that hypocapnia
during the peri-ischemic period attenuated the in-
crease of glutamate and glycine concentrations fol-
lowing transient global ischemia. Thus, our results
might support such an assumption.

Apart from discussing about the absolute con-
centration of [K*], during ischemia, ion channels
which modulates K* currents have gotten much
attentions(Cook, 1988). Electrophysiological studies
has shown that K*-channel openers could protect
neurons against ischemic injury(Abele and Miller,
1990 ; Hamilton et al., 1986). Intracellular recordings
show that a brief anoxic episode in the CAz region
of hippocampal slices induces a transient hyperpo-
larization due to the activation of K* currents. fol-
lowed by a depolarization resulting glutamate re-
lease(Ben-Ari, 1990 ; Fujiwara et al., 1987). In the
first minutes, the anoxic depolarization is sensitive to
tetrodotoxin, reduced by the application of the K*
-channel openers, and enhanced by the blocker.
The release of glutamate evoked by a 6-8 min
period of ischemia was reduced by 25-40% in the
presence of K* -channel openers, lemakalim,
RP52891, galanin. The hyperpolarization resulting
from the opening of K*ATP channel by the openers
could temporarily protect neurons against the
dramatic depolarization consecutive to ischemia
and delay cytosolic glutamate release(Zini et al.,
1993). It is uncertain that hyperventilation during
ischemia is associated with activation fo the potas-
sium channel. Hypercapnia leads to hyperpolariza-
tion of nerve cells. However, the hyperpolarization in
hypercapnia is accompanied by increased mem-
brane resistance indicating a mechanism of the
hyperpolarization different from the one causing
hyperpolarization during anoxia(which activates K*
channel)(Caspers and Speckmann, 1972). This re-
quires further investigation.

Clearly, there are other mechanisms by which
hypocapnia may have a protective effect on neuron-
al injury. The potential beneficial effects of hyperven-
tilation include a reduction in CBF with the conse-
quent reduction in cerebral blood volume and in-
tracranial pressure (ICP)(Maiese and Caronna,
1988 ; Soloway et al., 1968). Hypocapnia may in-
duce a redistribution of CBF from normal areas(with
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preserved CO, reactivity) to injured areas with
abnormal CO, reactivity (“inverse steal” phe-
nomenon)(Artru and Merriman, 1989).

On the contrary, cerebral arteriolar diameter in
experimental animals was found to be decreased
shortly after institution of hyperventilation, but re-
turned to baseline within 24 hours and increased
slightly over baseline after that period(Muizelaar er
al., 1988).

Thus, we can assume the prolonged hyperventi-
lation can not guarantee persistent reduction of ICP.
Severe hyperventilation can result in a reduction in
CBF that is sufficient to produce cerebral ischemia,
particularly if the PaCO, is rapidly decreased below
20 mmHg. If the PaCO, is allowed to go below that
level, cerebral vasoconstricton may be so intense
as to impede oxygen delivery, thus exacerbating
the existing cerebral ischemia and its deleterious
effects.

Recently, it has been reported that animals tre-
ated with sustained hyperventilation(PaCO,=20
mmHg) produced the highest lactate level(Yoshida
and Marmarou, 1991). There was a report that mod-
erate hypocapnia (PaCO,=25-30 mmHg) contrary
to severe hypocapnia (PaC0,<25 mmHg) pro-
duces a better outcome in head-injured patient-
s(Gordon and Rossanda, 1970 ; Muizelaar et al.,
1991). According to clinical experiences, active
hyperventilation during the recording of an EEG re-
vealed enhanced epileptiform activity ; therefore,
hypocapnia may influence seizure activity(Chater
and Simpson, 1988).

Cerebral metabolic acidosis is often found after
ischemia and is correlated with poor outcome(Ljun-
gren et al,, 1974). As CO; freely passes the blood-
brain barrier, hyperventilation shoule diminish cere-
bral CO, content thereby increasing the pH of ex-
tracellular fluid and counteract acidosis(Maruki et
al., 1993 ; Vanicky et al., 1992).

When respiratory alkalosis is induced by hyper-
ventilation, normalization of CSF acid-base balance
attained rapidly within 8-12 hr after deviation of nor-
mal pH(Christensen, 1974). This limits potential be-
neficial effect of hyperventilation.

It is apparent that the potential for both beneficial
and detrimental effects exists. Therefore, the aim of
this study was to elucidate the possible association
of excitatory amino acid, GLU, GLY with the favor-
able action of hyperventilation in the brain ischemia.

In our study, hyperventilation attenuated the in-
crease of glutamate level in peri-ischemic periods,
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even if it did not show statistical significance (p=
0.06). Another interesting finding of this study was
that periischemic glycine levels were lower in the
hyperventilation group. Since glycine facilitates the
actions of glutamate at the NMDA receptor(Forsythe
et al., 1988 ; Foster and Kemp, 1989 ; Kleckner and
Dingledine, 1988 ; Larson and Beitz, 1988), this pro-
vides a possible explanation for the hypocapnia’s
beneficial effect on neurologic outcome. Attenuation
of glutamate’s actions may prevent neuronal injury.
In summary, pre-existing hypocapnia was associ-
ated with decreased peri-ischemic concentrations of
glutamate in brain tissue in vivo model of global
cerebral ischemia. Glycine levels were decreased
also during the peri-ischemic period and this may
account, in part, for previous reports of cerebral
protective action associated with hyperventilation.
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