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Etomidate Does Not Alter Recovery after Anoxia of
FEvoked Population Spikes Recorded from the CAl
Region of Rat Hippocampal Slices

M. Eduarda Amadeu, M.D.,* A. Elisabeth Abramowicz, M.D.,t Geoffrey Chambers, M.S.,

James E. Cottrell, M.D.,§ Ira S. Kass, Ph.D.||

Background: Etomidate is an anesthetic agent that reduces
the cerebral metabolic rate and causes minimal cardiovascular
depression. Its ability to improve recovery after anoxia or
ischemia is equivocal. An in vitro neuronal preparation was
used to examine the action of etomidate on electrophysiologic
and biochemical parameters during and after anoxia.

Methods: The Schaffer collateral pathway was stimulated,
and a postsynaptic evoked population spike was recorded
from the CA1 pyramidal cell layer of rat hippocampal slices.
Etomidate or propylene glycol, its solvent, was present 15 min
before, during, and 10 min after anoxia. Adenosine triphos-
phate, sodium, and potassium concentrations were measured
at the end of anoxia in tissue treated with etomidate, propyl-
ene glycol, or with no added drugs.

Results: Etomidate did not alter recovery after 6 min of an-
oxia. The population spikes from untreated slices recovered
to 32% of their preanoxic amplitude, and slices treated with
0.5, 3, and 30 pug/ml etomidate recovered to 24%, 35%, and
13%, respectively. Slices treated with propylene glycol, equiva-
lent to that in 3 and 30 ug/ml etomidate, recovered to 46%
and 12%, respectively, and this was not significantly different
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from untreated slices. Etomidate did not attenuate the decreases
in adenosine triphosphate concentrations during anoxia. Thq?,}:
increase in sodium and the decrease in potassium during anl>
oxia were significantly attenuated by 30 but not by 3 ng/mE
etomidate.

Conclusions: A range of etomidate concentrations did nog
significantly alter recovery of the evoked population spike
after anoxia in rat hippocampal slices. A high concentrationg
of etomidate did attenuate the increase in sodium and the&
decrease in potassium during anoxia. (Key words: Cerebrab
anoxia; cerebral ischemia; intravenous anesthetics.)
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ETOMIDATE is an intravenous anesthetic agent that reg
duces the cerebral metabolic rate and causes minimak®
cardiovascular depression, maintaining cerebral pcrfug
sion pressure."? Because reducing the cerebral metad
bolic rate is a putative neuroprotective mechanism ()@
anesthetic action, Batjer’ suggested that etomidateS
might be a good agent for vascular surgery when [h(:iﬁn
cerebral circulation needs to be interrupted. Reccntg
studies have indicated that there is a significant incrcasc‘g
in the risk of stroke during cardiovascular and neurosumg
gical procedures.”” This finding reinforces the need tog
find anesthetic agents that protect against anoxic and‘%
ischemic damage.

Etomidate’s protective efficacy has varied in in vivo:
animal studies involving an ischemic insult. Etomidates
reduced high-energy phosphate use with severe hyps
oxia and carotid artery ligation.® Low doses of ctomidate%
improved recovery from incomplete cerebral ischemia &
but high concentrations significantly hindered recov-
ery.” More recent studies found that etomidate im-
proved recovery and reduced extracellular glutamate
and dopamine levels after incomplete forebrain isch-
emia.® '" Some studies examining focal ischemia found
increased damage with etomidate.'' Guo et al.'? found
moderate temporary improvement from brain stem
ischemia after etomidate treatment. Thus the ability of
etomidate to protect against ischemia is equivocal.
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We used the rat hippocampal slice to study the effect
¢ of etomidate on recovery from anoxic damage. This

+ preparation is independent of the circulation and exam-
i ines the direct effect of an agent on neurons. We mea-
+ sured biochemical and physiologic parameters from the

Be

same region of the brain to identify the mechanism by

+ which an agent acts. In the current study, we examined
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- CAl pyramidal cells, which are neurons that are ex-
tremely sensitive to anoxic and ischemic damage, for
| their ability to recover electrophysiologic activity after
an anoxic insult in the presence of etomidate. We also
measured adenosine triphosphate (ATP), sodium, and
potassium levels in the hippocampus during anoxia
with 3 and 30 ug/ml etomidate.

Materials and Methods

A detailed description of our methods was previously
published."*'* Adult (aged 110-120 days) male Sprague-
Dawley rats (Camm, Wayne, NJ) were used. Approval
for the experiments was received from the Animal Care
and Use Committee of the State University of New York
Health Science Center at Brooklyn. Immediately after
decapitation, the brain was removed and placed in ice-
cold (2°C), oxygenated artificial cerebrospinal fluid
(aCSF). The aCSF contained 126 mm NaCl, 3 mm KCI,
1.4 mm KH,POy, 1.3 mm MgSO,, 1.4 mm CaCl,, 26 mm
NaHCOs, 4 mm glucose, pH 7.4, and was equilibrated
with a gas mixture consisting of 95% oxygen and 5%
carbon dioxide. The hippocampi were isolated, cut
transversely into 0.5-mm-thick slices, and supported on
nylon mesh held in place on a plastic grid in a 7-ml
chamber. The temperature of the aCSF in the chamber
was increased to 37°C and maintained at this tempera-
ture for the rest of the experiment. The slices were
submerged 1 cm below the surface of the aCSF, which
was exchanged at a rate of 60 ml/min. The aCSF was
acrated with 95% oxygen and 5% carbon dioxide.

Electrophysiologic Experiments

Slices were allowed 1 h of undisturbed superfusion
for stabilization after dissection; the aCSF was aerated
with 95% oxygen and 5% carbon dioxide. At the end
of the hour, a stimulating electrode was placed in the
presynaptic Schaffer collateral pathway and a tungsten
recording electrode was positioned in the CA1 pyrami-
dal cell layer. The Schaffer collateral pathway was stimu-
lated by a supermaximal biphasic pulse every 10 s
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throughout the rest of the experiment; this evoked a
postsynaptic population spike in the CA1 pyramidal cell
layer. Etomidate (Amidate; Abbott Laboratories, Chi-
cago, IL) was added to the aCSF superfusing the slices
15 min before anoxia. Anoxia was generated by chang-
ing the superfusing aCSF to one that was preequili-
brated with 95% nitrogen and 5% carbon dioxide for 6
min. The aCSF was aerated with 95% oxygen and 5%
carbon dioxide; after 10 min, the aCSF was changed
to a solution that did not contain etomidate. Control
experiments were done without any drug and with pro-
pylene glycol, the solvent in the clinical formulation of
etomidate. Propylene glycol was prepared as a 35% vol/
vol solution, its concentration in the clinical formula-
tion of etomidate, and the same volume of that solution
as the clinical etomidate solution was added to the prep-
arations. The population spike was then observed for
an additional 60 min after anoxia. Recovery was calcu-
lated by dividing the 1-h postanoxic population spike
amplitude by the preanoxic, predrug population spike
amplitude.

Biochemical Experiments

For biochemical studies, rat hippocampal slices were
obtained as described previously. Grids with slices ob-
tained from the same animal were placed in separate
beakers containing aCSF that were aerated with a gas
mixture of 95% oxygen and 5% carbon dioxide and
maintained at 37°C. Anoxia was generated by replacing
the oxygen gas mixture abruptly with a mixture of 95%
nitrogen and 5% carbon dioxide for 6 min. The time
course of the biochemical experiments matched those
described for the electrophysiologic studies. Either
etomidate, propylene glycol, or no drug was added to
the aCSF for 15 min before and during anoxia.

The ATP was measured in individual slices incubated
as described previously. For these experiments, a 6-
min anoxia period was examined. After anoxia, or an
equivalent time period, the slices were removed from
the beaker, rapidly frozen in liquid nitrogen, lyophi-
lized, and the CAl regions were dissected and
weighed."” The ATP was then extracted by homogeniz-
ing the tissue in 3N ice-cold perchloric acid and mea-
sured, after neutralization, using the firefly luciferin-
luciferase assay."”

Sodium and potassium levels were measured from
whole hippocampal slices after 6 min of anoxia. The
slices were treated as described before until the end of
the experimental period, when they were removed
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Table 1. Recovery of the Evoked Population Spike 60 min
after 6 min of Anoxia

% Recovery

Drug (6 min of anoxia) n

Untreated 328 =131/ 13
Etomidate (clinical formulation)

0.5 pg/ml 24 + 38 6

3 pg/ml 85046 6

30 pg/ml i135==232 6

Propylene glycol 35% vol/vol

(equivalent to amount in clinical

formulation of etomidate)

1.5 ml/L (equivalent to 3 pg/ml) 46 + 34 4
15 ml/L (equivalent to 30 pg/ml) 1255119 8

Values are mean + SD. No groups were significantly different from the un-
treated anoxic group.

from the beakers and submerged in agitated ice-cold
(4°C) isotonic sucrose for 10 min. This permitted the
washout of ions from the extracellular space while min-
imizing the loss of intracellular ions."> The slices were
removed from the sucrose, placed in preweighed micro-
centrifuge tubes, dried at 90°C for 48 h, and weighed
again. After the tissue was shaken for 18 h with dilute
nitric acid (0.1 N), the supernatant was assayed using
a Radiometer (Copenhagen, Denmark) FLM3 flame pho-
tometer.

All values are expressed as mean = SD. The number
of animals in each group is given in the tables and
figures. Statistical analysis was performed using analysis
of variance and two-tailed unpaired Student’s 7 tests.
Probability values <0.05 were considered significant.
The Prism (version 2) computer program (GraphPad
Software, San Diego, CA) was used for all statistical
calculations.

Results

Recovery of the Evoked Population Spike

Etomidate (0.5, 3, and 30 pg/ml) did not increase
the latency or decrease the amplitude of the evoked
population spike recorded in the CA1 pyramidal cell
layer of rat hippocampal slices. The latency was 101 =+
2%, 102 = 3%, and 103 = 2% of its predrug latency
after 0.5, 3, and 30 pg/ml etomidate. The amplitude of
the response after 0.5, 3, and 30 ug/ml etomidate was
100 * 4%, 99 * 6%, and 98 + 8% of its predrug ampli-
tude.
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The postsynaptic population spike recovered to 32%
of its preanoxic amplitude in untreated slices subjected
to 6 min of anoxia (table 1). The response recovered
to 24% of its preanoxic amplitude in slices treated with
0.5 pg/ml etomidate (clinical formulation) before, dur-
ing, and after 6 min of anoxia. Increasing the etomidate
concentration to 3 or 30 ug/ml did not significantly
alter the recovery of the evoked response (table 1).9
There was no significant change of the postsynaptici—’
population spike at any concentration of etomidate. Fig-:z
ure 1 shows typical recordings from this experiments
examining 3 ug/ml etomidate.

The clinical formulation of etomidate contains 35%g
vol/vol propylene glycol. We investigated the effect of&
this solvent, without etomidate, on recovery after 6§
min of anoxia. The amplitude of the evoked responses
returned to 46% and 12%, respectively, after 6 min ofg
anoxia with a propylene glycol concentration equiva-%
lent to that in the 3 and 30 pg/ml clinical formulation ofg
etomidate. These values were not significantly di s
from untreated slices.
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Adenosine Triphosphate

The concentration of ATP was measured in the CAIS
region of rat hippocampal slices at the end of anoxia.§
The concentration of ATP in this region of untreatedg
normoxic slices was 5.1 nmol/mg dry weight. After 6%
min of anoxia, the ATP concentration decreased to 47%§
of its normoxic concentration (table 2). The Clinical'g
formulation of etomidate did not significantly alter theg
decrease in ATP during anoxia. The ATP level decreased§
to 49% after 6 min of anoxia with 3 ug/ml etomidateS
and to 51% with 30 pg/ml etomidate. Propylene glycol"igo
alone, at a concentration equivalent to that in 30 yg/mlg
etomidate, also did not significantly alter the decrease ing
ATP after 6 min of anoxia (47%).
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Sodium and Potassium Ilons

The concentrations of sodium and potassium were®
measured from whole hippocampal slices. The sodium
concentration in untreated normoxic slices was 133
nmol/mg dry weight; at the end of 6 min of anoxia, the
sodium increased to 135% of this concentration (table
3). The lower concentration of etomidate (3 ug/ml) did
not significantly alter this increase (133%), but 30 ug/ml
etomidate significantly reduced the increase in sodium
during anoxia to 114% of its normoxic concentration.
Propylene glycol, in a concentration equivalent to that




| Fig. 1. The effect of etomidate on recov-
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ery of CA1 pyramidal cells after anoxia.
(4) The evoked population spike due to
stimulation of the Schaffer collateral
pathway is recorded from the CA1 pyra-
midal cell layer of untreated hippocam-
pal slices. The responses are shown be-
fore anoxia, during 6 min of anoxia, and
60 min after reoxygenation. (B) Slices
were exposed to 3 ug/ml etomidate 15
min before, during, and 10 min after a
6-min anoxic period. Evoked population
spikes, recorded as in panel A, are B
shown before etomidate (preanoxia),

after etomidate before anoxia, during
anoxia with etomidate, and 60 min after
anoxia (50 min after etomidate wash-

out). The scale applies to all traces. Scale,

250 puV; 2 ms.

PRE ANOXIA

achieved with the 30 pg/ml etomidate treatment, did

not significantly alter the increase in sodium (129%).
The potassium concentration in untreated normoxic

slices was 149 nmol/mg dry weight; at the end of 6

Table 2. Adenosine Triphosphate (ATP) Concentrations
Measured at the End of a 6 min Anoxic Period

ATP
(nmol/mg dry wt) n
Untreated 95% oxygen 5:18£10.6% 23
6 min of anoxia
Untreated 24 + 0.7 23
Etomidate 3 pg/ml 26015 24
Etomidate 30 pg/ml 2802016 24
Propylene glycol 35% vol/vol
(equivalent to amount in clinical
formulation of etomidate)
15 ml/L (equivalent to 30 pg/ml) 24 + 0.6 24

Values are mean + SD.

*P < 0.05 versus the untreated anoxic group.

Anesthesiology, V 88, No 5, May 1998

li

O

PRE ANOXIA

ANOXIA RECOVERY

T

PRE ANOXIA
ETOMIDATE

ANOXIA
ETOMIDATE

RECOVERY

min of anoxia, the potassium decreased to 82% of this
concentration. Although 30 pg/ml etomidate signifi-
cantly reduced the decrease in potassium to 95% of
its normoxic concentration, 3 ug/ml etomidate had no
significant effect (83%) (table 3). Propylene glycol
(equivalent to that in 30 pg/ml etomidate) did not sig-
nificantly alter the decrease in potassium (78%).

Discussion

Anesthetic agents that improve recovery from neu-
ronal damage are highly desirable for surgical proce-
dures for which there is a risk of ischemia and anoxia.
Recent studies indicate that in addition to neurosurgical
procedures, carotid endarterectomy and surgery with
cardiopulmonary bypass subject the patient to a greater
risk of stroke in the perioperative period.*” Thiopental
has been shown to improve recovery after cardiopulmo-
nary bypass but has the disadvantages of being slowly
eliminated, delaying recovery of central nervous system
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Table 3. Sodium and Potassium Concentrations Measured at the End of a 6 min Anoxic Period

Na*® (nmol/mg dry weight) K* (nmol/mg dry weight) n

Untreated 95% oxygen
6 min of anoxia
Untreated
Etomidate 3 pg/ml
Etomidate 30 pg/ml
Propylene glycol 35% vol/vol (equivalent to amount in
clinical formulation of etomidate)
15 ml/L (equivalent to 30 pg/ml)

1+
(o))

*
(o))

1335 149

I+

18 122
13 124
ek 142

179
i
11152,

I+ 14 1+
I+ 1+ 1+
(o]

_.
©)
o

4
©
(=]

725015 G ==

Values are mean + SD.
*P < 0.05 versus the untreated anoxic group for that ion.

function, and having depressant cardiovascular effects
at the concentrations shown to protect.'® Batjer’ sug-
gested that etomidate could provide similar metabolic
protection without the cardiac side effects. Results of
studies examining etomidate’s protective efficacy have
been equivocal. Some investigations have found an im-
provement with etomidate, but others have found no
effect or a worsening of damage. Therefore we used a
highly reproducible in vitro model of anoxia to exam-
ine etomidate’s direct effect on the recovery of evoked
electrophysiologic activity and electrolyte changes in
neurons.

Plasma concentrations 1 min after a bolus dose of 0.3
mg/kg etomidate approximate 0.48 — 2.6 ug/ml,"’
whereas 3 ug/ml causes a 45% reduction in the cerebral
metabolic rate for oxygen.' We examined etomidate con-
centrations of 0.5 and 3 pg/ml, which approximate these
clinical concentrations and 30 pg/ml, a concentration
that is 10 times the clinical concentration. However, if
we account for the 90% bound etomidate to protein in
plasma,'” then our concentrations are approximately 10
times higher than the concentration of free etomidate in
plasma. Thus our lowest concentration of etomidate, 0.5
pg/ml, is most similar to the clinically used dose, and 30
pg/ml is 100 times the clinical dose.

Etomidate did not increase the latency or reduce the
amplitude of the evoked postsynaptic population spike
before anoxia. This is similar to the lack of effect of
etomidate on brain stem auditory evoked potentials in
humans."” Visual evoked potentials demonstrate a slight
increase in latency with no change in amplitude.'® The
clinical formulation of etomidate, which is dissolved in
propylene glycol, did not alter recovery. We found no
significant effect of propylene glycol alone. Our studies
found no significant difference in physiologic recovery

Anesthesiology, V 88, No 5, May 1998

:dny wouy papeojumoq

for any of the etomidate groups, even when a ¢ test
without correction for multiple comparisons was used
to maximize our chance of finding a significant differ-
ence.

Because etomidate is thought to suppress metabolism, s
we measured the concentration of ATP in the CAl re-§
gion of the hippocampal slice at the end of anoxia%
Etomidate did not attenuate the decrease in ATP duringg
anoxia. Because neurons reduce their activity during%
anoxia, it is possible that etomidate affects the sameg
metabolic components that are inhibited by anoxia and3
that this is why it does not further attenuation the de-g
crease of ATP during anoxia. A major component ofg
ATP use in neurons is the sodium - potassium ATPase%
pump; reducing sodium influx should reduce pump ac—fﬁn
tivity and thereby preserve ATP levels. We found thisg
result with the sodium channel blockers tetrodotoxing
and lidocaine'”*’; it is unclear why 30 pg/ml etomidate,g
which reduced sodium influx during anoxia, did not2
improve ATP concentrations. :

Clinically relevant concentrations of etomidate™'” (0.55
and 3 pg/ml) did not attenuate the increase in sodium or%
the decrease in potassium during anoxia. This correlates2
with the lack of physiologic protection. However, ang
extremely high concentration of etomidate (30 pg/ml), 2
which also did not alter electrophysiologic recove A
significantly reduced the anoxic changes in sodium and
potassium. This suggests that reducing the changes of
these ions during anoxia is not sufficient to impart phys-
iologic protection. We previously showed that 10 um
lidocaine and 600 nm tetrodotoxin attenuate the anoxic
changes in sodium and ATP and improve recovery.'”*
These results suggest that in addition to attenuating
the changes in sodium, it is important to alter other
parameters during anoxia such as ATP.

IIBUDIBA|IS ZBSE)//

SBUEB/WOD

1912

0

q jpd




1279

ETOMIDATE DOES NOT ALTER RECOVERY AFTER ANOXIA

The attenuation of the anoxic changes in sodium and

* potassium could potentially improve recovery from an-

oxia, but this effect on sodium and potassium required
a concentration many times that which could be used
clinically. In addition, even at this extremely high con-
centration we found no effect on the recovery of elec-
trophysiologic activity after anoxia. Increased sodium
influx is an important factor in anoxic damage, and
blocking it should be beneficial. The glutamate trans-

| porter moves glutamate and sodium into neurons and

glia; when the sodium gradient is reduced, as it is during
ischemia, this pump has been shown to reverse and
transport glutamate out of the cells.?' This would dra-
matically increase extracellular glutamate. Because
etomidate improves preservation of the sodium gradi-
ent during anoxia, this may be the mechanism by which
it attenuates the large increase in extracellular gluta-
mate and dopamine during ischemia.®’ Some agents
currently being examined for pharmacologic protection
during ischemia block sodium channels and reduce glu-
tamate release.*

The hippocampal slice is a good model for examining
the direct effect of agents on neurons and the ability
of these agents to improve recovery after an insult. The
hippocampus contains the CA1 pyramidal cells, which
are extremely sensitive to anoxic and ischemic dam-
age.” Because in this model the neurons are directly
superfused independent of the vasculature, any effects
seen are independent of cerebral perfusion and blood
flow redistribution. Thus this model only examines the
effects of drug directly on these neurons, and it cannot
examine the effects of agents on systemic parameters
or neuronal circuits not contained entirely in the hippo-
campus. Our studies were performed under physiologic
conditions; the temperature was maintained at 37°C,
the glucose concentration was 4 mwm, and the divalent
cation concentrations were 1.4 mM calcium and 1.3
mm magnesium. All of these factors influence anoxic
damage, neuronal activity, or both, so it is important
that they closely match conditions iz vivo.

Our data suggest that etomidate neither increases nor
decreases the degree to which induced electrophysio-
logic activity recovers after an anoxic insult. This sug-
gests that the increased damage with etomidate seen in
the middle cerebral artery occlusion model of ischemia
is due to a global action of the drug and not to its
deleterious effect on individual neurons.'' Baughman
et al” found an increase in electroencephalographic
spiking and a worse outcome after incomplete cerebral
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ischemia with high-dose etomidate: they found im-
provement, in the absence of spiking, with a low dose
of etomidate.

Etomidate did not significantly alter recovery from
anoxic damage in the rat hippocampal slice. At high
concentrations, etomidate attenuated the increase in
sodium and the decrease in potassium concentrations
during anoxia. Although this reduction of the anoxic
changes in sodium and potassium should be beneficial.
they required concentrations of etomidate that exceed
clinically acceptable levels. Even these high concentra-
tions are not sufficient, by themselves, to improve re-
covery. We conclude that etomidate does not directly
alter recovery of electrophysiologic activity from anoxia
in hippocampal pyramidal cells.
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