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Effects of Isoflurane Versus Fentanyl–Nitrous Oxide
Anesthesia on Long-term Outcome from Severe Forebrain
Ischemia in the Rat
Hazem Elsersy, M.D.,* Huaxin Sheng, M.D.,† John R. Lynch, M.D.,‡ Maria Moldovan, M.S.,§ Robert D. Pearlstein, Ph.D.,�
David S. Warner, M.D.#

Background: This study examined long-term outcome from
severe forebrain ischemia in the rat, as a function of anesthetic
given during the ischemic injury.

Methods: Rats were subjected to 10 min of near-complete
forebrain ischemia while anesthetized with either 1.4% isoflu-
rane or 70% nitrous oxide–fentanyl. Neurologic and histologic
outcomes were measured at 5 days, 3 weeks, or 3 months after
ischemia.

Results: At 5 days, isoflurane-anesthetized rats had less dam-
age than did fentanyl-nitrous oxide–anesthetized rats (mean �

SD, percent alive hippocampal CA1 neurons � 58 � 29 vs.
20 � 16, respectively; P � 0.011). This was accompanied by
improved motor function in the isoflurane group (P � 0.002).
At 3 weeks, there was no difference between groups for either
outcome variable (percent alive CA1 neurons � 35 � 26 and
36 � 28 for isoflurane and fentanyl–nitrous oxide, respec-
tively). Similarly, at 3 months, there was no difference between
groups (percent alive CA1 neurons � 56 � 27 and 60 � 27 for
isoflurane and fentanyl–nitrous oxide, respectively). Morris wa-
ter maze performance at 3 months was similar between anes-
thetic groups and was also similar to sham performance. The
percent alive CA1 neurons in the fentanyl–nitrous oxide group
increased with duration of recovery (P � 0.004). There were no
differences among isoflurane groups over time (5 days vs. 3
weeks, P � 0.26; 5 days vs. 3 months, P � 0.99; 3 week vs. 3
months, P � 0.32).

Conclusions: This study found no change in the percent alive
CA1 hippocampal neurons as a function of duration of recovery
from severe forebrain ischemia in isoflurane anesthetized rats. In
contrast, the percent alive CA1 neurons in fentanyl-nitrous oxide–
anesthetized rats tripled over 3 months of recovery. The natural
history of long-term responses to forebrain ischemia requires
further study before conclusions can be drawn with respect to the
permanence of isoflurane neuroprotection.

BECAUSE of the potentially devastating consequences of
cerebral ischemia and the risks of such injuries during
anesthesia and surgery, efforts have been made for at
least 40 yr to pharmacologically increase the tolerance of
the brain to ischemia.1 Volatile anesthetics make good
candidates as neuroprotectants for several reasons. It is
intuitively attractive to consider drugs that depress cere-
bral energy requirements. More important, volatile anes-
thetics simultaneously interact with multiple receptor
systems, potentially providing superior benefit over
drugs that have singular receptor interactions within the
complex milieu of ischemia–reperfusion. Indeed, well-
controlled laboratory studies have shown substantially
improved outcome in animals subjected to an ischemic
injury while anesthetized with various volatile anesthet-
ics.2–6 Most of these positive studies have accounted for
potentially confounding side effects of anesthetics that
might alter outcome independent of direct effects on
neural substrate (e.g., perfusion pressure, temperature,
and blood glucose).

Isoflurane is a neuroprotective anesthetic candidate. It
delays onset of terminal depolarization,7 reduces quan-
tity of tissue at risk for infarction (as defined by cerebral
blood flow thresholds),8 antagonizes glutamate at the
N-methyl-D-aspartate receptor and blocks in vivo gluta-
matergic excitotoxicity,9–11 inhibits penumbral sponta-
neous depolarizations,12 and potentiates �-amino butyric
acid type A–mediated neurotransmission.13,14 Isoflurane
has been shown protective against focal or global cere-
bral ischemia in the mouse,15 rat,2,4,6 and dog.5 All such
studies, however, assessed outcome at intervals of 1–5
days after ischemia. Concern was recently raised by a
report that the protective effect of isoflurane against
focal cerebral ischemia, apparent at 48 h after ischemia,
had completely dissipated when outcome was assessed
at 2 weeks after ischemia.16 This is consistent with the
failure of several other interventions to provide persis-
tent protection, including brief (but not prolonged17)
postischemic moderate hypothermia,18 dizocilpine,19,20

1,2,3,4-tetrahydro-6-nitro-2,3,-dioxo-benzo(f)quinolone-
7-sulfonamide (NBQX),21 and ziconitide.21 We have re-
ported substantial neuroprotective benefit from isoflu-
rane in rat and mouse models of severe forebrain isch-
emia with outcome assessed at 1–5 days after
ischemia.6,15,22 The pathophysiologic responses to focal
stroke versus severe forebrain ischemia (such as could
occur during cardiac arrest) are inherently different (i.e.,
pancellular necrosis vs. selective neuronal necrosis, re-
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spectively). We hypothesized that isoflurane protection
against a severe forebrain ischemic injury would persist
over prolonged durations of recovery.

Materials and Methods

The following study was approved by the Duke Uni-
versity Animal Care and Use committee (Durham, North
Carolina). Male Sprague-Dawley rats (age, 8–10 weeks;
Harlan Sprague-Dawley, Inc., Indianapolis, IN) were
fasted in regard to food but were allowed free access to
water for 12–16 h before the experiments. The animals
were anesthetized with 5% isoflurane in oxygen. After
orotracheal intubation, the lungs were mechanically ven-
tilated (30% O2–balance N2) to maintain normocapnia.
The inspired isoflurane concentration was reduced to
1–2%. Surgery was performed with an aseptic technique.
The tail artery was cannulated and used for blood pres-
sure monitoring and blood sampling. Via a ventral neck
incision, the right jugular vein was cannulated with a
silicone catheter for drug infusion and blood with-
drawal. The common carotid arteries were encircled
with suture. The vagus nerves and cervical sympathetic
plexus were left intact. Muscle paralysis was provided by
a 1-mg intravenous bolus of succinylcholine, repeated as
necessary to allow control of ventilation during isch-
emia. Pilot studies had been performed to assure that
rats would not exhibit an escape response in the ab-
sence of succinylcholine given the respective anesthetic
regimens. A bilateral cortical electroencephalogram was
continuously monitored during the experiment from ac-
tive subdermal electrodes positioned over the parietal
cortex bilaterally, a reference electrode placed on the
nasion, and a ground lead positioned in the tail.

A 22-gauge needle thermistor (model 524; YSI Co.,
Yellow Springs, OH) was percutaneously placed adja-
cent to the skull beneath the temporalis muscle, and
pericranial temperature was servoregulated (model
73ATA Indicating Controller; YSI Co.) at 37.5 � 0.1°C by
surface heating or cooling. Heparin (50 U) was given
intravenously. Exposure to isoflurane during anesthesia in-
duction and surgical preparation lasted approximately 1 h.

Rats were then randomly assigned to one of two anes-
thetic conditions. In one group, delivered isoflurane was
adjusted to 1.4% in 30% O2–balance N2. In the other
group, isoflurane was discontinued, and the inspiratory
gas mixture was changed to 70% N2O in 30% O2. Fent-
anyl was given as a 10-�g/kg intravenous bolus followed
by 25 �g · kg�1 · h�1. The anesthetic doses in the two
groups were chosen on the basis of previous studies that
showed short-term (i.e., 3–5 days) outcome differences,
as a function of these anesthetic conditions, in rats and
mice subjected to 10 min of severe forebrain isch-
emia.6,15,22 Anesthetic conditions were established 30
min before ischemia, during which time rats in both

groups were allowed to stabilize physiologically. Arterial
blood gases and hematocrit were measured 10 min be-
fore ischemia and at 10 and 60 min after ischemia. Blood
glucose was measured at 10 min before ischemia.

Ischemia was then induced by withdrawal of 6–10 ml
blood from the jugular catheter so as to reduce mean
arterial blood pressure to 25–30 mmHg.23,24 The ca-
rotids were then occluded with aneurysm clips, and a
timer was started. Ischemia persisted for 10 min and
was confirmed by the presence of an isoelectric
electroencephalogram.

To terminate ischemia, shed blood was reinfused, and
the aneurysm clips were removed. NaHCO3 (0.3 mEq
intravenous) was given to counteract systemic acidosis.
The catheters were removed. The wounds infiltrated
with 1% lidocaine and closed with suture. Anesthetic
agents were continued after ischemia for variable peri-
ods of time (isoflurane, 110 min; fentanyl, 80 min; ni-
trous oxide, 110 min) to ensure that animals in both
groups would recover the righting reflex at approxi-
mately 2 h after onset of reperfusion. On recovery of
spontaneous ventilation, the trachea was extubated, and
the rats were allowed to recover in an oxygen-enriched
environment (fraction of inspired oxygen � 0.4). Tem-
perature regulation was continued until recovery of the
righting reflex. Animals were then returned to their
cages with free access to food and water.

For each recovery interval, a set of sham rats was
generated (n � 6). These animals were exposed to all
aspects of isoflurane anesthesia and surgical preparation
for ischemia. The carotids were not occluded, and sys-
temic hypotension was not used.

After completion of the ischemia protocol, rats were
allowed to recover for 5 days, 3 weeks, or 3 months
(n � 10–13 rats per anesthetic condition per recovery
interval). On the final day of recovery, with the observer
blinded to group assignment, motor function tests were
performed according to an established protocol, includ-
ing assays of prehensile traction and balance beam per-
formance.25,26 The motor score was graded on a 0–9
scale (best score � 9).

In the 3-month recovery group, Morris water maze
(place set) testing was performed over 5 days before
euthanasia.27 Spatial learning was tested in a black cir-
cular pool (having fixed visual cues) filled with water
(27°C) so that the surface was 3 cm higher than a
submerged invisible platform. The position of the plat-
form was kept unchanged throughout testing. Rats were
tested for 5 consecutive days, with four trials per day,
beginning 86 days after ischemia. The rat was introduced
in the pool at one of four equally spaced locations
(randomly assigned with the provision that on each day,
all four locations were tested) and was allowed to
swim for a maximum of 90 s. If the platform was not
found, the rat was placed by hand on the platform and
left there for 30 s in the first trial and for 15 s on any
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subsequent trial. Four trials were performed each day
(intertrial interval � 10 min). The latency to escape
times were captured using a computerized tracking
system (Ethovision 2.2.14; Noldus Information Tech-
nology, Leesburg, VA).

After neurologic evaluation, the rats were anesthetized
with isoflurane, and the brains were fixed in situ by
intraaortic infusion of buffered 10% formalin. After 24 h,
the brains were removed and stored in 10% formalin.
Paraffin-embedded brain sections were serially cut (5 �m
thick) and stained with acid fuchsin–celestine blue.
With the investigator blinded to group assignment, in-
jury to the hippocampal CA1 sector was evaluated by
light microscopy. CA1 neuronal necrosis peaks at 3 days
after ischemia, followed by progressive phagocytosis.28

Therefore, the following procedure was used to assess
the fraction of CA1 neurons surviving ischemia. First, the
total number of hemispheric CA1 neurons at bregma
�4.0 mm was counted and averaged for each sham
group to account for any effect of aging on CA1 cell
counts during the recovery interval. This value was
taken as the common denominator for each respective
recovery interval. Then, the number of viable CA1 neu-
rons was counted in each hemisphere of the rats ex-
posed to ischemia. Viable neurons were considered to
be those with a blue hue and also an intact plasma
membrane and visible nucleus. For each animal, the
value from the hemisphere with the least number of
surviving CA1 neurons was taken for further analysis.
This value was divided by the respective common de-
nominator, and the fraction was multiplied by 100 to
obtain the percent alive CA1 neurons. In the 5-day ani-
mals, the cells were counted a second time. In this case,
both viable and nonviable neurons were counted. Non-
viable neurons were considered to be those being
pyknotic and having an acidophilic reddish hue.29 The
total number of neurons (viable plus nonviable) was
calculated for each animal. The percent alive CA1 neu-
rons was calculated as viable neurons/total neurons �
100. This process resulted in values almost identical to
those obtained by use of the sham values as the denom-
inator for the 5-day recovery group (linear regression R2

� 0.96), validating concordance between the counting
techniques. To provide consistency in counting tech-
nique across all recovery intervals, statistical analysis was
performed using percent surviving neurons values cal-
culated by use of respective sham common denominator
values for each recovery interval.

Given the results of the above histologic analysis, the
remaining tissue blocks from rats allowed to survive 3
months were again sectioned. The goal of this assess-
ment was to determine whether the cells counted as
survivors using acid fuchsin–celestine blue were in fact
neurons by use of NeuN, a neuron-specific immunohis-
tochemical marker.30 Because this was a post hoc anal-
ysis, some tissue was lost (approximately 400 �M) be-

tween the sections obtained for acid fuchsin–celestine
blue versus NeuN staining. Coronal sections (5 �M thick)
were deparaffinized and hydrated in distilled water, then
placed in a Coplin jar containing 0.0 1M citrate buffer
(pH 6.0) for antigen retrieval using a microwave set at
80% power for 5 min � 2. Slides were kept in buffer for
an additional 30 min until buffer reached room temper-
ature in preparation for immunohistochemistry as fol-
lows. Slides were treated with 0.3% H2O2–0.1% NaN3 for
10 min, twice washed in phosphate buffered saline,
incubated in 2% horse serum for 5 min, incubated in 10%
horse serum for 30 min, and then incubated overnight in
mouse antineuronal nuclei (NeuN) antibody (Fisher
Chemical, Tustin, CA), 1:1,000 dilution, at 4°C. Slides
were then washed in phosphate-buffered saline for 10
min � 3, incubated in fluorescein isothiocyanate conju-
gated horse anti-mouse immunoglobulin G antibody,
1:200 dilution (Vector Labs, Burlingame, CA), for 3 h,
and washed in phosphate-buffered saline for 10 min � 3.
A vectashield cover slip with 4',6 diamidino-2-phenylin-
dole (Vector Labs) was applied and the slides stored at
4°C until analyzed.

NeuN-positive cells in hippocampal CA1 were counted
using fluorescence microscopy. As was done for the acid
fuchsin–celestine blue study, CA1 cell counts were
made in both hemispheres. The hemisphere with the
smallest number of NeuN-positive cells was used for
further analysis. To define the percent alive neurons, the
number of CA1 NeuN-positive cells in each animal was
divided by the mean number of hemispheric CA1 NeuN-
positive cells in the sham group (� 100).

All experimental procedures with the exception of
ischemia were performed by an experimenter blinded to
group assignment.

Statistical Analysis
Physiologic values were compared qualitatively to con-

serve statistical power. The primary dependent variable
was percent alive CA1 neurons as assessed with acid
fuchsin–celestine blue staining. A two-way analysis of
variance was used to compare the two anesthetic groups
and the three times to recovery. The Tukey-Kramer ad-
justment for multiple comparisons was applied to pair-
wise comparisons. NeuN-positive cell counts were com-
pared by the Student t test. Total motor scores were
compared between anesthetic groups at each recovery
interval by the Mann–Whitney U statistic. Morris water
maze latencies were compared by repeated-measures
analysis of variance with time as the repeated measure.
Values are presented as mean � SD.

Results

Physiologic values are reported in table 1. There were
no important differences among anesthetic groups.
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Total motor scores are reported in figure 1. All sham
rats received a score of 9 (data not shown). Scores were
better in the isoflurane versus fentanyl–nitrous oxide
group at 5 days (P � 0.002). In contrast, at both 3 weeks
(P � 0.53) and 3 months (P � 0.45) after ischemia, there
was no difference between the anesthetic groups. There
was no difference between groups for Morris water
maze latency at 3 months after ischemia (P � 0.29; fig.
2), although there was a main effect for time over the
testing interval (P � 0.001).

Figure 3 depicts the percent alive hippocampal CA1
neurons as defined by acid fuchsin–celestine blue stain-
ing. The distribution of the percent alive CA1 neurons
was not severely nonnormal, and no outliers were
present. The variances of the groups were similar. The
overall analysis of variance model, considering both an-
esthetic groups and all recovery intervals, was significant
(P � 0.0011), with R2 � 0.264 (i.e., approximately 26%
of the variability of the percent alive CA1 neurons was
accounted for by the factors in the model). Although the

anesthetic effect was marginal (P � 0.089) and the
duration of recovery effect was strong (P � 0.008), these
effects were modified by their significant interaction
(P � 0.011). That is, the effect of anesthetic depended
on time to recovery, and vice versa. The anesthetic
groups differed significantly at 5 days after ischemia,
when the percent alive CA1 neurons was higher in the
isoflurane group (P � 0.011). In contrast, there was no
difference between anesthetic groups at 3 weeks (P �
1.0) or 3 months (P � 0.99). In the fentanyl–nitrous
oxide groups, the percent alive CA1 neurons varied with
duration of recovery, where at 3 months, the percent
alive CA1 neurons was greater than at 5 days
(P � 0.004). There were no differences among isoflu-
rane groups over time (5 days vs. 3 weeks, P � 0.26; 5
days vs. 3 months, P � 0.99; 3 weeks vs. 3 months, P �
0.32). At 3 months, the percent alive CA1 neurons in
both anesthetic groups remained less than that observed
in the sham group (P � 0.01).

Table 1. Physiologic Values

Isoflurane Fentanyl–Nitrous Oxide

5 Days 3 Weeks 3 Months 5 Days 3 Weeks 3 Months

No. 11 12 13 12 10 13
Pre-BW, g 294 � 15 295 � 14 292 � 11 298 � 10 291 � 19 285 � 17
Final BW, g 305 � 20 385 � 16 463 � 25 274 � 16 379 � 35 465 � 25
10 min before ischemia

MAP, mmHg 112 � 6 105 � 7 112 � 12 134 � 9 121 � 15 126 � 10
Arterial pH 7.38 � .04 7.36 � .03 7.36 � .04 7.37 � .03 7.34 � .03 7.35 � .03
PaCO2, mmHg 40 � 3 39 � 3 40 � 3 39 � 2 39 � 2 40 � 2
PaO2, mmHg 120 � 13 121 � 15 119 � 14 114 � 12 122 � 15 123 � 11
Blood glucose, mg/dl 82 � 6 80 � 7 83 � 8 87 � 8 80 � 7 85 � 11
Hematocrit, % 43 � 1 42 � 2 43 � 1 43 � 1 42 � 2 41 � 2

10 min after ischemia
MAP, mmHg 115 � 4 108 � 9 113 � 9 117 � 5 115 � 7 112 � 9
Arterial pH 7.35 � .03 7.36 � .03 7.36 � .04 7.36 � .04 7.35 � .04 7.35 � .03
PaCO2, mmHg 39 � 1 39 � 2 40 � 2 40 � 5 39 � 2 40 � 3
PaO2, mmHg 120 � 15 123 � 17 123 � 12 119 � 15 122 � 16 127 � 17
Hematocrit, % 42 � 1 41 � 2 41 � 1 42 � 1 41 � 2 41 � 1

60 min after ischemia
MAP, mmHg 98 � 5 90 � 5 94 � 5 99 � 5 94 � 7 94 � 9
Arterial pH 7.37 � .03 7.36 � .03 7.37 � .03 7.38 � .02 7.35 � .04 7.38 � .04
PaCO2, mmHg 40 � 3 39 � 3 39 � 3 40 � 3 39 � 2 39 � 3
PaO2, mmHg 120 � 17 118 � 19 123 � 12 116 � 8 120 � 10 127 � 17
Hematocrit, % 42 � 1 41 � 2 41 � 1 42 � 1 40 � 2 41 � 2

Values are presented as mean � SD.

BW � body weight; MAP � mean arterial pressure; PaCO2 � arterial carbon dioxide tension; PaO2 � arterial oxygen tension.

Fig. 1. Rats were subjected to 10 min of
severe forebrain ischemia while anesthe-
tized with fentanyl–nitrous oxide (F/N)
or isoflurane (ISOF) and were allowed to
survive for 5 days, 3 weeks, or 3 months.
The total motor score (9 � normal) is
depicted for the respective recovery in-
tervals. There was a difference between
anesthetic groups at 5 days (P � 0.002)
but not at 3 weeks or 3 months after isch-
emia. Horizontal bars � group median
values; open circles � values for individ-
ual rats.
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Analysis of the NeuN results at 3 months after ischemia
showed no effect of anesthetic group (number CA1
NeuN positive: fentanyl–nitrous oxide, 320 � 135;
isoflurane, 341 � 124, P � 0.69). The percentages of
CA1 neurons alive (fentanyl–nitrous oxide, 70 � 27%;
isoflurane, 74 � 27%) were numerically greater than
values reported for acid fuchsin–celestine (fentanyl–
nitrous oxide, 60 � 27%; isoflurane, 56 � 27%), perhaps
attributable to the more caudal CA1 samples used for
NeuN staining.

Discussion

There is a growing body of evidence showing that
pharmacologic neuroprotection can have a transient na-
ture, dissipating over the first few weeks of recovery
after an ischemic injury.19–21 In the current study, both
histologic and neurologic outcome from 10 min of se-
vere forebrain ischemia were substantially better in rats
anesthetized with isoflurane versus fentanyl–nitrous ox-
ide when assessed at 5 days after ischemia. This is con-
sistent with several previous reports.6,15,22 However,
when recovery was extended to 3 weeks or 3 months,
there was no differential effect of intraischemic anes-
thetic on histologic or behavioral outcome.

The intention of our study was to define the persis-
tence of isoflurane neuroprotection against a severe fore-
brain ischemic injury. We speculated that findings in our
study would be different from those of Kawaguchi et

al.,16 who observed only transient protection by isoflu-
rane in a focal cerebral ischemia model. We hypothe-
sized that absence of a hippocampal ischemic penumbra
in the global injury might distinguish the persistence of
isoflurane neuroprotection from that observed in a focal
lesion.31 In support of our hypothesis, Sullivan et al.32

reported persistent protection (2 weeks) by isoflurane
against oxygen–glucose deprivation in organotypic hip-
pocampal slices, an in vitro model used to simulate
global cerebral ischemia. Unfortunately, our data neither
supports nor refutes the hypothesis that isoflurane neu-
roprotection is persistent, but it presents potentially
important observations relevant to the study of long-
term outcome responses to severe forebrain ischemia.

We cannot identify major methodologic issues that
might weaken our findings. It is plausible that use of a
learning-set rather than place-set Morris water maze
would have provided a different result at 3 months.26

However, the decreases in latency times over the 5-day
observation interval were nearly identical between ei-
ther anesthetic–ischemia group and shams, making it
unlikely that major memory dysfunction went undetec-
ted. This is consistent with the relatively large percent
alive CA1 neurons in both groups. Post hoc, we ques-
tioned the validity of the acid fuchsin–celestine blue
histologic analysis because the percent alive CA1 neu-
rons increased over the 3-month observation interval in
the fentanyl–nitrous oxide group (which presumably
was not confounded by any transient preservation of

Fig. 2. Rats were allowed to survive for 3
months after 10 min of severe forebrain
ischemia while anesthetized with fenta-
nyl–nitrous oxide or isoflurane. Concur-
rent sham-operated animals were not
subjected to ischemia. On days 86–90 af-
ter ischemia (or sham surgery), place-set
Morris water maze performance was as-
sessed. Although performance improved
over the 5-day training intervals in all
groups (P < 0.001), there were no differ-
ences among groups (P � 0.29). Values
are presented as mean � SD.

Fig. 3. Rats were subjected to 10 min of
severe forebrain ischemia while anesthe-
tized with fentanyl–nitrous oxide (F/N)
or isoflurane (ISOF) and were allowed to
survive for 5 days, 3 weeks, or 3 months.
Percent alive hippocampal CA1 neurons,
as assessed with acid fuchsin–celestine
blue staining, are shown for the respec-
tive recovery intervals. A difference was
present between anesthetic groups at 5
days after ischemia (P � 0.011). There
was no difference between groups at 3
weeks or 3 months. Horizontal bars �
group mean values; open circles � values
for individual rats.
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neuronal survival, as may have been the case for isoflu-
rane). The validity of acid fuchsin staining of acidophilic
neurons as a marker of hippocampal neuronal death has
been validated by presence of concurrent electron mi-
croscopic markers of neuronal death,29 but it remained
possible that cells counted as living neurons at 3 months
were in fact other cell types. To assure that the counted
cells were neurons, the analysis was repeated using
NeuN immunohistochemistry, and the results were val-
idated. This is suggestive that neurogenesis occurred, an
event others have recently reported in postischemic
hippocampus.33–35 However, we cannot claim evidence
for neurogenesis in the absence of proof of postischemic
mitosis (commonly assessed by use of 5-bromo-2'-deoxy-
uridine mitotic labeling combined with NeuN immuno-
histochemistry).

The percent alive CA1 neurons in the fentanyl–nitrous
oxide group increased dramatically over the 3-month
observation interval (5 days, 20 � 16; 3 months, 60 �
27). This magnitude of change was not anticipated, de-
spite reports of neurogenesis in the ischemia litera-
ture.33–35 However, we are not aware of any studies that
have examined forebrain ischemia outcome intervals as
long as 3 months. As a result, our study was confounded
by a changing baseline in the comparator group against
which isoflurane protection was assessed. This caused a
probable reduction in statistical power that is suggested
by the failure of this study to detect statistical signifi-
cance for a 40% change in the percent alive CA1 neurons
in the isoflurane group between 5 days (58 � 29) and 3
weeks (35 � 26, P � 0.26) after ischemia. When P
values were not corrected for multiple comparisons, this
difference approached significance (P � 0.053). Therefore,
the difference in the percent alive CA1 neurons between 5
days and 3 weeks after ischemia in the isoflurane group
may warrant further investigation.

The curious observation in this study is that while the
fentanyl group showed a statistically significant increase
in the percent alive CA1 neurons over 3 months of
recovery, the isoflurane group did not. We do not have
data to explain this difference. Isoflurane did reduce
acute neuronal necrosis when measured at 5 days after
ischemia. The fraction of those “protected” neurons that
remained alive at 3 weeks is unknown, particularly be-
cause it is also possible that the same mechanism that
caused the percent alive CA1 neuron cells to increase in
the fentanyl–nitrous oxide group may also have been
simultaneously operational in the isoflurane group. As a
result, it is plausible that the difference in the percent
alive CA1 neurons in the isoflurane group at 3 weeks
versus the percent alive CA1 neurons alive in the fenta-
nyl–nitrous oxide group at 5 days reflects a mixture of
mechanisms (e.g., neuroprotection and neurogenesis).
Added to this is the possibility that some CA1 neurons in
the isoflurane group were simultaneously undergoing
apoptotic cell death.36 Further work is clearly needed to

understand the response of hippocampal CA1 to isch-
emia over extended recovery intervals, and specific as-
say of the modulation of this effect by isoflurane is
warranted.

Therefore, the results of the current investigation can
be interpreted in one of two ways. Because there was
both a behavioral and a histologic difference between
the isoflurane and fentanyl–nitrous oxide groups at 5
days but no difference for either outcome assay at 3
weeks or 3 months, it could be concluded that the
protective advantage of isoflurane versus fentanyl–ni-
trous oxide is transient in nature. This conclusion would
limit clinical relevance of isoflurane neuroprotection
(and potentially that of other similar anesthetics), should
the same phenomena be present in humans. Global
ischemic injuries are known to cause selective neuronal
necrosis in humans, with functional deficits consistent
with hippocampal CA1 damage,37,38 but see Grubb et
al.39 Conversely, because the fentanyl–nitrous oxide
group showed a threefold increase in the percent alive
CA1 neurons over the 3-month observation interval, the
protective effect of isoflurane may have been obscured.
Indeed, rats in the isoflurane group were better for at
least part of the recovery interval. More important, the
study indicates that the basic response of the hippocam-
pal CA1 sector to severe forebrain ischemia is poorly
understood and thus presents a current limitation of the
model in defining long-term outcome effects of isoflu-
rane. Further investigation into both the natural history
of the brain’s response to severe forebrain ischemia and
how isoflurane interacts with that process will be re-
quired before firm conclusions can be drawn with re-
spect to the persistence of isoflurane neuroprotection
against selective neuronal necrosis.

The authors thank Ann D. Brinkhous (Technician, Department of Anesthesi-
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