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Abstract
Background—Isoflurane exposure causes improvement in long-term neurocognitive function in
young adult rats, this is associated with an increase in dentate gyrus progenitor proliferation 4 days
after anesthesia. However, the number of new neurons, that were born from cells that incorporated
bromodeoxyuridine 4 days after anesthesia is not affected by anesthesia. We tested the hypothesis
that progenitor proliferation continues to increase past 4 days, which would imply the possibility
that the number of new neurons after anesthesia could be increased if bromodeoxyuridine labeling
occurred at a later time point.

Methods—Bromodeoxyuridine was injected at 0, 1, 2, 4, 9, 16 days after 4 hours of isoflurane
exposure to 60-day old rats. Brains were harvested 2 hours later, immunohistochemically stained,
and the number of bromodeoxyuridine-positive cells in the dentate gyrus was assessed
microscopically.

Results—After 4 hours of exposure to isoflurane in 60-day old rats, the number of
bromodeoxyuridine-positive cells decreased on days 0–2, then increased on day 4 significantly,
and regressed toward the control level on day 9 and 16.

Conclusions—Anesthesia-induced progenitor proliferation in the dentate gyrus was not
sustained 9 days after anesthesia. We interpret these results to signify that an anesthetic effect on
neurogenesis likely does not play a critical role in the previously observed isoflurane-induced
long-term improvement in neurocognitive function in 60-day old rats and that the transient
increase in progenitor proliferation serves to replenish the pool of neural stem cells. The
mechanism of anesthesia-induced improvement in cognition of young adult rats remains elusive.
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Introduction
Anesthetic neurotoxicity has been described at the extremes of age 1–3. It is now widely
accepted that a single episode of anesthetic exposure in the immature animal brain causes
widespread neurodegeneration and persistent neurocognitive problems 4–9. In aged animals,
anesthesia may cause biochemical changes that are similar to those occurring in Alzheimer’s
disease10, 11. Curiously, in young adult rats (2–3 months of age), none of these cellular or
neurobehavioral sequelae are observed. In fact, anesthesia has been shown to improve long-
term cognitive function in this age group9, 12. Both Culley et al. 12 and our this author 9 have
shown that young adult rats that received a single anesthetic had improvements in learning
and memory tasks weeks to months later, compared to unanesthetized controls. The
mechanism of this effect is not yet well understood but might reflect the known action of γ-
amino butyric acid (GABA) on the differentiation of neural progenitor cells13. A GABA-
ergic anesthetic such as isoflurane should briefly inhibit proliferation and stimulate neuronal
differentiation14.

We have previously demonstrated an isoflurane-induced decrease in proliferation and an
increase in neuronal differentiation in vitro in cultured progenitor cells 15. Similarly, in vivo,
there is a decrease in progenitor proliferation at the time of the anesthetic in 60-day old rats
but a subsequent increase in proliferation was seen 4 days later 9. A sustained increase in
dentate gyrus progenitor number or proliferation rate may enhance the number or quality of
new neurons or increase the number of immature cells available for incorporation thereby
leading to improved neurocognitive function. The surge of proliferation 4 days after
anesthesia didn’t result in an increase of new neurons 4 weeks after anesthesia9, but
neurocognitive function was improved in the isoflurane-treated animals 9.

The isoflurane-induced increase in proliferation on post-anesthesia day 4 could not have
mediated isoflurane-induced cognitive improvement, unless the effect of isoflurane on
progenitor proliferation persisted or accelerated beyond the single time point at which we
previously chose to observe it. We tested the hypothesis that the increase in isoflurane-
induced dentate gyrus progenitor cell proliferation persists beyond day 4 by conducting a
longitudinal 16 day assessment of progenitor proliferation after a 4 hours isoflurane
anesthetic in 60-day old rats.

Materials and Methods
Animals

With approval from the Institutional Animal Care and Use Committee of University of
California San Francisco (Animal care approval number is AN080240-01C), male 60-day
old Sprague Dawley rats (n= 58) (from Charles River Laboratories, Gilroy, CA) were
included in this experiment. Rats were randomly divided into 6 isoflurane anesthesia
treatment groups (n=46) or a sham anesthesia group (n=12). After 4 hours of isoflurane
anesthesia or sham anesthesia, rats were randomly assigned to injection with the S-phase
marker BrdU at one of six time points (0, 1, 2, 4, 9, 16 days after anesthesia). Day 0 is
defined as the end of the 4-hour anesthetic, day 1 is defined as 24 hours after the end of the
anesthetic, and so on.

Isoflurane Anesthesia
Anesthesia was carried out as previously described 9, 16. Isoflurane was administered to the
rats in a preheated, humidified glove box with FiO2 0.5 (O2 2.5 L/min mixed with air 3.5L/
min). Isoflurane was titrated to 1 minimum alveolar concentration (MAC) using an
algorithm based on the cohort’s response to tail clamping every 15 minutes during
anesthesia 16. Pericranial temperature was computer-controlled at 36.5±1 degrees Celsius by
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a custom-made heater/cooler system as previously described 8, 16. We have previously
demonstrated that physical parameters including PH, arterial oxygen, carbon dioxide, blood
hemoglobin and blood glucose are stable in P60 rats and didn’t result in cell death9, 17, so
they were not repeated in this study.

Sham Anesthesia
Control rats were placed in the same glove box in which the anesthetic was administered,
with the same inspired gases at FiO2 0.5 at the same flow rates for 4 hours but without
exposure to anesthetic vapor.

BrdU injection and Tissue Preparation
Bromodeoxyuridine (BrdU; Sigma, St. Louis, MO; 15mg/ml) was injected at a dose of 150
mg/kg intraperitoneally 2 hours before transcardiac perfusion with 0.9% saline followed by
4% paraformaldehyde in 0.1 M phosphate buffered saline (PBS), pH 7.4 under deep
isoflurane anesthesia.

Brains were removed, postfixed overnight in 4% PBS, and placed in 20% sucrose until they
sunk. Coronal sections (40 μm) were cut on a microtome and stored in PBS. For
immunocytochemical detection of BrdU-labeled nuclei, DNA was denatured to expose the
antigen. Incubation with 50% formamide in PBS for 2 h at 65°C preceded 2-normal
hydrochloric acid incubation for 30 min at 37°C and neutralization with 0.5 M boric acid
(pH 8.5) for 10 min at room temperature. In-between each step, 3 washes with PBS for 10
min were performed. Blocking of nonspecific epitopes with 3% serum and 0.1% bovine
serum albumin in PBS with 0.3% Triton-X (Fisher Scientific, Pittsburg, PA) for 30 min at
room temperature preceded incubation overnight at 4°C with the primary antibody at 1:400
dilution (Clone BMC9318; Roche Applied Science) in PBS and bovine serum albumin
0.2%. On day 2 of the stain, incubation with a biotinylated antibody (sheep anti-mouse IgG,
1:200; Amersham [GE Healthcare], Piscattaway, NJ) for 2 h at room temperature was
performed. Streptavidin-biotin treatment for 2 h at room temperature (Vectastain, ABC kit,
Catalogue # PK 6100; Vector Laboratories, Burlingame, CA) was followed by three
thorough washes to eliminate residual peroxidase activity. This was followed by incubation
with diaminobenzidine + urea (Fast DAB tablets, Sigma, St. Louis, Missouri) with nickel
chloride augmentation (7.5 μl of 8% stock in 25 ml) for 5 min followed by mounting and
coverslipping with Depex mounting medium (Electronmicroscopy Sciences, Fort
Washington, PA). Twelve coronal slices for immunocytochemical staining were obtained
from each animal and examined for bromodeoxyuridine staining of the dentate gyrus.

Microscopy
BrdU-positive cells were detected using brightfield microscopy with a 4x, 20x, and 100x
objective lenses to distinguish cells within tightly packed cell conglomerates. The target area
was the granule cell layer and the subgranular zone of each DG, which was traced using
StereoInvestigator® software (MicroBrightField, Williston, VT). An observer blinded to
group assignments determined the number of BrdU+ cells per target area in every twelfth
slice for each animal.

Sample Size Calculation and Statistical Methods
On the basis of previous work (effect size of isoflurane on dentate gyrus progenitor
proliferation in young adult rats of 43% (bromodeoxyuridine positive cells/DG isoflurane
1499; control 871; SD isoflurane 569; control 589)9), a minimal group size of 6 animals was
required to detect a difference between means of 40% with 80% power. P value less than

Lin et al. Page 3

J Neurosurg Anesthesiol. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



0.05 were considered statistically significant. SAS Version 9 Proc Power (SAS Institute,
Cary, NC) was used for sample size estimation.

Data were expressed as medians and interquartile ranges after determining that not all
groups met parametric assumptions using d’Agostino’s and Pearson’s omnibus normality
tests. A Kruskall Wallis test with Dunn’s correction for multiple comparisons was
performed to determine between-group differences. The number of BrdU+ cells in the
anesthesia groups representing the various time points after anesthesia was compared to the
number of BrdU+ cells in the control group. Prism5 for Mac OS X (GraphPad, San Diego,
CA) was used for statistical analysis.

Results
The inspired anesthetic concentration reached a stable plateau of 1.6% isoflurane after 75
minutes of anesthesia. All animals survived to completion of this experiment. The time
course of proliferative activity of neural progenitors, as measured by incorporation of the S-
phase marker BrdU (Fig. 1.A), showed a biphasic response (P <0.0001, Kruskall Wallis
test). The median number of BrdU+ cells detected in the control group was 1156.08 (IQR
646.2–1488) per dentate gyrus. In isoflurane-treated animals, progenitor proliferation tended
to decrease initially (Fig. 1.B). On day 0, a median of 321.12 (IQR: 158.04–363.24) BrdU+
cells per dentate gyrus were detected, i.e., 28% of control values (rank sum difference:
17.25, P>0.05 using Dunn’s correction for multiple comparisons). On day 1, the median
number of BrdU+ cells per dentate gyrus was 209.52 (IQR: 110.41–404.52) or 18% of
control values (rank sum difference: 18.25, P>0.05, Dunn’s correction for multiple
comparisons). BrdU+ cells then increased on day 2 (median 879.48, IQR 693.00–1096.08),
to 76.07% of control values (rank sum difference: 3.417, P>0.05, Dunn’s correction for
multiple comparisons). By day 4 BrdU+ cell number had increased to 366% of control
values (median 4228.8, IQR 3238.8 –6278.4, rank sum difference: −123.58, P<0.05, Dunn’s
correction for multiple comparisons), and then slowly regressed towards control values by
day 16. On day 9 (median 2452.8, IQR 1902–4070.4, rank sum difference: −17.46, P>0.05,
Dunn’s correction for multiple comparisons) and day 16 (median 2013.6, IQR 1032.72–
3320.4 rank sum difference: −9.58, P>0.05, Dunn’s correction for multiple comparisons),
the percentage of BrdU+ cell were still somewhat elevated compare to control values,
212.17% and 174.17% respectively, albeit not statistically significantly so.

Discussion
The main finding of this study is that in young adult rats, after isoflurane exposure,
progenitor proliferation initially decreased and then significantly increased on postanesthesia
day 4. This was followed by regression towards baseline over the next 12 days. We did not
observe a sustained proliferative response. This study excludes one possible explanation
(sustained increased in the proliferation rate of progenitor cells in the dentate gyrus) for the
anesthesia-induced neurocognitive improvement seen after anesthesia in young adult
rats9, 12.

The dentate gyrus (DG), a part of the hippocampal formation, retains an actively dividing
pool of progenitor cells into adulthood18–20. Neuronal progenitor cells can stop proliferating,
exit the cell cycle and differentiate into new neurons which become dentate granule cells.
Alternatively, they may divide, giving rise to two new progenitor cells, or to one progenitor
and one cell that differentiates to become a neuron. Inhibition of proliferation and
differentiation in the dentate gyrus decreases the generation of granule cells and impairs
hippocampal function7. Dentate granule cells are particularly important in spatial or episodic
memory and in pattern separation21–23.
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We have previously reported an increase in progenitor proliferation 4 days after isoflurane
exposure, similar to our findings on day 4 in the current study. We also reported that cells
labeled with BrdU immediately before isoflurane exposure are more likely to express a
neuronal marker weeks later and that cells labeled with BrdU 4 days after isoflurane
(during the increased rate of proliferation) were less likely to express a neuronal marker one
month later. At the same time found the total number of NeuN+ cells in the dentate was not
different in anesthetized or control animals9. This left open the questions: why is there an
increase in proliferation 4 days after anesthesia if those cells do not becoming new neurons,
and if that increase were sustained could it account for the improved cognitive function we
and others have observed9, 12? The result from the current study begins to fill in those gaps.

In this study, dentate gyrus progenitor proliferation showed a transient decrease on post
anesthesia day 1 and day 2. During the cell cycle, progenitors can either re-enter the cell
cycle generating growth of the population or exit the cell cycle terminating the proliferative
lineage and following a neuronal lineage. Our finding of a decrease in proliferation may be
due to an increase in differentiation. This is consistent with our previous findings that
isoflurane acutely increased neuronal differentiation and decreased progenitor proliferation
in vivo and in vitro9, 15. Isoflurane’s GABAergic action likely plays a role in promoting
neuronal differentiation of progenitors in the adult brain. Higher intracellular chloride
concentration leads to GABA receptor mediated depolarization of progenitor cells,
subsequent calcium influx, and induction of the transcription factor NeuroD which promotes
neuronal differentiation14, 24.

This finding of decreased proliferation is not consistent with the results of Zhu et al. 7, who
found that proliferation did not change after isoflurane exposure in 60-day old rats. The
discrepancy between these findings and the combination of our current and previous
findings might be explained by the different duration and frequency of isoflurane exposure
and BrdU labeling strategy. In our studies, we administered a single isoflurane anesthetic at
1MAC for four hours and a single BrdU injection was given to each animal allowing for
precise analysis of what occurs at specific time points following isoflurane exposure. In
Zhu’s study, isoflurane was administered at the fixed concentration of 1.7% for 35 minutes
daily for four days, and the BrdU injections were repeated daily which might have masked
the events that occur after a single isoflurane exposure in P60 animals.

At 4 weeks after isoflurane, only 10% of proliferating cells turn into new neurons versus
greater than 50% in control animals9 which is in agreement with the findings of Zhu. We
speculate that the increase in proliferation on post-anesthesia day 4 in our current and
previous study serves to replenish the pool of proliferating progenitors after its temporary
decrease. Based on our previous studies and the current data we hypothesize that isoflurane
induces progenitors to leave the cell cycle and differentiate at an inappropriate time. This is
reflected as a decrease in BrdU incorporation on post anesthesia day 1 and 2. A
compensatory increase in proliferation rate then occurs to return the progenitor pool to its
normal size. This is observed as an increase in BrdU incorporation around post anesthesia
day 4. Several weeks later, a lower proportion of BrdU labeled cells express NeuN in
anesthetized animals because, although the rate of proliferation was increased when the
BrdU was incorporated into the cells, most of those new cells remained in the pool of
progenitors rather than differentiating to become new neurons.

Our hypothesis that dentate progenitor proliferation is sustained beyond 4 days post
anesthesia is false. We observed that dentate progenitor proliferation actually decreased
back to baseline by 9 days after anesthesia, which leaves the remote possibility that we
missed a peak that may have occurred between day 4 and 9.
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New neurons make a unique contribution to memory processing in the dentate gyrus25 and
need to be integrated into the existing network for dentate gyrus plasticity and memory
formation 25, 26. This leaves us at a loss for a mechanistic explanation for the previously
observed9 long-term improvement of neurocognitive function after isoflurane exposure in
young adult rats. The number of new dentate gyrus neurons7, 9, the number of progenitor
cells7, and the rate of progenitor proliferation (present study) are all unchanged 4 weeks
after isoflurane exposure and thus cannot explain the improved cognitive function
previously observed weeks after isoflurane 9, 12.

Although highly speculative, it is possible that the number of progenitors available and the
quality of new neurons27 somehow has improved, possibly by having a larger selection of
newly formed neurons available for integration into the neural network. In control animals,
neurons integrated into the dentate gyrus network may not have been optimally suited for a
given functional demand 28, 29. The luxurious supply of progenitors in isoflurane-treated
rats, in contrast, may have resulted in a dentate gyrus network that was better suited for the
task the rats were trained on.

Limitations
The use of a single control group at postnatal day 60, as opposed to multiple control groups
at each time point after anesthesia was chosen because after 2 months of age dentate gyrus
progenitor proliferation declines only very slowly over time30. This relative stability in the
rate of dentate gyrus progenitor proliferation does not, however, rule out the possibility that
the increases in progenitor proliferation observed at later time points might have been more
pronounced had progenitor proliferation been measured directly in unanesthetized rats at
each time point. The current findings were generated in 60 day old rats and therefore have
no bearing on the anesthetic neurotoxicities that have been demonstrated in immature rats4

or those that have been proposed to occur in the elderly brain31.

BrdU incorporation was presumed to be a result of cell division of neural progenitor or stem
cells in the dentate gyrus of the hippocampus. It is possible that other proliferating cells such
as microglia could account for the BrdU labeling we observed and no co-stain for markers of
proliferating progenitors was performed in order to confirm the cell type. However, this
scenario is very unlikely given that BrdU incorporation occurred almost exclusively in the
dentate gyrus and sub-ventricular zones – two areas well known to contain neural stem cells.
In the absence of some other injury it would be unusual for an immune type reaction to
occur in only these areas of the brain.

Conclusion
We conclude that after 4 hours exposure to isoflurane, dentate gyrus progenitor proliferation
displays a biphasic response, characterized by an acute decrease and subsequent increase of
limited duration. For reasons discussed above, the lack of a more sustained increase in
progenitor proliferation makes it unlikely that the effect of isoflurane on dentate gyrus
progenitor proliferation plays a role in the previously observed isoflurane-induced long term
improvement in neurocognitive function in 60-day old rats.
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Fig. 1.
Hippocampal DG progenitor proliferation after 4 hours of isoflurane in P60 rats. BrdU
(150mg/kg) was injected 2 hours before brain tissue harvest at various time points after the
anesthetic. The percentage of BrdU positive cells (A) relative to control values showed a
biphasic response with an initial decrease followed by a sustained increase (B). *P<0.05,
BrdU bromodeoxyuridine, DG Dentate Gyrus.
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