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Dexmedetomidine attenuates repeated propofol exposure-induced
hippocampal apoptosis, PI3K/Akt/Gsk-3f signaling
disruption, and juvenile cognitive deficits in neonatal rats
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Abstract. Propofol is one of the most widely used intravenous
anesthetics. However, repeated exposure to propofol may cause
neurodegeneration in the developing brain. Dexmedetomidine
(Dex), an a2 adrenoceptor agonist, has been previously demon-
strated to provide neuroprotection against neuroapoptosis and
neurocognitive impairments induced by several anesthetics.
Thus, the current study aimed to investigate the effect of Dex on
neonatal propofol-induced neuroapoptosis and juvenile spatial
learning/memory deficits. Propofol (30 mg/kg) was intraperiot-
oneally administered to 7-day-old Sprague Dawley rats (n=75)
three times each day at 90 min intervals for seven consecutive
days with or without Dex (75 ug/kg) treatment 20 min prior
to propofol injection. Following repeated propofol exposure,
reduced Akt and GSK-33 phosphorylation, increased cleaved
caspase-3 expression levels, an increased Bax/Bcl-2 ratio, and
increased terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL)-positive cells in the CA1
hippocampal subregion were observed. Morris Water Maze
testing at postnatal day 29 also demonstrated spatial learning
and memory deficits following propofol treatment compared
with the control group. Notably, these changes were signifi-
cantly attenuated by Dex pretreatment. The results of the
current study demonstrated that Dex ameliorates the neuro-
cognitive impairment induced by repeated neonatal propofol
challenge in rats, partially via its anti-apoptotic action and
normalization of the disruption to the PI3K/Akt/GSK-3p3
signaling pathway. The present study provides preliminary
evidence demonstrating the safety of propofol on the neonatal
brain and the potential use of dexmedetomidine pretreatment
in pediatric patients.
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Introduction

It is estimated that more than 6 million children receive
anesthesia every year (1). In modern anesthesiology, general
anesthesia is the most common practice for surgery or relief from
procedural pain, particularly in children (2). A previous study
suggested that anesthetic exposure can lead to neurotoxicity in
the developing brain (3). Similarly, children exposed to anes-
thetics during early life have been reported to exhibit a higher
incidence of learning deficits at adolescence (4). These results
prompt concerns regarding the possible detrimental effects of
commonly used anesthetics in the pediatric population.

An alkyl phenol derivative, 2,6-di-isopropylphenol
(propofol), was introduced as a sedative and anesthetic agent
in 1977 due to its rapid onset and recovery (5). It demon-
strated neuroprotective effects in the adult brain in vivo (6)
and in vitro (7). However, in the developing brain, propofol
is able to cause neurotoxicity by inducing apoptosis (8),
disturbing neuronal proliferation (9) and disrupting synapse
formation (10). Additionally, long-term behavioral deficits in
pups exposed to propofol have been previously observed (8).
The cellular mechanisms and signaling pathways that
underlie propofol-induced neurotoxicity are poorly under-
stood. The phosphatidylinositol-4,5-bisphosphate 3-kinase
(PI3K)/v-akt murine thymoma viral oncogene homolog 1
(Akt) signaling pathway is pivotal for cell growth, prolif-
eration and survival (11). Activation of PI3K/Akt signaling
is widely recognized to provide protection against cerebral
ischemia/reperfusion injury (12). Phosphorylation of the
downstream protein, glycogen synthase kinase-3p (GSK-3p),
also improves long-term memory in hippocampal-associated
tasks (13) and inhibits propofol-induced lysosome/mitochon-
drial apoptosis in macrophages (14). Whether this signaling
pathway is associated with propofol-induced neurotoxicity
remains to be determined.

Several drugs have been demonstrated to exhibit neuro-
protective effects in different cerebral injury models. Among
them, dexmedetomidine (Dex), a potent and highly selective
a2-adrenoceptor agonist and a widely used auxiliary anes-
thetic, has previously been reported to reduce isoflurane- and
ketamine-induced neuroapoptosis in vivo and in vitro (15,16).
The neuroprotective effect of Dex may be associated with its
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anti-oxidant (17) and anti-apoptotic (15) activity, its positive
impact on astrocyte brain-derived neurotrophic factor expres-
sion (18), or inhibition of the PI3K/Akt/GSK-3[3 pathway (19).
However, the effect of Dex on propofol-induced neurotoxicity
in the developing brain has not been determined. Thus,
the current study aimed to examine whether Dex has an
effect on apoptosis and neurobehavioral changes elicited by
repeated propofol exposure in neonatal rats, and whether the
PI3K/Akt/GSK-3p pathway is involved.

Materials and methods

Animals and experimental groups. All experiments were
conducted in accordance with protocols approved by the
Peking University Biomedical Ethics Committee Experi-
mental Animal Ethics Branch (Beijing, China) and the
National Institutes of Health guide for the Care and Use of
Laboratory Animals. In total, 75 male postnatal day 7 (P7)
Sprague Dawley rats (obtained from the Department of Labo-
ratory Animal Science, Peking University Health Science
Centre, Beijing, China) weighing 12-16 g were used in the
current study. Pups were bred and maintained under standard
housing conditions (24+2°C; 12 h:12 h, light/dark), and had
access to food and water ad libitum. Rats were randomly
divided into three groups (25 animals per group) using the
random table method. Groups were defined as control (CON),
propofol administration (PRO), and Dex preconditioning prior
to propofol administration (Dex + PRO).

Dex preconditioning and propofol administration.
Dex + PRO group rats were intraperiotoneally (i.p.) adminis-
tered with Dex (Jiangsu Hengrui Medicine Co., Ltd., Jiangsu,
China) at 75 ug/kg (1 pg/ml) in saline every day for seven
consecutive days from P7 to P13. Following 20 min of Dex
preconditioning, 30 mg/kg of propofol (Diprivan; Astra-
Zeneca, London, UK) was administered (i.p.) to pups from
PRO and Dex + PRO groups every 90 min up to a cumulative
dose of 90 mg/kg each day (n=25). Pups in the CON group
were injected with an equal volume of intralipid (Huarui
Pharmaceutical Co., Wuxi, China) under the same conditions.
For the anesthesia procedure, pups were placed in a tempera-
ture-controlled incubator (28°C) until they could successfully
perform the righting reflex. To avoid the rebreathing of CO,,
the inspired CO, concentration was continuously monitored
and maintained at <1% by adjusting the fresh gas flow.
During anesthesia, respiratory frequency and skin color were
observed to detect apnea and hypoxia. If apnea occurred,
rats received a pain stimulus; if breathing did not restart or
resuscitation efforts were necessary, rats were excluded from
further processing and analysis. The animals were observed
for a further 90 min until they were awake and were returned
to their mothers following the last injection.

Blood gas analysis and body weight. To determine whether
propofol anesthesia would cause physiological side effects,
including hypoxia, hypercapnia, or hypoglycemia, five rats in
each group were selected as cardiorespiratory control animals
(n=5) following the last injection of propofol at P7, as described
in a previous study (20). Cardiorespiratory control rats were
not used for any other part of the study. Every pup from each
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group was weighed at P7, P10, P13, P17, P21, P24 and P27 to
monitor body development.

Tissue preparation. For western blot studies, at P29, five rats
per group were sacrificed by decapitation. Hippocampi were
isolated immediately on ice and stored at -80°C until used.
For terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) assays, five rat pups per group were
deeply anesthetized with sodium pentobarbital (45 mg/kg, i.p.;
Sigma-Aldrich, St. Louis, MO, USA), perfused transcardially
with 0.1 M phosphate-buffered saline (PBS; pH=7.4) and then
perfused with 4% (w/v) paraformaldehyde in 0.1 M PBS. The
brains were removed and post-fixed with the identical fixa-
tive overnight at 4°C. Formalin-fixed hippocampal tissue was
dehydrated, embedded in paraffin, and sliced into 5 pm-thick
sections.

TUNEL fluorescent assay. According to the protocol of our
previous study (21), hippocampal apoptosis was detected
by TUNEL using an in situ cell death detection kit (Roche
Applied Science, Mannheim, Germany). Apoptosis was quan-
tified by calculating the percentage of TUNEL-positive nuclei
out of total nuclei in an average of 20 high-power fields for
each section in a blinded manner.

Western blotting. Following experimental exposure, rat
pups (n=5 per group) were sacrificed and western blot
analysis was performed as previously described (20). In brief,
hippocampus tissues were homogenized in cold radioim-
munoprecipitation assay buffer (Applygen Technologies Inc.,
Beijing, China), and the quantity of protein in the superna-
tants was determined using a bicinchoninic acid protein
assay kit (Applygen Technologies Inc.). Protein samples
(60 mg protein/lane) were separated by 8 or 10% SDS-PAGE.
Following transfer to nitrocellulose membranes, the blots
were probed using the following primary antibodies: Rabbit
anti-Akt (Ser*”?; cat. no. 9272), anti-phosphorylated (p)-Akt
(Ser*”; cat. no. 9271), anti-GSK-3f (Ser?; cat. no. 9315),
and anti-p-GSK-3p (Ser?; cat. no. 9336) antibodies (1:1,000;
Cell Signaling Technology, Inc., Danvers, MA, USA); and
rabbit anti-B-cell CLL/lymphoma 2 (Bcl-2; cat. no. sc-783),
anti-Bcl-2-associated X protein (Bax; cat. no. sc-526) and
anti-caspase-3 (cat. no. 7148) antibodies (1:200; Santa Cruz
Biotechnology, Inc., Dallas, TX, USA). Fluorescent secondary
antibodies (1:10,000; cat. nos. 926-32211 and 926-32210;
LI-COR, Inc., Lincoln, NE, USA) were used to detect the
binding of primary antibodies. Proteins were visualized by
scanning the membrane on an Odyssey Infrared Imaging
System (version 3.0; LI-COR, Inc.).

Behavioral studies. As described in a previous study (20), the
Morris water maze (MWM) test, including place and probe
trials, was used to evaluate spatial learning and memory of rats
(P29-P33) in the three groups (n=10) by investigators blinded
to the group conditions. At P28, a day before the formal MWM
test, rats were checked for their ability to swim to a visible
platform to determine whether non-cognitive impairment had
occurred (e.g. visual or swimming deficits). In the MWM test,
rats received four training trials daily for four consecutive
days.
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Table I. Dex preconditioning and PRO administration have no effect on arterial blood gas values of neonatal rats.

Group pH PO, (mmHg) PCO, (mmHg) Lactate (mmol/l) Glucose (mmol/l)
CON 7.408+0.177 88.6x1.75 40.2+1.43 2.96+0.27 6.0+0.71
PRO 7.398+0.171 89.8+1.80 40.8+1.46 3.02+0.11 6.6+0.75
Dex+PRO 7.396+0.221 90.0+1.95 39.6+1.08 3.00+0.15 5.8+0.97
Results are presented as the mean + standard error (n=5). CON, control; PRO, propofol; Dex, dexmedetomidine.
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Figure 1. Dex preconditioning and PRO administration exhibit no side effects
on the body weight of neonatal rats. Results are presented as the mean + stan-
dard error (n=5). CON, control; PRO, propofol; Dex, dexmedetomidine.

Statistical analysis. Data are expressed as the mean + stan-
dard error and were analyzed using SPSS software version 20
for Windows (IBM SPSS, Armonk, NY, USA). Body weight,
average swimming speed and escape latency of pups were
analyzed by two-way repeated-measures analysis of variance
(ANOVA), with Bonferroni post-hoc analysis. The remaining
data were analyzed with one-way ANOVA, followed by
Bonferroni post-hoc analysis. P<0.05 was considered to indi-
cate a statistically significant difference.

Results

Physiological parameters following propofol exposure. There
were no significant differences in arterial blood gas values,
blood glucose concentrations (Table I) or body weights (Fig. 1)
among the three treatment groups. These results reduce the
possibility that the anesthesia protocol of the current study
caused hypoxia and hypercapnia, which may result in neuronal
apoptosis, hypoglycemia and delayed puberty.

Dex preconditioning attenuates propofol-induced hippo-
campal apoptosis. The number of TUNEL-positive cells
per mm? in the hippocampal CA1l region was higher in the
propofol-treated animals compared with control animals
(P=0.0007; Fig. 2). Pretreatment with 75 pg/kg Dex 20 min
prior to propofol exposure significantly reduced the number of
TUNEL-positive cells in the CAl region compared with the
PRO group (P=0.0005; Fig. 2).

Dex preconditioning regulates the ratio of Bax/Bcl-2 and
caspase-3 activation. Western blot analysis (Fig. 3A) demon-
strated that, compared with controls, rats subjected to repeated
propofol exposure exhibited a significantly higher ratio of
Bax/Bcl-2 (P=0.0006; Fig. 3B) and caspase-3 activation
(P=0.0008; Fig. 3C). However, compared with the PRO group,
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Figure 2. Dex preconditioning ameliorated PRO-induced hippocampal
apoptosis. (A) Representative images (magnification, x400) of hippocampus
TUNEL assay from rats in each group. (B) Results are presented as the
mean + standard error (n=5). ‘P<0.05 vs. CON group; “P<0.05 vs. PRO
group. CON, control; PRO, propofol; Dex, dexmedetomidine; TUNEL,
terminal deoxynucleotidyl transferase dUTP nick-end labeling; DAPI,
4’,6-diamidino-2-phenylindole.

Dex pretreatment alleviated the change in Bax/Bcl-2 ratio and
caspase-3 activation induced by propofol (P=0.0009).

Dex preconditioning activates the PI3K/Akt/GSK-3( signaling
pathway. PRO group rats exhibited a significantly lower ratio
of p-Akt/Akt (P=0.03) and p-GSK-3p/GSK-33 (P=0.04)
compared with controls. However, compared with the PRO
group, the ratios were significantly reduced by Dex pretreat-
ment (P=0.0008; Fig. 4).

Dex preconditioning attenuates propofol-induced cognitive
deficits. During the MWM test, the escape latency to locate the
submerged platform was significantly higher in the PRO group
rats compared with controls (P=0.0005) and the Dex + PRO
group (P=0.0007) at P33 (Fig. 5A), and there were no signifi-
cant differences in swimming speeds among the three groups
(Fig. 5B). In the probe test, compared with controls, the time
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Figure 3. Dex preconditioning regulates the Bcl-2/Bax ratio and cleaved
caspase-3 protein expression. (A) Representative gel images of western blot
analysis of hippocampal Bcl-2, Bax and cleaved caspase-3 protein expression.
Statistical analysis of (B) Bax/Bcl-2 and (C) cleaved-caspase-3/procaspase-3
from rats in each group. Results are presented as the mean + standard error
(n=5)."P<0.05 vs.CON group; “P<0.05 vs. PRO group. Bax, Bcl-2-associated X
protein; Bcl-2, B-cell CLL/lymphoma 2; CON, control; PRO, propofol; Dex,
dexmedetomidine.

spent on the platform area (P=0.0009; Fig. 5C) and the number
of platform crossings (P=0.0006; Fig. 5D) were significantly
reduced in the PRO group rats. Furthermore, Dex significantly
increased the time spent on the platform area and platform
crossing compared with the PRO group rats (P=0.02).

Discussion

The present study demonstrated that repeated propofol-induced
juvenile spatial learning/memory impairments in neonatal rats
were ameliorated by pretreatment with 75 ug/kg Dex 20 min
prior to challenge. Dex pretreatment alleviated hippocampal
apoptosis, regulated the imbalance of Bax/Bcl-2 expression
and caspase-3 activation, and normalized the phosphorylation
of Akt and GSK-3p. These results strongly suggested that
Dex preconditioning protects the developing brain against
propofol-induced neurotoxicity and hippocampal apoptosis,
a process that may be mediated by the PI3K/Akt/GSK-3f
signaling pathway.

Almost all general anesthetics have dual effects of neuro-
protection and neurotoxicity, depending on the concentration,
duration and the age of exposure (22,23). During early post-
natal life, which is termed the brain growth-spurt period,
neuronal proliferation, migration, differentiation and synapse
formation occur. Increasing experimental data in pre-clinical
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Figure 4. Dex preconditioning activates the phosphatidylinositol-4,5-bispho-
sphate 3-kinase/Akt/GSK-3f signaling pathway. (A) Representative gel
images of western blot analysis of hippocampal Akt, GSK-33, p-Akt and
p-GSK. Statistical analysis of (B) p-Akt/Akt and (C) p-GSK-33/GSK-3f
from rats in each group. Results are presented as the mean + standard error
(n=5). "P<0.05 vs. CON group; “P<0.05 vs. PRO group. p, phosphorylated,;
GSK-38, glycogen synthase kinase-33; Akt, v-akt murine thymoma viral
oncogene homolog 1; CON, control; PRO, propofol; Dex, dexmedetomidine.

settings suggest that, during this period, brains are more
vulnerable to anesthetics (6,8). The current study used P7 rats
in the experimental model, as during this time neurogenesis is
still occurring, thus neurons have a high degree of plasticity
and are vulnerable to internal and external environment.

As one of the most widely used general anesthetics,
propofol has previously been demonstrated to induce
neuronal apoptosis, which may contribute to further memory
impairment, in several studies (8). However, there is some
controversy regarding the appropriate dose of propofol to
use in P7 rats. Gao et al (24) demonstrated that 75 mg/kg
propofol i.p. once a day at regular 24-h intervals for 7 days
in rats from P7 to P13 impairs learning and memory of pups
without visible signs of cyanosis. However, Pesi¢ et al (25)
observed that 50 mg/kg propofol immediately induces loss
of the righting reflex and promotes cyanotic changes in skin
color. In a preliminary experiment, it was observed in our
laboratory that 75 mg/kg propofol could lead to respiratory
depression and cyanosis over a long time (data not shown).
Thus, the anesthesia scheme was adjusted to the protocol used
by Bercker et al (26) (30 mg/kg propofol every 90 min up to a
cumulative dose of 90 mg/kg every day for seven consecutive
days), and no clearly discernible anoxic events occurred.

Several protein families contribute to apoptotic cell death
regulation. Among these proteins, Bcl-2 is anti-apoptotic and
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Figure 5. Dex preconditioning attenuates PRO-induced cognitive deficits. (A) The latency of rats to reach the platform in the three groups. (B) Mean swimming
speed during 5 days of training in three groups. (C) Time spent in the target quadrant and (D) number of platform crossings in the probe trial. (E) Representative
searching swimming paths of three juvenile rats in the probe tests. Results are presented as the mean + standard error (n=10). "P<0.05 vs. CON group; “P<0.05

vs. PRO group. CON, control; PRO, propofol; Dex, dexmedetomidine.

Bax is pro-apoptotic, thus, their relative expression determines
cell viability. Activation of the downstream protein caspase-3
was previously demonstrated to be induced by propofol in
postnatal brains during maturation (25). In the present study,
cognitive impairments associated with propofol exposure were
accompanied by significant increases in the Bax/Bcl-2 ratio,
caspase-3 expression and the number of TUNEL-positive
cells. These results further suggested that apoptosis in the
hippocampus is important for propofol neurotoxicity.

Dex, a potent and highly selective a2-adrenoceptor
agonist, is commonly administered by the continuous infusion
method in pediatric patients for anesthesia and sedation, and
occasionally it is also received as a bolus. In addition to its
hypnotic and analgesic effect in several brain injury models,
it has previously been demonstrated to exhibit anti-apoptotic
properties in both pre-clinical and clinical studies (15,18). A
previous report demonstrating that the expression of Bcl-2
and Mdm-2 proto-oncogene was greater following Dex
treatment compared with controls suggests that the neuro-
protective properties of Dex involve ultra-early modulation
of the balance between pro- and anti-apoptotic proteins (27).
In the current study, 75 ug/kg Dex was chosen as the experi-
mental dose based on a previous study, which demonstrated
that pretreatment with 75 pg/kg prior to anesthesia exposure

significantly reduced isoflurane-induced apoptosis, whereas
Dex alone did not induce a change (19). The addition of Dex
potentially increases the depth of anesthesia, however, the gas
blood results measured in the present study demonstrated no
evident physiological parameter changes. The results of the
current study are similar to the report by Sanders ef al (16),
which demonstrated that, following Dex preconditioning, the
number of TUNEL-positive cells were reduced, the expression
of apoptotic markers (Bax/Bcl-2, cleaved caspase-3/caspase-3)
was reduced and spatial learning/memory was improved.
These results demonstrate that Dex exerts an important
anti-apoptotic effect against propofol-induced injury.

However, the underlying mechanism of the effects of Dex
in the central nervous system remains to be clearly delineated.
It is suggested that Dex provides its neuroprotective effect
via the a2-adrenergic receptor subtype (28). However, as
the a2-adrenoceptor antagonist, atipamezole, only partially
reverses the neuroprotective effects of Dex following isoflu-
rane-induced neurotoxicity in rats (16), other mechanisms may
be involved.

It is recognized that the PI3K/Akt/GSK-3p signaling
pathway also participates in the protective effect of Dex
against ischemia-reperfusion injury in the brain (29). Akt is
a serine/threonine kinase and is activated by phosphorylation
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under normal physiological conditions. Activated Akt (p-Akt,
Ser*”?) then phosphorylates GSK-3f at Ser’ to decrease
the activity of GSK-3f. Activation of Akt is involved in
anti-apoptotic signaling via phosphorylation of Bcl-2 associ-
ated agonist of cell death, an important member of the Bcl-2
family that can inhibit the inactivation of Bcl-2 (30). GSK-33,
a homologous mammalian isoform of GSK-3, is highly
expressed in the brain, particularly in the hippocampus,
striatum and thalamus (31). It phosphorylates a wide variety
of cellular substrates and thereby regulates various cellular
processes, ranging from glycogen metabolism to cell survival
and neuronal polarity (32). Phosphorylation of GSK-3f at
Ser? negatively regulates pro-apoptotic activity (14), and has
been previously demonstrated to improve long-term memory
in hippocampal-associated tasks (13). In the current study,
the expression of p-GSK-3f3 at Ser? and p-Akt at Ser*”® were
downregulated by propofol, which was accompanied by an
increase in apoptosis markers (Bax) and spatial deficits, and
these changes were ameliorated by Dex, which is similar
to the observations of Linseman et al (33). These results
suggest that Dex can ameliorate propofol-induced distur-
bances to the PI3K/Akt/GSK-3f signaling pathway in the
developing brain, alleviate hippocampal apoptosis and inhibit
learning/memory deficits. However, the exact effect of Dex
on the PI3K/Akt/GSK-3f signaling pathway requires further
investigation.

Disruption of intracellular calcium homeostasis,
particularly excessive calcium release from intracellular
stores, mediates general anesthetic-induced neuronal apop-
tosis (34,35). Furthermore, calcium is also a regulator of
PI3K/Akt/GSK-3p signaling (36), and Dex has been previ-
ously demonstrated to affect calcium release from intracellular
stores in astrocytes (37). Thus, calcium release may act as an
inhibitor of the PI3K/Akt/GSK-3f pathway and an inducer of
apoptosis, which may be associated with the neuroprotective
effect of Dex on propofol-induced neurotoxicity. However, this
issue requires further investigation.

There are several limitations of the current study.
Notably, a ‘Dex alone’ group was not included in the study.
Although a previous study has already shown that one dose
of 75 ug/kg Dex alone does not increase neuronal apoptosis
compared with controls (38), it would be beneficial to include
a Dex alone group in future studies to further confirm these
findings. Additionally, the effect of Dex on long-term hippo-
campal-dependent memory was not determined. Furthermore,
although there are reports of propofol infusions being used
for five days or more in pediatric intensive care units (ICUs),
repeated administration of propofol for seven consecutive days
in the present study is highly unlikely to occur in pediatric
anesthesia. This dosing protocol was designed to simulate
repeated propofol infusion in a pediatric ICU, and whether
this dose of propofol (30 mg/kg, i.p.) in rodents is relevant to
clinical practice is difficult to predict. However, the results
of the current study provide a novel basis for exploring the
activity of Dex in neurogenesis following propofol anesthesia
in neonate brains. Further studies investigating this issue are
required.

In conclusion, the in vivo data of the present study suggests
that repeated exposure to propofol anesthesia impairs juve-
nile spatial learning and memory in neonatal rats, and this
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impairment may be associated with hippocampal apoptosis.
Dex administration prior to propofol anesthesia improves
cognitive dysfunction, partially by attenuating hippocampal
apoptosis and regulating the PI3K/Akt/GSK-3f signaling
pathway.
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