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Abstract A number of experimental studies have reported
that exposure to common, clinically used anesthetics
induce extensive neuroapoptosis and cognitive impairment
when applied to young rodents, up to 2 weeks old, in phase
of rapid synaptogenesis. Propofol is the most used general
anesthetic in clinical practice whose mechanisms of neu-
rotoxicity on the developing brain remains to be examined
in depth. This study investigated effects of different
exposures to propofol anesthesia on Fas receptor and Fas
ligand expressions, which mediate proapoptotic and
proinflammation signaling in the brain. Propofol (20 mg/
kg) was administered to 7-day-old rats in multiple doses
sufficient to maintain 2-, 4- and 6-h duration of anesthesia.
Animals were sacrificed at 0, 4, 16 and 24 h after termi-
nation of anesthesia. It was found that propofol anesthesia
induced Fas/FasL. and downstream caspase-8 expression
more prominently in the thalamus than in the cortex.
Opposite, Bel-2 and caspase-9, markers of intrinsic path-
way activation, were shown to be more influenced by
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propofol treatment in the cortex. Further, we have estab-
lished upregulation of caspase-1 and IL-1p cytokine tran-
scription as well as subsequent activation of microglia that
is potentially associated with brain inflammation. Behav-
ioral analyses revealed that P35 and P60 animals, neona-
tally exposed to propofol, had significantly higher motor
activity during three consecutive days of testing in the open
field, though formation of the intersession habituation was
not prevented. This data, together with our previous results,
contributes to elucidation of complex mechanisms of
propofol toxicity in developing brain.

Keywords Propofol toxicity - FasL/Fas receptor - Bcl-2
gene family - Caspasa-1 - IL-1p cytokine - Microglia
activation

Introduction

A number of experimental studies have reported that
exposure to common, clinically used anesthetics induce
extensive cell death in the brain of young animals when
applied during the phase of rapid synaptogenesis, during
the first few weeks of life in rodents (Dobbing and Sands
1979; Jevtovic-Todorovic et al. 2003; Loepke and Soriano
2008; Jevtovic-Todorovic 2010). Recent retrospective
clinical studies have revealed that children who received
multiple anesthesia before the age of 4 had an increased
risk of developing memory and learning disabilities later
on in the life, which is in agreement with experimental
animal studies (Wilder et al. 2009; Vutskits et al. 2012).
Considering that annually just in the USA six million
children under the age of 15 undergo anesthesia, this data
indicates the ultimate need to elucidate mechanisms of
anesthetics toxicity in developing brains (Servick 2014).
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Propofol is an intravenous general anesthetic commonly
used for the induction and maintenance of anesthesia in
pediatric surgery. It is a powerful modulator of neuronal
activity by potentiating inhibitory signaling through
GABA, receptors and inhibiting excitatory signaling via
NMDA receptors (Loepke and Soriano 2008; Alkire et al.
2008). The apoptotic cell death, one of the main anesthesia-
induced neurotoxic effects observed in experimental stud-
ies, has been well documented on histopathological level
for almost all common general anesthetics, including
propofol (Ikonomidou et al. 1999; Jevtovic-Todorovic
et al. 2003; Pesic et al. 2009; Bercker et al. 2009; Mila-
novic et al. 2010). Repeated exposure to propofol induces
exposure-time-dependent neuronal cell loss and long-term
neurocognitive deficits in neonatal rats (Yu et al. 2013).
However, molecular mechanisms of propofol-induced
apoptotic cell death are still not completely resolved. We
and others have identified an activation of extrinsic apop-
totic pathway triggered by increased TNFa expression and
deprivation of neurotrophic factors accompanied by p75
receptor upregulation as possible mechanisms of propofol
neurotoxicity (Pesic et al. 2009; Milanovic et al. 2010;
Popic et al. 2012; Pearn et al. 2012; Milanovic et al. 2014;
Popic et al. 2015). However, the potential role of other
members of extrinsic apoptotic pathway, like Fas ligand
and Fas death receptor cascade, as well as role of intrinsic
apoptotic signaling represented by Bcl-2 family gene
expression in propofol-mediated cell death has been
neglected. In the light of the recent observation, it is of
great importance that some anesthetic agents have less
toxic effects on developing brain (Vutskits et al. 2012).
Therefore, consequences of anesthesia administration are
not only dependent on developmental stage, dose, con-
centration, and duration of anesthesia, but it is also agent
specific (Fredriksson et al. 2007; Loepke and Soriano 2008;
Vutskits et al. 2012). As the propofol is currently one of the
most widely used anesthetics in clinical practice, and its
administration is often followed by subsequent application
of other, mostly volatile anesthetics, it is of essential
importance to systematically assess the time- and dose-
dependent effects of propofol on proapoptotic signaling
in vivo.

Considering all this, the present study was undertaken to
determine whether propofol exposures lasting 2-, 4- and
6-h could change the time profile of FasL and Fas recep-
tors, the prototypic inducers of extrinsic cell death and
downstream caspase-8 expression. Since the mitochondrial
apoptotic pathway can be triggered intrinsically or with
extrinsic pathway signals converging, we also examined
the expression levels of Bcl-2 family members and cas-
pase-9 after propofol anesthesia. As Fas/FasL system has
been known to act as a mediator of inflammation in CNS
pathology (Choi and Benveniste 2004) and as most recent

studies point to the importance of inflammation in anes-
thetic toxicity, caspase-1, interleukine-18 (IL-1fB) and
activation of microglia (Cao et al. 2012; Tanaka et al.
2013; Ye et al. 2013; Shen et al. 2013), the focus of our
study aims to determine if propofol anesthesia could
interconnect pro-apoptotic and pro-inflammatory signaling
in the developing brain. We also studied the cognitive
processes that include attention and motor activity later in
life (P35, P60) to assess long-term consequences of the
propofol treatment. Importantly, novel findings accentuate
the association between early exposure to general anes-
thesia and attention-deficit/hyperactivity disorder (Sprung
et al. 2012).

Materials and Methods
Ethic Statement

All experimental procedures were in compliance with the
EEC Directive (86/609/EEC) on the protection of animals
used for experimental and other scientific purposes, and
were approved by the Ethical Committee for the Use of
Laboratory Animals of the Institute for Biological
Research, University of Belgrade, and by the University of
Virginia Animal Care and Use Committee, and were in
accordance with the Guide for the Care and Use of Labo-
ratoryAnimals (NIH).

Animals and Treatment

Seven-day-old (P7) male Wistar rats (average body weight
12-14 g) were used in all experiments. The procedures
were designed to minimize the suffering of the animals and
the number of rats used. Rat pups were separated from their
mothers and placed in a temperature-controlled incubator
set to an ambient temperature of 35-36 °C during anes-
thesia and first hour of recovery periods, after which they
were returned to dam to feed. The treatment was performed
by administration of propofol manufactured for intravenous
human use (Recof01®; Schering Oy, Turku, Finland). Loss
of the righting reflex served as an indicator of anesthetic-
induced unconsciousness and sleeping time. A dose of
20 mg/kg that impaired the righting reflex for 43 4+ 5 min
was used.

Experimental Procedures

To prevent possible litter effects, a single pup from a litter
was assigned to every single group of experimental rats
mentioned at the appropriate points in this article. P7 rat
pups (n = 92) were administered either 2, 4, or 6 bolus
injections of 20 mg/kg of propofol intraperitoneally at 1 h
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intervals in order to achieve either 2-, 4-, or 6-h-long
anesthesia (Milanovic et al. 2010). The animals were
decapitated either immediately after cessation of the
exposure times (designated as the 0 h time point), or after
the recovery periods that lasted 4, 16 or 24 h following
termination of propofol exposure (and are referred to as 4,
16, and 24 h time points, respectively). Control animals,
separated from their mothers and received 2, 4, or 6
injections of physiological saline at the same intervals as
propofol-treated littermates, were sacrificed at 0 h time
point. The cortex and the thalamus from both hemispheres
were isolated and frozen for subsequent use for RNA and
protein analysis (n = 4 per group). Whole brains were
isolated (n = 3 per group) for use in histological studies.

RNA Isolation, Reverse Transcription,
and Semiquantitative PCR

Total RNA was isolated from the cortex and thalamus with
TriZol (Invitrogen) reagent according to the manufac-
turer’s instructions. RNA concentrations were estimated by
UV spectrophotometry, and RNA integrity was assessed by
electrophoresis in a 1 % agarose gel.

Reverse transcription (RT) reactions were performed
with 5 pg total RNA using oligo-(dT) primers and M-MLV
Reverse Transcriptase according to the manufacturer’s
instructions. One hundred ng of cDNA were used for each
reaction. Primer sequences and PCR conditions are shown
in Table 1. PCR reactions were performed in the
GeneAmpl PCR System 9700 (Applied Biosystems). All
PCR reactions were performed from two independent RT
reactions, with at least two repeats for each reaction. The

PCR products were separated in 2 % agarose gels, stained
with ethidium bromide, and photographed under UV light.
Multi-Analyst/PC Software Image Analysis System (Bio-
Rad Gel Doc 1000) was used for densitometry analysis.

Quantitative Real-Time Reverse Transcriptase
Polymerase Chain Reaction (QRT-PCR)

The RT reactions were performed in 20 pl using a High-
Capacity cDNA Archive Kit according to the manufac-
turer’s instructions. The reactions were carried out under
RNase-free conditions at 25 °C for 10 min, and at 37 °C
for 2 h. The cDNA was stored at —20 °C until further use.
Relative quantification of caspase-8 was performed by real-
time qPCR using the appropriate TagMan assays(ID
Rn00574069_m1, Applied Biosystems). GAPDH was
included in every analysis as an endogenous control to
correct for differences in inters assay amplification effi-
ciency (ID Rn99999916_s1). Each sample was run in
triplicate, and the mean values of each Ct were used for
further calculations. Quantification was performed by the
27AAC method (Livak and Schmittgen, 2001). The results
obtained by qPCR were analyzed by RQ Study Add ON
software for the 7000 v 1.1 SDS instrument (ABI Prism
Sequence Detection System), with a confidence level of
95 % (p < 0.05).

Tissue Extracts and Western Blot Analysis
To obtain whole-cell extracts, the tissue was homogenized

with a Dounce homogenizer in 10 vol (w/v) of lysis buffer
(50 m M Tris—Cl pH 7.5, 150 mM NaCl, 1 % NP-40,

Table 1 Primer Sequences and Annealing Temperatures Used for Semiquantitative RT-PCR Analyses

Gene Primers (5'-3") Size (bp) PCR profile No. of cycles

Caspase 1 ACACGTCTTGCCCTCATTATCTGCA 202 94 °C, 15 s; 56 °C, 30 s; 72 °C, 30 s; 27
TGTCAGAAGTCTTGTGCTCTGG

IL-1B GACAGAACATAAGCCAACAAG 315 94 °C, 15 s; 56 °C, 30 s; 72 °C, 30 s; 28
GTCAACTATGTCCCGACCATT

Bcl-2 GGAGATCGTGATGAAGTAC 499 94 °C, 15s; 56 °C, 30 s; 72 °C, 30 s; 28
TCAGGTACTCAGTCATCC

Bcl-xL GTAAACTGGGGTCGCATTGT 198 94 °C, 15 s; 56 °C, 30 s; 72 °C, 30 s; 26
TGCTGCATTGTTCCCATAGA

Bax GGCGAATTGGAGATGAACTG 378 94 °C, 15 s; 56 °C, 30 s; 72 °C, 30 s; 28
TTCTTCCAGATGGTGAGCGA

Bad CCGAAGAATGAGCGATGAAT 496 94 °C, 15s; 58 °C, 30's; 72 °C, 30 s 28
TCCAGCTAGGATGATAGGAC

B-actin TGGACATCCGCAAAGACCTGTAC 142 Depends on target gene
TCAGGAGGAGCAATGATCTTGA

GAPDH CGGAGTCAACGGATTTGGTCGTAT 306 Depends on target gene

AGCCTTCTCCATGGTGGTGAAGAC
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0.1 % SDS, 1 m M EDTA pH 8.0, ] m M EGTA pH 7.2,
0.5 % Triton X-100) that contained a complete cocktail of
phosphatase and protease inhibitors (Roche, Mannheim,
Germany). The homogenates were sonicated and cen-
trifuged at 16,000g at 4 °C for 30 min. The supernatants
were collected and stored at —70 °C until use. Protein
concentrations were determined by the bicinchonic acid
micro-protein assay (Micro BCA Protein Assay Kit; Pierce
Inc., Rockford, IL, USA) with albumin as standard.

Proteins (20—40 pg per lane) were separated by 10 %
SDS polyacrylamide gel electrophoresis and transferred to
nitrocellulose ~ membranes (Amersham  Bioscience,
Otelfingen, Switzerland).The membranes were blocked at
room temperature for 1 h in 3 % bovine serum albumin in
Tris-buffered saline/0.1 % Tween 20 (TBS-T), followed by
incubation for 2 h or overnight with primary antibodies.
The immunoblots were processed with horseradish perox-
idase-conjugated anti-rabbit (sc-2350, Santa Cruz) or anti-
mouse antibodies (PO160, Dako) in TBS-T for 1 h at room
temperature. Three washes with 0.3 % Tween-20 in Tris-
buffered saline were performed between all steps. All blots
were incubated with anti-f-actin or anti-GAPDH antibod-
ies to correct for any differences in protein loading.
Immunoreactivity was detected by enhanced chemilumi-
nescence (ECL; Amersham Bioscience) after exposure on
X-ray film. All films were densitometrically analyzed using
the computerized image analysis program ImageQuant 5.0.
The following antibodies were used: FasL (sc-6237), Fas
(sc-716), Bcl-2 (sc-73820, caspase-8 (sc-7890), caspase-9
(sc-17784), GAPDH (sc-20357) all from Santa Cruz; Iba- 1
(019-19741) from Wako and p-actin (#A5316) from
Sigma.

Histological Analysis and Immunofluorescence

After decapitation, brains were quickly removed and fixed
in 4 % paraformaldehyde for 12 h. For cryoprotection,
tissue was transferred into graded sucrose. Brains were
frozen in 2-methyl butane and kept at —80 °C until sec-
tioning on a cryotome. The brains were cut in coronal
sections of 18-um thickness and mounted on Superfrost®
glass slides, dried for 12 h at room temperature, and stored
at —20 °C until staining.

Normal goat serum (Sigma—Aldrich, Germany) was
used for blocking of nonspecific labeling as 10 %
solution in PBS. In order to estimate the activation state
of glial cells, sections were incubated with primary
antibodies for microglial marker: rabbit anti-Iba-1
(ionized calcium-binding adaptor molecule 1) antibody
(WAKO, Japan) in 0.01 M PBS overnight at 4 °C.
Following three washes in 0.01 M PBS, immune com-
plexes were visualized with goat anti-rabbit IgG Alexa
Fluor 488 (1:500; Invitrogen, Carlsbad, CA, USA), 2 h

at room temperature. For the negative control, sections
were incubated with appropriate secondary antibodies
without the primary antibody. The sections were
mounted in DAPI-mounting medium (VECTOR labo-
ratories, USA) and examined under a Carl Zeiss
Axiovert fluorescence microscope (Zeiss, Gottingen,
Germany). All images were acquired with the 10x and
40x objectives.

Behavioral Tests

Regarding our previous findings about propofol anesthesia
duration- and structure-dependent neurodegeneration (Mi-
lanovic et al. 2010), we opted to test long-term behavioral
consequences of 6 h-long propofol exposure. Behavioral
experiments were performed between 09:00 and 14:00 h.
Animals neonatally exposed to propofol anesthesia (n = 6
per group) and control, saline injected animals (n = 6 per
group) were habituated to experimental cages for three
consecutive days (intersession activity) starting from age
P35 (early adolescence in rats, Laviola et al. 2003). During
each day, activity was detected for 30 min after the
exposure of the animals to the open field cages (intrases-
sion activity). After these tests at P35, the animals were
tested again at P60.

Measurement of Motor Activity

The motor activity of rats was recorded individually for
each animal in Opto-Varimex cages (Columbus Instru-
ments, OH) that were linked online to an IBM-PC
compatible computer. The open fields were placed in a
light- and sound-attenuated room provided with indirect
and homogenous illumination (150 Ix in the centre of
the open field arena). Each cage (44.2 x 43.2 x 20 cm)
was equipped with 15 infrared emitters that were
located on the x and y axes. An equivalent number of
receivers were located on the opposite walls of the
cage. Data were analyzed using Auto-Track software
(Columbus Instruments). The Auto-Track interface
collects data from the Opto-Varimex unit every 1/10th
of a second and categorizes the activity. Locomotor
activity was defined as a trespass of three consecutive
photo-beams. Vertical activity was measured by
recording the number of beams that were broken by
rearing of the animal.

Statistical Analysis
Semi-quantitative evaluation of protein levels detected by
Western immunoblotting was performed by densitometric

scanning using the computerized image analysis program
ImageQuant 5.0. The data are presented as percentages
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(mean £+ SEM) relative to the control samples assumed to
be 100 % (depicted by a black line on the graphs). Dif-
ferences between the experimental groups were tested
using Kruskal-Wallis nonparametric ANOVA with
Mann—Whitney’s post-hoc U test (Statistica version 5.0;
StatSoft, Tulsa, OK, USA). Significance was reported at
p < 0.05.

The behavioral data obtained for the habituation
sessions were presented as scores for 5-min periods
within 30-min registration time (to view time-depen-
dent changes in motor activity during intrasession
habituation; mean), the summary for the first 5 min (as
the period of most intensive exploratory activity;
mean £+ SEM) and the summary for the whole 30-min
registration period (to assess total activities for defined
period during three consecutive days of testing—inter-
session habituation; mean = SEM). The data were
analyzed by two-way analysis of variance (ANOVA)
with propofol pretreatment and time (repeated measure)
as factors. Subsequent comparisons were made using
the Fisher LSD test.

Results

Propofol Induces Activation of FasL/Fas Death
Receptor Proteins in P7 Rats

Seven-day-old rat pups, kept 2-, 4-, or 6-h under propofol-
induced anesthesia, were sacrificed 0, 4, 16, and 24 h later.
The first aim of the study was to examine the levels of
protein expressions of Fas receptor and its ligand FasL in
the cortex and thalamus by Western blot analysis.

In the cortex, there was a significant decrease of FasL
protein level (by 35-40 % of control) immediately after
termination of all anesthesia regimens, that were restored
to control level 24 h later (Fig. 1a). In the thalamus, there
was an early increase of FasL level (at 4 h time point,
A + 4) following 2-h propofol anesthesia. Longer dura-
tions of anesthesia (4 and 6 h) induced elevation of FasL at
later time points (up to 40 % at 16-24 h period, p < 0.05;
Fig. 1b).

The expression profile of Fas receptor revealed stronger
changes. In the cortex, alterations in Fas protein levels
were time and anesthesia duration dependent, as seen inthe
decreased Fas expression levels (around 50 % of control)
after 2- and 4-h anesthesia dutarion at early time points,
and increase detected after 6-h anesthesia at 0-and 24-hr
time points (Fig. 1c). In the thalamus, expression levels of
Fas receptor increased gradually, reaching peak at 24-h
time point after termination of all three exposures to
propofol (40-90 % increase above control level, p < 0.05;
Fig. 1d).

@ Springer

Propofol Induced Caspase-8§ mRNA and Proteins
Expression

Caspase-8 is a downstream protein in FasL/Fas signaling
cascade. The effect of propofol anesthesia on the caspase-8
mRNA and protein expression were investigated by qRT-
PCR and Western blotting in the cortex and thalamus of P7
rats (Fig. 2).

Quantification of the mRNA levels revealed significant
changes of caspase-8 gene expressions in both structures
examined (Fig. 2a, b). In the cortex, the most prominent
changes were seen after 6-h anesthesia (Fig. 1a); time profile
showed a biphasic pattern of alterations having peaks
(60-80 % above control level) at 4 and 24 h after propofol
exposure. In the thalamus, changes in caspase-8 mRNA levels
were more vigorous and persistent after all three anesthesia
regimens (Fig. 2b). Significant increases (up to 100 % above
control level) were detected within 4-24 h time period after
2- and 4-h treatments, while 6-h treatment induced immediate
elevation of caspase-8 mRNA (around 140 % above control)
that lasted till the end of time period observed (Fig. 2b).

Effects of propofol anesthesia were analyzed at the
levels of protein fragments p43/p41 that were generated
after autocatalytic cleavage of procaspase-8 (p55/p53).
Western blot analysis revealed structure-dependent
expression of caspase-8 p43/p41 protein fragments
(Fig. 2c, d). Thus, changes in the cortex were slight, and
statistical significance was achieved only immediately after
2-h exposure, when decrease by 45 % of control was
measured (p < 0.05; Fig. 2c¢). In the thalamus, both 4- and
6-h exposures to propofol led to significant upregulation of
caspase-8 protein within 4-24 h time-frame (up to 52 %
above control, p < 0.05; Fig. 2d). There were no signifi-
cant changes in the levels of caspase-8 full-length (p-55/
53) protein in either of structures (data not shown).

Effect of Propofol Treatment on Bcl-2 mRNA
and Protein Expression

FasL/Fas-triggered extrinsic apoptotic signaling can be
accompanied by activation of intrinsic apoptotic cascade in a
caspase-8-dependent or -independent manner. Therefore, we
sought to determine the effect of repeated injections of propofol
on the levels of anti-apoptotic Bcl-2 mRNA and protein, the
key member of intrinsic apoptotic pathway (Fig. 3).

Propofol anesthesia influenced transcription of Bcl-2
gene in both examined structure (Fig. 3a, b). In the cortex,
there was a significant downregulation of Bcl-2 gene
expression (by 35-60 %) throughout 24-h time frame after
all three exposures. Transient returning to basal level was
detected only 16 h after shorter, 2- and 4-h treatments. In
the thalamus, however, 2-h-long anesthesia did not affect
Bcl-2 transcription until 24-h  post-anesthetic point
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Fig. 1 Time courses of Fas ligand and Fas receptor protein expres-
sions after propofol exposures. The levels of FasL/Fas receptor
protein expression were assessed by Western blot analysis of total
protein extracts obtained from the cortex (a, ¢) and the thalamus (b,
d) of P7 rats. The results are presented for animals at different
recovery time points (0, 4, 16, and 24 h) after exposures to propofol
anesthesia for 2-, 4-, and 6-h. A representative Western blots is shown

with single protein bands corresponding to FasL/Fas receptor and -
actin, which served as an internal control of the protein load.
Histograms represent protein levels expressed as a percentage relative
to the control value obtained from five separate experiments. The
results are mean += SEM. *p < 0.05 vs. the control value, presented
as a black line; #p < 0.05 between treatments
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Fig. 2 Time courses of caspase-8 mRNA and protein expressions
after propofol exposures. Caspase-8 mRNA expressions in the cortex
(a) and the thalamus (b) of P7 rats after propofol anesthesia were
examined by means of quantitative real-time qRT-PCR. The results
are presented for animals at different recovery time points (0, 4, 16,
and 24 h) after exposure to propofol anesthesia for 2, 4, and 6 h.
Histograms represent mRNA levels expressed as the fold changes
relative to the control value obtained from five separate experiments.
The levels of caspase-8 protein expressions were determined by

(decrease by 32 %, p < 0.05; Fig. 3b). Four- and six hours
treatments produced decrease of Bcl-2 mRNA by 30-40 %
in an anesthesia-duration- and time-dependent manner.
Western blot analysis revealed that Bcl-2 protein
expression in the cortex had more pronounced changes
than in the thalamus (Fig. 3c, d). A marked decrease (up to
50 % below the control, p < 0.05 1) in Bcl-2 abundance
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Western blot analysis of total protein extracts obtained from the
cortex (c¢) and the thalamus (d). A representative Western blot is
shown with a duplet protein bands (43/41 kDa fragment) correspond-
ing to caspase-8 and PB-actin, which served as internal controls of the
protein load. Histograms represent protein levels expressed as a
percentage relative to the control value obtained from five separate
experiments. The results are mean + SEM. *p < 0.05 vs. the control
value, presented as a black line; #p < 0.05 between treatments

was detected immediately after termination of all three
exposures in the cortex. That was followed by returning to
control level at later times, except for 4-h exposure that
remained decreased (by 40 % of control values, p < 0.05;
Fig. 3d).

To extend the study, the expression levels of three
additional, well-known markers of intrinsic pathway
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Fig. 3 Time-dependent changes in of Bcl-2 mRNA and protein
expression. Bcl-2 mRNA expressions in the cortex (a) and the
thalamus (b) of P7 rats after propofol anesthesia were examined by
means of semiquantitative RT-PCR. The results are presented for
animals at different recovery time points (0, 4, 16, and 24 h) after
exposures to propofol anesthesia for 2, 4, and 6 h. Histograms
represent mRNA levels expressed as the fold changes relative to the
control value obtained from three separate experiments. The levels of
Bcl-2 protein expressions were determined by Western blot analysis

activation, Bcl-xl, Bad, and Bax, were analyzed at tran-
scriptional level Supplementary Fig. 1). Anti-apoptotic
Bcl-xL gene was slightly but significantly downregulated
in the cortex 24 h following 2-h anesthesia and within 4 h
after 6-h propofol anesthesia (Supplementary Fig. 1A). In
the thalamus, the decline in Bcl-xL mRNA was detected
immediately following termination of 6-h exposure (70 %
of control level, p < 0.05) and 24 h after 2-h exposure
(22 %, p < 0.05). As for the expression of pro-apoptotic
genes, Bax and Bad PCR analysis revealed no significant

of total protein extracts obtained from the cortex (c¢) and the thalamus
(d). A representative Western blot is shown with a single protein
bands corresponding to Bcl-2 and B-actin, which served as internal
controls of the protein load. Histograms represent protein levels
expressed as a percentage relative to the control value obtained from
five separate experiments (100 %). The results are mean £ SEM.
*p < 0.05 vs. the control value, presented as a black line; *p < 0.05
between treatments

changes of any of these, neither in cortex nor in thalamus
following the all three anesthesia regimens (Supplementary
Fig. 1C-F).

Propofol Induces Activation of Caspases-9 Protein
Expression

Caspase-9 is apical caspase in mitochondrial (intrinsic)

pathway of apoptosis. Western blot analysis revealed
structure-specific pattern of caspase-9 expression seen as a
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decline in cortex and elevation in the thalamus. In the
cortex, there was robust decrease in caspase-9 levels (to
~40 % of control value, p < 0.05) immediately after all
three exposures to propofol (Fig. 4). Caspase-9 expressions
recovered partially within 4-16 h following 2- and 4-h
exposures, while significant and persistent decrease was
detected at all time-points after 6-h exposure (Fig. 4a).

In the thalamus, no significant changes in caspase-9
were observed until later time points (Fig. 4b). Namely, at
16-24-h time period, 4- and 6-h exposures induced
increase in the level of caspase-9 (~50 % above control.
p < 0.05), while 2-h exposure had no effect (Fig. 4b).

Propofol Induced Caspase-1, Interleukin—1f
mRNAs, and Activation of Microglial Cells

Caspase-1 is the best described inflammatory caspase
involved in the processing of pro-IL-1f, a key inflamma-
tory cytokine implicated to injury, disease, and infection
(Denes et al. 2012). Therefore, we examined regional
expression and temporal profiles of caspase-1 and IL-1
mRNA in response to propofol anesthesia.

A time after treatment
C 0 4 16 24 h

Propofol treatment caused significant changes of cas-
pase-1 mRNA expression in cortex and thalamus, as shown
by using a semiquantitative RT-PCR (Fig. 5). In the cortex,
the 2- and 4-h treatments led to a gradual increase of
mRNA expression of the caspase-1, and the highest level
has been detected in the A + 24 time points (57 % above
the control, p < 0.05) (Fig. 5a). A 6-h treatment caused a
more than double increase in caspase-1 gene expression
immediately after termination of exposure that was fol-
lowed by almost threefold increase at 16-24 h time period
(Fig. 5a). In the thalamus, there was a pattern of caspase-1
gene expression similar to the one in the cortex, with
highest levels (2-3.5-fold above control level) obtained at
1624 hr time frame in a duration of anesthesia-dependent
manner (Fig. 5b).

Propofol treatment changed interleukin-1f gene
expression in both structures (Fig. 5c, d). In the cortex, IL-
17 was significantly increased within first 4 h after termi-
nation of all three anesthesia regimens (1.7-2.7-fold
change above control, p < 0.05). Afterward, there was a
transient return of IL-1f to the control level (at 16-h post-
anesthesia), and trend toward increase was detected at 24-h
time point Fig. 5¢). In the thalamus, 2-h exposure induced

B time after treatment
cC 0 4 16 24 h
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Fig. 4 Time courses of caspase-9 protein expression levels in the
cortex and the thalamus of P7 rats. Caspase-9 protein expressions in
the cortex (a) and the thalamus (b) of P7 rats after 2-, 4-, and 6-h
exposures to propofol. The results are presented for animals at
different recovery time points (0, 4, 16, and 24 h) after exposures to
propofol anesthesia. The levels of caspase-9 protein expression were
assessed by Western blot analysis of total protein extracts obtained
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from the cortex and the thalamus. A representative Western blot is
shown with a single protein bands corresponding to caspase-9 and -
actin, which served as internal controls of the protein load.
Histograms represent protein levels expressed as a percentage relative
to the control value obtained from five separate experiments. The
results are mean += SEM. *p < 0.05 vs. the control value, presented
as a black line; *p < 0.05 between treatments
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Fig. 5 Time-dependent changes of the caspase-1 and IL-13 mRNA
expressions of P7 rats after exposure to propofol anesthesia. Caspasa-
1 mRNA expression levels in the cortex (a) and the thalamus (b) and
IL-1p mRNA expression levels in the cortex (c¢) and thalamus
(d) were examined by using semiquantitative RT-PCR The results are
presented for animals at different recovery time points (0, 4, 16, and

24 h) after exposure to propofol anesthesia for 2, 4, and 6 h.
Histograms represent mRNA levels expressed as the fold changes
relative to the control value obtained from three separate experiments.
The results are mean &= SEM. *p < 0.05 vs. the control value,
presented as a black line; *p < 0.05 between treatments
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change at 4 h post-anesthesia only, when twofold elevation
above control level was measured. Four- and 6-h exposures
to propofol induced peak in IL-1f gene expression
immediately following termination of anesthesia, which
were followed by decrease to control level or above it (for
6-h exposure at 16-h time point, p < 0.05) at 16-24 h time
frame (Fig. 5d).

We next examined the potential of propofol anesthesia
to stimulate microglial activation using staining by cal-
cium-binding protein (Iba-1), which is a marker of
microglial cells. Animals were exposed to propofol anes-
thesia for 6 h and were sacrificed after 24 h of recovery
time. The most distinct microglial morphology during
propofol treatment is appearance of cells displaying highly
round-shaped amoeboid morphology with retracted pro-
cesses and enlarged cell bodies (Fig 6). Following 6-h
exposure to propofol, increased Iba-1- positive staining
was detected mostly in retrosplenial cortex as well as in the
laterodorsal thalamic nucleus The control samples of the
cortex and thalamus exhibited a very low degree of
microglia activation as revealed by a minimal number of
Iba-1 stained cells. It was concluded that propofol anes-
thesia could induce activation of microglia in brain struc-
tures of P7 rats.

Motor Activity of Rats Neonatally Exposed
to Propofol Anesthesia During Habituation Testing
at P35

Animals neonatally exposed to 6 h period of propofol
anesthesia showed peculiar behavior during three consec-
utive days of habituation session as adolescents (P35),
when compared to the age-matched control group (Fig. 7).

Intrasession habituation was present in control and
propofol-exposed groups at all days of testing regarding
locomotor (Fig. 7a) and vertical activities (Fig. 7d). It was
expressed through decrease of these activities during the
time, representing adaptability of animals to the environ-
ment. When analyzing the first 5 min of registration period
for both locomotor (Fig. 7b) and vertical (Fig. 7e) activities,
statistical analysis revealed significant influence of propofol
treatment [F(1, 10) =22.745, p =0.001 and F(1,
10) = 26.907, p < 0.001, respectively] and time [F(2,
20) = 7.396, p = 0.004 and F(2, 20) = 5.192, p = 0.017,
respectively]. Compared to the control group, propofol-ex-
posed animals showed increases in both activities during the
first 5 min of testing on all 3 days examined (Fig. 7b, e,
*p < 0.05). Post-hoc analysis also revealed significant
decreases in locomotor and vertical activities during the 3rd
day of the registration period compared to the lst day
(Figs. 7b, e, *p < 0.05) in both experimental groups. Sta-
tistical analysis of total locomotor and vertical activities for
the 30-min registration period (Fig. 7c, f) confirmed
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significant influence of propofol treatment [F(1, 10) =
15.265, p =0.004 and F(1, 10) = 8.231, p = 0.018,
respectively] and time [F(2, 20) = 47.864, p = 0.001 and
F(2, 20) = 10.707, p = 0.001, respectively]. For both
experimental groups, decreases in the total locomotor
(Fig. 7¢) and vertical (Fig. 7f) activities during consecutive
3 days of testing (intersession habituation) were observed
(*p < 0.05 vs. the first day of the same group), with signifi-
cantly increased motor activities of animals neonatally
exposed to propofol anesthesia in comparison with the
control (*p < 0.05 vs. the same day of control group).

Motor Activity of Rats Neonatally Exposed
to Propofol Anesthesia During Habituation Testing
at P60

Tested as adults, rats neonatally exposed to 6 h period of
propofol anesthesia still had specificities in motor behavior
during three consecutive days of habituation.

Intrasession habituation was observed in control and
propofol-exposed groups at all days of testing regarding
locomotor (Fig. 8a) and vertical activities (Fig. 8d). When
analyzing the first 5 min of registration period for both
locomotor (Fig. 8b) and vertical (Fig. 8e) activities statisti-
cal analysis revealed significant influence of propofol
treatment [F(1, 10) =24.387, p =0.004 and F(I,
10) = 15.682, p = 0.003, respectively]; factor time was
significant only for locomotor activity (F(2, 20) = 4.775,
p = 0.022). Compared to the control group, propofol-ex-
posed animals showed increase in both activities during the
first 5 min during the first two days of testing (Fig. 8b, e,
*p < 0.05). Statistical analysis of total locomotor and ver-
tical activities for the 30-min registration period (Fig. 8c, f)
confirmed significant influence of propofol treatment [F(1,
10) = 6.631, p = 0.030 and F(1, 10) = 13.255, p = 0.005,
respectively] and time [F(2, 20) = 32.972, p < 0.001 and
F(2, 20) =7.533, p = 0.004, respectively]. For both
experimental groups, decreases in total locomotor (Fig. 8c)
and vertical (Fig. 8f) activities during consecutive 3 days of
testing (intersession habituation) were observed (*p < 0.05
vs. the first day of the same group), with significantly
increased motor activities of animals neonatally exposed to
propofol anesthesia in comparison to the control only during
the first day of testing (Fig. 8c, f, *p < 0.05 vs. the same day
of control group).

Discussion

This study demonstrates that exposures to 2-, 4-, and 6-h-
long propofol anesthesia induce expressions of proapop-
totic and proinflammatory cytokine mRNAs and proteins in
the cortical and thalamic structures of P7 rats. We
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Fig. 6 Representative images of propofol-induced microglia cells in
the cortex and thalamus of P7 rats. Animals were exposed to propofol
anesthesia for 6 h and were sacrificed after 24 h of recovery time.
Brain sections from the cortex and thalamus were stained for the Iba-1
marker of microglial cells. At 24-h post propofol exposure, activated
microglial cells display highly amoeboid and round-shaped

established increased expressions of FasL/Fas death
receptor and caspase-8, known markers of extrinsic apop-
totic pathway, as well as changes in Bcl-2 and caspase-9
expressions, markers of the intrinsic apoptotic pathway
activation. As elevated expression of Fas/FasL is often
associated with an inflamed and degenerating brain, we
also examined transcriptional expressions of pro-

morphology with retracted processes and enlarged cell bodies. The
control samples of the cortex and thalamus exhibited a very low
degree of microglial activation as revealed by small cell bodies and
elongated distal ramified processes throughout the recovery period.
Images are representative of three animals per experimental group.
Scale bars 20 pm

inflammatory caspase-1 and IL-1 mRNA concluding that
their early increase may be involved in the detected
microglial activation at 24-h after termination of propofol
exposures. We also found long-term functional conse-
quences of neonatal propofol treatment as P35 and P60
animals, which showed habituation to the open field, were
clearly hyperactive throughout test periods.
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Fig. 7 Motor activity of rats neonatally exposed to propofol anes-
thesia during habituation testing at P35. Results of locomotor and
vertical activities were expressed as time-dependent changes during
the intrasession habituation (a and d, respectively), the summary for
the first 5 min as the period of the most intensive exploratory activity

In our previous work, we had clearly demonstrated that
2-, 4-, and 6 h-long exposures to propofol induced neu-
roapoptosis in cortex and thalamus of P7 rats and showed
appearance of Fluoro-Jade positive cells immediately after
termination of these three anesthesia durations, as well as
24 h later (Milanovic et al. 2010). We established that both
caspase-3 and calpain proteases participate in neurode-
generation and proposed some potential mechanisms of
propofol neurotoxicity in immature rat brain (Pesic et al.
2009; Milanovic et al. 2014; Popic et al. 2015; Pesic et al.
2015). Among other findings, we showed rapid and strong
activations of TNFa and TNF receptors occurring within
4 h after prolonged propofol administration to P7. Also,
propofol-induced neuroapoptosis can be partially triggered
by neurotrophins misbalance leading to activation of p75
receptor signaling (Milanovic et al. 2014). Both TNF and
p75 receptors belong to a family of TNF death receptors
participating in degenerative and inflammatory processes
in the CNS (Wajant et al. 2003; Choi and Benveniste
2004). As the role of Fas receptor, third remarkable
member of TNF-death receptor family, and its ligand FasL
had not been studied in the propofol-induced apoptosis, this
study was undertaken to examine if Fas receptor and its
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(b and e, respectively), and the summary for the whole 30-min
registration period to assess intersession habituation (¢ and f,
respectively). The mark asterisk denotes p < 0.05 vs. the same day
of control group; hash denotes p < 0.05 vs. the first day of the same
group (n = 6 per group)

ligand, FasL, contribute to neurodegeneration detected
after 2, 4, or 6 h-exposures (Milanovic et al. 2010). The
present data revealed that Fas/FasL. show brain region-
specific pattern of expression in immature rats after
propofol treatment. We supposed that concomitant decline
of Fas/FasL proteins’ expressions points to internalization
of the Fas/FasL. complex. FAS internalization that occurs
30-60 min after ligand binding was followed by rapid
lysosomal degradation as was demonstrated in vitro (Al-
geciras-Schimnich et al. 2002). However, beside the ter-
mination of the signaling, the internalization may play a
role in desensitization cells to extracellular signals, not
only in the receptor and/or ligand recycling but also in
localizations of receptor complex and downstream signal-
ing molecules (as was reported for TNF complex; Wajant
et al. 2003). Contrary to the cortex, increased expressions
of Fas and FasL. were detected early in the thalamus, and
this finding is consistent with the results of the Yon et al.
(2005) following application of anesthetic cocktail (mida-
zolam, isoflurane, and nitrous oxide) that induced apoptosis
in P7 animals.

To resolve possible implications of Fas/FasL changes,

we next examined caspase-8 expression, the main
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Fig. 8 Motor activity of rats neonatally exposed to propofol anes-
thesia during habituation testing at P60. Results of locomotor and
vertical activities were expressed as time-dependent changes during
the intrasession habituation (a and d, respectively), the summary for
the first 5 min as the period of the most intensive exploratory activity

downstream molecule in the extrinsic apoptotic pathway.
Our observation that propofol upregulated caspase-8
mRNA confirms the effect of a single dose of propofol in
P7 rats (Pesi¢ et al. 2009), and reported transcriptional
upregulation of caspase-8 after traumatic brain injury in
humans (Zhang et al. 2003) and in rats (Beer et al. 2001).
At protein level two isoforms of caspase-8 were
detectable by Western blot, caspase-8a (55 kDa) and cas-
pase-8b (53 kDa), that are processed in Death-Inducing
Signaling Complex (DISC) to final active p18/p10 hetero-
tetramer (Scaffidi et al. 1997; Lavrik et al. 2005). However,
recent data indicate that caspase-8 does not have to be fully
processed in order to acquire the enzymatic activity as the
unprocessed enzyme pS55/53, as well as first step cleaved
p43/41 fragments may possess enzymatic activity too
(Peter 2004; Thorburn 2004). Partially processed caspase-8
is bound to DISC and have limited approach to certain
substrates (like receptor interacting protein, RIP), what
might be of importance for some alternative functions of
caspase-8 (Peter 2004). Although P43/41 isoforms are
thought to recruit concomitantly to DISC and have similar
pattern of activation (Scaffidi et al. 1997), it appears that

(b and e, respectively), and the summary for the whole 30-min
registration period to assess intersession habituation (¢ and f,
respectively). The mark asterisk denotes p < 0.05 vs. the same day
of control group; hash denotes p < 0.05 vs. the first day of the same
group (n = 6 per group)

they have different expression time profile after propofol
anesthesia. Caspase-8 activation was more pronounced in
the thalamus than in the cortex, which was expected, since
the upstream signals, Fas/FasL and TNFo (Milanovic et al.
2014) were also changed in brain-region-dependent man-
ner. It is well documented that the final step in caspase-
dependent apoptosis provoked by different signals is the
activation of caspase-3 that induces apoptotic fragmenta-
tion (Hengartner 2000). Caspase-8 can activate caspase-3
directly through death receptor pathway or indirectly by
truncated Bid protein, the member of the pro-apoptotic
Bcl-2 family, which initiates release of cytochrome ¢ from
mitochondria (Finucane et al. 1999; Reich et al. 2008).
Knowing that extrinsic apoptotic pathways can be per-
formed simultaneously with converging intrinsic, we
examined expression of Bcl-2 family members. We
established that propofol anesthesia decreased transcription
of anti-apoptotic Bcl-2 and Bcl-xL. genes, while tran-
scription of pro-apoptotic Bax and Bad was unaffected.
Decline in the expression of Bcl-2 and Bcel-x1 gene could be
sufficient to misbalance in favor of pro-death signals, as
demonstrated in different models of brain injury (Strauss
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et al. 2004; Perez-Navarro et al. 2005). Following propofol
anesthesia caspase-9 zymogen level is persistently
decreased in the cortex, which may suggest its proteolytic
processing to the active forms. Considering also more
prominent reduction in Bcl-2 protein level in the cortex, we
could speculate that propofol activates intrinsic pathway in
the cortex to a much greater extent than in the thalamus.
However, it is not possible to make a direct conclusion on
convergence of extrinsic to intrinsic pathway, as caspase-8-
mediated truncation of Bid, Bcl-2 family protein (Elmore
2007; Villapol et al. 2007; Reich et al. 2008) was not
studied herein.

Fas and TNF receptors, through RIP adapter protein, can
activate caspase-1 which plays a key role in both apoptosis
and inflammation in mammals (Wajant et al. 2003; Fest-
jens et al. 2007). Cleavage of caspase-1 and generation of
P20 active subunits lead to the proteolytic activation of pro-
interleukin-1p into the mature and active cytokine (Denes
et al. 2012). Several studies suggest that caspase-1 and IL-
1B are involved in acute traumatic or ischemic brain or
spinal cord injury as well as various neurodegenerative
diseases (Clark et al. 1999; Friedlander 2000; Sifringer
et al. 2007; Streit et al. 2014). In the present study, we
demonstrated that propofol anesthesia upregulates tran-
scription of caspase-1 and IL-1f genes in both structures.
Their expression level is inversely correlated what can be
explained by existing pools of both mRNA/proteins in the
cells, fast translation of cytokines mRNA into proteins (like
for TNFo; Wajant et al. 2003; Milanovic et al. 2010) and
different dynamics of protein generation, as enzymes have
ability to turn over many molecules of substrates at one
time. Early upregulation of IL-1B expression, resembling
the one of TNFoo mRNA (Milanovic et al. 2014), suggest
that these cytokines might originate from neurons, in
agreement with others who found -cell-type-dependent
cytokine production (Wu et al. 2012). However, as we
observed an increasing trend in IL-1 expression 24 h after
propofol anesthesia termination, especially in the cortex,
we hypothesized that later wave of IL-1p may be due to
subsequent activation of microglia. Microglial cells are the
major components that mediate immune response and
inflammation in the brain. Activated microglia play a
critical role in neuroinflammation by releasing various
inflammatory mediators, such as IL-1f, iNos, COX, TNF-
o, and other cytokines, which may contribute to damage of
neurons (Garden and Moller 2006; Lyman et al. 2014).
Local inflammation directly interferes with the processes of
memory consolidation, synaptic plasticity, and neurogen-
esis resulting in behavioral changes (Monje et al. 2003;
Gemma et al. 2005). In the study of Cao et al. (2012), it
was found that IL-1 may play a critical role in learning
and memory, as widely used anesthetic isoflurane affected
cognitive function of wild-type and not IL-1pB-deficient
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mice. Recent in vivo and in vitro studies examining
propofol toxicity report controversial data regarding
inflammation and cognitive decline which may be conse-
quences of different experimental designs and animal
species used (Ye et al. 2013; Yu et al. 2013; Yang et al.
2014; Han et al. 2015).

In our model, we used novel object-recognition task
(after retention delay of 1 h) and light—dark box tests to
check cognitive and emotional consequences of propofol
treatment, respectively, and they revealed no differences
between control and the neonatally treated animals at P35
(data not shown). These results suggest that propofol-in-
duced neurodegeneration has no long-term effects on short-
term memory and anxiety, which has been hinted in pre-
vious studies (Karen et al. 2013). However, we revealed
that animals previously exposed to 6-h-long propofol
anesthesia have affected long-term memory, as assessed in
habituation activities to the open field, which is nonaver-
sive and nonassociative memory task. It has been suggested
that intrasession habituation measures adaptability to the
environment, whereas intersession habituation measures
long-term memory to previous exposure (Bolivar 2009).
Although findings in the field mainly accentuate learning-
and-memory problems in animals neonatally exposed to
general anesthesia (Han et al. 2015; Yu et al. 2013; Fre-
driksson et al. 2007), we found that propofol did not pre-
vent formation of intersession habituation at P35. However,
P35 animals had significantly higher exploratory activity
compared to control littermates bringing up a proposal that
hyperactivity could be an obstacle in reaching control-like
memory score. This might be of significance in accordance
with recent studies investigating the association between
early exposure to general anesthesia and developmental or
behavioral disorder (DBD), with ADHD as a major com-
ponent (Tsai et al. 2015; Sprung et al. 2012). To the best of
our knowledge, this is the first experimental evidence that
rodents with prolonged exposure to propofol anesthesia
during neonatal period (P7) exhibited hyperactivity during
early adolescence (P35). This behavioral phenomenon
persisted through to the young adulthood (P60), but in a
more delicate form. The obtained results indicate that brain
maturation (P35-P60 period) is a process that extensively
encompasses natural removal of molecular/neurochemic
causes of hyperactivity observed in adolescent rats. Since
neuro-anatomic studies have described a massive synaptic
pruning of dopamine receptors during adolescence in
rodents (Laviola et al. 2003), it could be speculated that the
affected function of dopaminergic receptors/system is in
the base of observed phenomenon. Our previous work has
already emphasized that this type of exposure of immature
brain to propofol anesthesia during this critical phase of
development provoked immediate changes in activity-de-
pendent processes and synaptic adjustment. These changes
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Fig. 9 Proposed mechanisms
of propofol neurotoxicity in the
developing brain. Propofol
anesthesia activates TNF-, Fas-
and p75-mediated apoptotic
pathways and also decreases
Bcl-2 expression, violating
mitochondrial integrity. This
causes activations of caspase-8
and -9, which activate executor-
caspase-3. Propofol also RIP
increases Ca®* concentration in
the cytoplasm leading to
activation of calpain, Ca*"-
dependent protease. Early
increase of cytokines expression
brings microglia to an active
state afterward. Finally, all these
processes result in cell damage, 1
apoptosis, and inflammation, i
which can be somewhat e :t_}g
diminished by potential
endogenous (Erk, Akt, and
XIAP upregulation)
neuroprotective mechanisms '
(Popic et al. 2015; Pesic et al.
2015; Milanovic et al. 2014; ¥
Popic et al. 2012; Milanovic INFLAMATION
et al. 2010; Pesic et al. 2009).
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influenced the brain capacity to integrate later develop-
mental events and resulted in temporary altered response to
acute psychotropic stimulation in adolescence (Pesic et al.
2015). In that sense, age-related molecular characterization
of animals neonatally exposed to general anesthesia is of
importance.

Although numerous literature data demonstrated the
ability of anesthetics to induce morphological and func-
tional injury in developing mammalian brain, many studies
revealed the propofol might be an effective neuroprotective
agent in the different models in vivo and in vitro (Tanaka
et al. 2013; Ye et al. 2013; Zhang et al. 2011). However,
some of these experimental paradigms were performed
with concurrent noxious stimulation (stroke, trauma, sei-
zure, inflammation) that had divergent patterns of neuronal
activation and resulted in attenuation of the neuroapoptotic
response (Fan et al. 2015 end references within). For
example, nociceptive input into the sensory cortex can
induce activation of neurons and microglia that may neu-
tralize anesthetic-induced depression of neuronal and
trophic activity, which is considered as a possible trigger of
cell death (Liu et al. 2012). Propofol is similar in chemical
structure to the active nucleus of antioxidants substances
such as alpha-tocopherol (vitamin E), and it can directly
scavenge ROS and inhibit free radical generation and lipid

> E IL-1p/ IL-18 PROFORMS

peroxidation to protect brain cells from oxidative stress
implicated in many neurodegenerative disorders and brain
dysfunction (Fan et al. 2015). A number of molecular
events can be associated with propofol-mediated neuro-
protection, including inhibition of ER stress response,
repressed mitochondrial permeability transition pore,
reduced glutamate concentration, NMDA response, Ca,+
increase, etc. (Zhang et al. 2012). It was shown that
propofol protection can be achieved by activation and
crosstalk between PI3P/AKT and JAK2/STAT pathways,
as well as by activated MAPK/ERK cascade, through a
very fast phosphorylation of signaling pathways
(10-60 min) and translocation of transcription factors (up
to 4 h) after propofol exposure (Shravah et al. 2014;
Kidambi et al. 2010). Our studies in vivo showed also that
propofol led to early activation of pro-survival Akt and
ERK1/2 kinases, changed expression c-fos, and NfKb
transcription factors, and might have suppressed the last
step of apoptotic cascade inhibiting caspase-3 activity by
XIAP overexpression (Milanovic et al. 2014; Popic et al.
2015). Altogether, in P7 and P14 propofol-anesthetized
animals, we registered the same apoptotic and anti-apop-
totic signaling pathways to be influenced, but mechanisms
responsible for the dual effects and opposing outcomes
(apoptosis at P7 and cell-survival at P14) still need to be
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resolved. Considering inevitability of anesthesia, a rea-
sonable standpoint in the clinical settings would be to
potentiate ability of anesthetics to induce intrinsic neuro-
protective mechanisms by applying exogenous substances
such as erythropoietin, melatonin, or omega-3 (Olsen and
Brambrink 2013; Lei et al. 2012).

Notablly, it is still debatable whether neuronal cell loss
is in relation with observed long-term impairment in
learning and memory induced by some individual or mix of
anesthetics. Stratmann et al. (2010) showed that in P7 rat
brain, cell loss likely reflects severity of the treatment and
cannot be causally linked to subsequent cognitive dys-
functions. Also, it needs to be determined if the absence of
neuronal cell death does mean that surviving neurons are
not impacted by anesthesia and function properly.

Taken together, we have found that propofol anesthesia
activates Fas/FasL-mediated extrinsic and Bcl-2-dependent
intrinsic apoptotic pathways, resulting in caspase-8 and cas-
pase-9 activations, respectively. Moreover, we have estab-
lished upregulation of caspase-1 and IL-1 cytokine
transcriptions as well as subsequent activation of micro-
glia,which could be potentially associated with brain
inflammation. Behavioral data revealed that hyperactivity
persists through adolescence and young adulthood, suggest-
ing that neonatal propofol exposure changed at least some
aspects of neurodevelopment. These data, together with our
previous results, contribute to elucidation of complex
mechanisms of propofol toxicity in developing brain (Fig. 9),
with the aim to provide insight into signaling cascade in the
search for the possible targets for neuroprotection.
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