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Abstract

Exposure of newborn rats to a variety of anesthetics has
been shown to induce apoptotic neurodegeneration in the
developing brain. We investigated the effect of the general
anesthetic propofol on the brain of 7-day-old (P7) Wistar rats
during the peak of synaptic growth. Caspase and calpain
protease families most likely participate in neuronal cell
death. Our objective was to examine regional and temporal
patterns of caspase-3 and calpain activity following repeat-
ed propofol administration (20 mg/kg). P7 rats were exposed
for 2, 4 or 6 h to propofol and killed 0, 4, 16 and 24 h after
exposure. Relative caspase-3 and calpain activities were es-
timated by Western blot analysis of the proteolytic cleavage
products of a-ll-spectrin, protein kinase C and poly(ADP-ri-
bose) polymerase 1. Caspase-3 activity and expression dis-
played a biphasic pattern of activation. Calpain activity
changed in a region- and time-specific manner that was dis-
tinct from that observed for caspase-3. The time profile of
calpain activity exhibited substrate specificity. Fluoro-Jade

B staining revealed an immediate neurodegenerative re-
sponse that was in direct relationship to the duration of an-
esthesia in the cortex and inversely related to the duration
of anesthesia in the thalamus. At later post-treatment inter-
vals, dead neurons were detected only in the thalamus 24 h
following the 6-hour propofol exposure. Strong caspase-3
expression that was detected at 24 h was not followed by cell
death after 2- and 4-hour exposures to propofol. These re-
sults revealed complex patterns of caspase-3 and calpain ac-
tivities following prolonged propofol anesthesia and sug-
gest that both are a manifestation of propofol neurotoxicity
at a critical developmental stage.

Copyright © 2010 S. Karger AG, Basel

Introduction

General anesthetics that are widely used in clinical
practice can induce apoptotic cell death in the central
nervous system of experimental animals when adminis-
tered during synaptogenesis that occurs during the first
2 weeks of life [1]. Anesthetics are routinely combined in
order to achieve adequate depth and duration of anesthe-
sia. However, studies in animals have revealed detrimen-
tal effects of these agents when they are used simultane-
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ously, as compared to when they are applied on their own
[2]. This imposes a necessity to elucidate the underlying
mechanisms of action and potential harmful effects of
each anesthetic individually.

Propofol (2,6-diisopropylphenol) is an alkyl phenol
derivate that has gained wide clinical use for induction
and maintenance of general anesthesia. The greatest at-
tributes of propofol are its pharmacokinetic properties
that account for the clinical benefits of rapid onset of an-
esthesia and a short recovery time. Regarding the mecha-
nism of action, several experimental studies have shown
that propofol potentiates GABA , receptor functioning,
while at higher concentrations, it causes opening of
GABA , receptors [3]. A study of the effects of propofol in
developing animals suggests that propofol increases neu-
rodegeneration that leads to subsequent behavioral and
learning impairments [2, 4]. Propofol-induced neurotox-
icity depends on the concentration and duration of treat-
ment, as shown in in vitro studies, and on the dose, as
revealed in in vivo studies in mice [2, 5, 6].

The cellular mechanisms and signaling pathways that
underlie anesthesia-induced neurotoxicity are poorly un-
derstood. Activation of caspase-3 appears to be induced
by general anesthetics in postnatal brains during matura-
tion [6-8]. Of the identified caspases, caspase-3 stands
out since it is activated by many cell death signals and
cleaves a variety of important cellular proteins such as cy-
toskeletal proteins, kinases, and DNA repair enzymes [9].

Another protease that is involved in cell death is cal-
pain. It is likely that calpain is activated by an initial in-
sult via a rise in intracellular calcium from both extracel-
lular and intracellular sources [10]. Under normal condi-
tions, calpain activation is a controlled process that leads
to alimited cleavage of substrates that have either regula-
tory or signaling functions. However, strong or persistent
calpain activity underlies the pathophysiology of several
conditions. Calpain is generally associated with excito-
toxic neuronal injury and necrosis, although evidence for
a role in apoptotic cell death has been presented [11]. A
growing body of literature has revealed the existence of
functional connections between the calpains and caspas-
es in vitro and in vivo. The calpains have the potential to
both positively and negatively modulate the caspase cas-
cade during apoptosis. There is also evidence that cas-
pases indirectly upregulate calpain activity by cleaving
calpastatin, an endogenous calpain inhibitor [9].

While the involvement of caspase-3 in propofol-in-
duced cell death in the rat and mouse postnatal brain was
demonstrated in two studies [6, 8], the contribution of
calpain in propofol-mediated neuronal cell death and
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central nervous system injury has not been investigated.
Caspase and calpain share many substrates. After activa-
tion, they generate fragments with different molecular
weights representing the signature products of their re-
spective proteolytic activities [9].

The objective of this study was to gain insight into the
temporal and regional activity of caspase-3 and calpain
activities following prolonged propofol anesthesia by
assessing proteolytic degradation of a-II-spectrin and
poly(ADP-ribose) polymerase 1 (PARP-1; substrates of
both calpain and caspase-3), and protein kinase C (PKC,
a calpain substrate). Fluoro-Jade B staining was per-
formed at extended time points after 2-, 4- and 6-hour
anesthesia to evaluate the possible consequences of the
activities of these proteases on neuron survival.

Materials and Methods

Animals and Treatment

Seven-day-old (P7) male Wistar rats (average body weight 12—
14 g) were used in all experiments. All experimental procedures
were approved by the institutional committee, as well as by the
University of Virginia Animal Care and Use Committee, and
were in accordance with the Guide for the Care and Use of Labora-
tory Animals (NIH). The procedures were designed to minimize
the suffering of the animals and the number of rats used. Rat pups
were placed in a temperature-controlled incubator set to an ambi-
ent temperature of 35-36°C. Animals not intended to be killed
immediately after anesthesia were allowed to recover in the incu-
bator for 1 h and were returned to their mothers to feed. Animals
were administered propofol manufactured for intravenous hu-
man use (Recofol®; Schering Oy, Turku, Finland). In addition to
the active substance, the formulation contained soybean oil, puri-
fied egg phosphatide, glycerol and water. The drug was used ac-
cording to the manufacturer’s instructions. Loss of the righting
reflex served as an indicator of anesthetic-induced unconscious-
ness and sleeping time. We used a dose of 20 mg/kg that impaired
the righting reflex for 43 * 5 min.

Experimental Procedures

P7 rat pups (n = 92) were administered either 2, 4 or 6 bolus
injections of 20 mg/kg of propofol intraperitoneally at 1-hour in-
tervals in order to achieve propofol anesthesia designated as 2-,
4- and 6-hour anesthesia, respectively. The animals were decapi-
tated either immediately after cessation of the exposure times
(designated as the 0-hour time point), or after the recovery peri-
ods that lasted 4, 16 or 24 h following termination of exposure
(referred to as 4-, 16- and 24-hour time points, respectively; sche-
matically presented in fig. 1). This schedule was chosen in order
to assess a range of postexposure effects. We were unable to mea-
sure ventilation, oxygenation and perfusion in pups due to techni-
cal difficulties. However, the animals were closely monitored
throughout the experiment [2]. The pups appeared pink, well per-
fused and with no visible signs of cyanosis. Though others inves-
tigating propofol reported that prolonged propofol anesthesia did
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Fig. 1. Timeline of the experiments. Each rectangle marks a
2-hour time period, the gray color represents the duration of the
anesthesia. Time point 0 indicates termination of anesthesia.
Small arrows point to propofol injections (20 mg/kg), and the ar-
rowheads indicate the postexposure intervals at which the ani-
mals were killed.

not change the physiological parameters such as pO,, pCO,, lac-
tate and blood sugar concentrations in rats and mice [4, 12], the
lack of these parameters might be a limitation of the present study.
The control animals were decapitated immediately after maternal
separation. Control sham-treated animals received intraperito-
neal injections of physiological saline [2, 12] at 60-min intervals.
It has to be noted that we did not examine the effect of the lipid
emulsion as a vehicle in this study. It could be a limiting factor in
the interpretation of the results, though it was shown that lipid
vehicle does not have any effect in untreated animals [5, 13-16].
The cortex and the thalamus from both hemispheres were iso-
lated and frozen for protein analysis (n = 4 per group). For histo-
logical studies, whole brains were isolated (n = 3 per group).

Tissue Extracts

To obtain whole-cell extracts, the tissue was homogenized
with a Dounce homogenizer in 10 vol (w/v) of lysis buffer (50 mMm
Tris-Cl pH 7.5, 150 mM NaCl, 1% NP-40, 0.1% SDS, 1 mM EDTA
pH 8.0,1 mM EGTA pH 7.2,0.5% Triton X-100) containing a com-
plete protease inhibitor cocktail (Roche, Mannheim, Germany)
and phosphatase inhibitors (20 mM -glycerophosphate, 5 mM
sodium pyrophosphate, 2 mM sodium orthovanadate, 250 mM
sodium fluoride). The homogenates were sonicated and centri-
fuged at 16 000 g at 4°C for 30 min. The supernatants were col-
lected 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, Ill., USA) with al-
bumin as standard.

Western Blot Analysis

Proteins (20-40 pg per lane) were separated by 10% SDS poly-
acrylamide gel electrophoresis and transferred to nitrocellulose
membranes (Amersham Bioscience, Otelfingen, Switzerland).
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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 prima-
ry antibodies. The following antibodies were used: mouse anti-a-
spectrin (1:8,000, Chemicon International, Tamecula, Calif.,
USA), rabbit anti-conventional PKC (1:2,500, gift from Dr. Andy
Czernik, Rockefeller University, New York, N.Y., USA), mouse an-
ti-PARP-1 (1:4,000, PharMingen International, San Diego, Calif.,
USA) and rabbit anti-caspase-3 antibody that recognizes the 17-
kDa cleavage product (1:850, Cell Signaling Technology, Beverly,
Mass., USA). All antibodies were diluted in 1% bovine serum al-
bumin/TBS-T. The immunoblots were processed with horserad-
ish peroxidase-conjugated anti-rabbit or anti-mouse antibodies
(1:5,000, Santa Cruz Biotechnology, Inc., Santa Cruz, Calif., USA)
in TBS-T for 1 h at room temperature. All blots were reprobed
with rabbit anti-B-actin antibody (1:100,000; MP Biomedicals,
Santa Ana, Calif., USA) that served as an endogenous control. The
signal was detected by enhanced chemiluminescence (Amersham
Bioscience) after exposure of an X-ray film.

Fluoro-Jade B Staining and Image Analysis

Rat brains (n = 3 per group) used for immunohistochemical
analysis were fixed in 4% paraformaldehyde for 24 h at 4°C and
cryoprotected in a sucrose gradient in 0.01 M phosphate-buffered
saline (in 10, 20 and 30% sucrose for 24 h at 4°C). The brains were
frozen in isopentane, cooled on dry ice and stored at -70°C. Cor-
tical areas (retrosplenial, parietal, cingulated, occipital and piri-
form regions) and the anterior thalamus were used on the 7th
postnatal day when they are very vulnerable to anesthesia [7]. The
brain regions were identified by the size and shape of the lateral
ventricle and hippocampus. The brains were cut, and every 5th
coronal section (18 pm thick) was mounted on a slide, allowed to
dry overnight and stored at -20°C. The slides were first immersed
in a basic alcohol solution consisting of 1% NaOH in 80% ethanol,
distilled water and incubated in 0.06% KMnO, solution for 10
min. The slides were transferred for 10 min to a 0.0001% solution
of Fluoro-Jade B (Chemicon International) dissolved in 0.1% ace-
tic acid. The slides were rinsed by three changes of distilled water
for 1 min per change. The slides were then immersed in 0.01%
Hoechst 33258 (Acros Organics, Fair Lawn, N.J., USA) staining
solution for 10 min and coverslipped with glycerol. The sections
were examined with an Axio Observer Microscope Z1 (Zeiss,
Jena, Germany) using a filter system suitable for visualizing fluo-
rescein isothiocyanate. Fluoro-Jade B stains degenerating neuro-
nal somata and their processes, presenting results that are com-
parable to other histological stains [2]. Cells labeled with Fluoro-
Jade B were observed as individual shiny green spots that were
clearly discernible from the background. Three rats per group
were analyzed by a researcher who was unaware of the treatment.
The number of degenerating neurons labeled by Fluoro-Jade B
was counted in 3 fields under the area of the screen (0.38 mm?) in
5 sections of the regions of interest per animal. Sections from all
groups were run in the same assay. The Fluoro-Jade B assay was
run with MK-801-treated P7 rats as a positive control for neuro-
degeneration (data not shown).

Statistical Analysis

Semi-quantitative evaluation of protein levels detected by im-
munoblotting was performed by densitometric scanning using
the computerized image analysis program ImageQuant 5.0. The
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Fig. 2. Time course of spectrin breakdown products after the 2-,
4- and 6-hour exposures to propofol in the cortex and thalamus
of P7 rats. Whole-cell extracts were used to detect the presence of
the 280-kDa intact spectrin protein; calpain produced a 145-kDa
fragment and caspase-3 produced a 120-kDa fragment in the cor-
tex (a) and the thalamus (b). Bars represent a quantitative densi-
tometric evaluation of the 145-kDa spectrin fragment in the cor-
tex (c) and the thalamus (d), and the 120-kDa spectrin fragment
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in the cortex (e) and the thalamus (f). Results are presented for
animals at different recovery time points (0, 4, 16 and 24 h) after
exposure to propofol for 2,4 and 6 h. Representative immunoblots
of the 4-hour treatment are shown. 3-Actin was run as an internal
standard for equal loading. The results are the means £ SEM.
@ p < 0.05 vs. control value presented as a black line, ® p < 0.05
between treatments.
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data are presented as percentages (means = SEM) relative to the
control samples assumed to be 100%. Differences between the ex-
perimental groups were tested using Kruskal-Wallis nonpara-
metric ANOVA with Mann-Whitney’s post hoc U test (Statistica
version 5.0; StatSoft, Tulsa, Okla., USA). Significance was report-
ed at p <0.05.

Results

Repeated Propofol Administration Leads to Different

a-1I-Spectrin Cleavage Profiles in the Cortex and

Thalamus

To study the vulnerability of the immature rat brain to
propofol neurotoxicity, P7 pups were subjected to propo-
fol anesthesia that lasted 2, 4 or 6 h, and subsequently
decapitated, either immediately after termination of the
anesthesia (at the 0-hour time point), or after 4, 16 and
24 h. To examine whether repeated propofol administra-
tion influenced calpain activity, we performed Western
blot analysis of a-II-spectrin in the cortex and thalamus.
Cleavage of the 280-kDa full-length spectrin by calpain
led to the formation of the 145-kDa fragment which
served as a relative measure of calpain activity, while the
appearance of an additional 120-kDa fragment pointed
to caspase-3 activity, as shown on representative blots af-
ter 4 h of propofol exposure (fig. 2a, b). Quantitative anal-
ysis showed that the cortex and thalamus of untreated
controls contained abundant amounts of the 145-kDa
fragment. Repeated propofol treatment changed calpain
activity in time-dependent and brain structure-specific
manners (fig. 2¢, d). Spectrin proteolysis in the cortex was
increased only after the 6-hour treatment. A decrease in
the spectrin 145-kDa fragment (to about 60-76% of the
control value) was observed at 16 and 24 h after all 3 ex-
posures. In the thalamus, the amount of the 145-kDa pro-
tein fragment significantly increased immediately after
termination of propofol anesthesia and remained elevat-
ed for the next 4 h (fig. 2d). Processing of full-length spec-
trin to the 145-kDa peptide returned to the baseline level
24 h after treatments. A change in the caspase-3-generat-
ed 120-kDa fragment was detected only after termination
of the 6-hour anesthesia in the cortex, where a 30%
increase was observed. At other time points, it was near
the control value (fig. 2e). A 200% increase in the 120-
kDa protein fragment was observed in the thalamus fol-
lowing 2-,4- and 6-hour exposures to propofol anesthesia
(fig. 2f). The kinetics of the changes differed depending
on the length of the propofol treatment. It is worth noting
the biphasic profile of the 120-kDa product following the
2- and 6-hour propofol treatments.

292 Dev Neurosci 2010;32:288-301

Changes in PARP-1 Proteolysis Induced by Repeated

Propofol Administration

Calpain and caspase-3 activities were further evalu-
ated by examining the PARP-1 cleavage pattern. Intact
PARP-1 is a 116-kDa protein. After propofol treatment,
different degradation products were detected in the cor-
tex and thalamus at all of the examined times, as shown
on representative blots obtained after 2-hour anesthesia
(tig. 3a, b). Major approximately 50-, 40- and approxi-
mately 20-kDa cleavage products and minor approxi-
mately 62- and approximately 35-kDa bands were ob-
served. The 3 abundant bands were quantified (fig. 3c-h).
Quantification of the 50- and 20-kDa cleavage products
in the cortex revealed slight changes over time, and in-
creases of both 50- and 20-kDa bands at the end of the
treatment (fig. 3¢, g), while the level of the 40-kDa poly-
peptide changed only after the 2-hour anesthesia. In the
thalamus, we observed the accumulation of 50-, 40- and
20-kDa protein fragments up to the end of the period of
observation (fig. 3d-h). The most pronounced changes
were observed in the intensity of the approximately 20-
kDa PARP-1 fragment that exhibited a 400% increase in
the thalamus 24 h after cessation of the 2-, 4- and 6-hour
anesthesia. Significantly higher amounts of the approxi-
mately 50- and approximately 20-kDa products were ob-
served early after the 4-hour exposure compared to the
2- and 6-hour exposures.

Cleavage of PARP-1 by caspase-3 gives rise to the 24-
and 89-kDa signature products. The used C-II-10 anti-
body recognizes the N-terminus of the 89-kDa protein
fragment; this band was not observed.

Different Outcomes of PKC Proteolysis by Calpain

after Repeated Propofol Administration

To further analyze calpain activity, PKC, the substrate
only for calpain, was examined. Proteolysis of PKC by
calpain yields major 46-kDa catalytic and 36-kDa regula-
tory subunits. Immunoblotting revealed the presence of
82- and 36-kDa bands that correspond to native PKC and
the regulatory subunit of PKC, respectively. Representa-
tive blots on figure 4a and b show PKC proteolysis after
the 6-hour propofol treatment. Marked calpain activity,
as judged by the appearance of the 36-kDa fragment, was
observed in the control samples. In the cortex, a distinct
increase was detected immediately after termination of
the 2-, 4- and 6-hour anesthesia (by 68, 50 and 100%, re-
spectively; fig. 4a, ¢). The abundance of the 36-kDa frag-
ment decreased considerably over time. The most pro-
nounced decline (by about 50%) was observed 24 h after
termination of the 6-hour anesthesia. In the thalamus,
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propofol increased calpain proteolysis immediately after
termination of the anesthesia. Increased proteolysis was
maintained for 24 h after the 2- and 6-hour anesthesia
(fig. 4b, d). In marked contrast to the protracted increase
of the 36-kDa fragment, exposure to propofol for 4 h was
followed by an 80% increase above the basal value at the
0-hour time point, after which it decreased, and at the
end of the recovery period it was about 60% of the control
value.

Propofol Induced the Formation of Active Fragments

of Caspase-3 in the Cortex and Thalamus

Activation of caspase-3 requires proteolytic process-
ing of the intact proenzyme (32 kDa) and formation of a
heterodimer containing the large (17 kDa) and small sub-
units (12 kDa). Caspase-3 active fragments of 19 and 17
kDa were detected in both structures (fig. 5a, b). In the
cortex, 2 h of propofol exposure caused the most promi-
nent generation of protein fragments resulting from cas-
pase-3 activity 24 h after the treatment (96% more than
the control), while 4 h of exposure produced the highest
increase, observed 16 h after termination of the anesthe-
sia (78% more than the control; fig. 5a, ¢). Exposure to
propofol for 6 h produced a biphasic increase of active
fragments. The first peak (a 174% increase) was observed
immediately after cessation of anesthesia. A maximal in-
crease of 195% relative to the control value was observed
16 h after anesthesia. In the thalamus, a significant and
persistent effect of propofol was established after all 3 an-
esthesia times (fig. 5d). The animals that were anesthe-
tized for 2 and 4 h exhibited an early peak at 4 h after
termination of the anesthesia (760 and 500% increases,

Fig. 3. Time course of appearance of PARP-1 cleavage fragments
in the cortex and thalamus of P7 rats after exposure to propofol
for 2,4 and 6 h. Whole-cell extracts were used to detect the pres-
ence of 50-, 40- and 20-kDa PARP-1 fragments in the cortex (a)
and the thalamus (b). Bars represent quantitative densitometric
evaluation of the approximately 50-kDa PARP-1 fragment in the
cortex (c) and the thalamus (d), the approximately 40-kDa PARP-
1 fragment in the cortex (e) and the thalamus (f), and the approx-
imately 20-kDa PARP-1 fragment in the cortex (g) and the thala-
mus (h). Results are presented for animals at different recovery
time points (0, 4, 16 and 24 h) after exposure to propofol for 2, 4
and 6 h. Representative immunoblots of the 2-hour treatment are
shown. B-Actin was run as an internal standard for equal loading.
Results are presented as means £ SEM. ® p < 0.05 vs. control val-
ue presented as a black line, ® p < 0.05 between treatments.

294 Dev Neurosci 2010;32:288-301

respectively). The 6-hour anesthesia produced a sharp
10-fold rise 16 h after anesthesia. At the end of the recov-
ery period, the 19/17-kDa subunits increased 13- and 14-
fold after all 3 anesthetic regimens.

Propofol-Induced Neurodegeneration

The biochemical parameters presented above indicate
that propofol administration to postnatal P7 rat pups in-
creased calpain and caspase-3 activities that could result
in neuronal damage of the cortex and thalamus. We next
examined potential propofol neurotoxicity at the histo-
logical level using Fluoro-Jade B, which stains degenerat-
ing neuronal somata and their processes. Fluoro-Jade B-
stained sections of the cortex and thalamus obtained im-
mediately after termination of exposure to propofol
lasting 2, 4 and 6 h are shown in figure 6. The control
samples exhibited a very low degree of developmental
neuroapoptosis, as revealed by a minimal number of
stained cells (fig. 6a, left and right panels). The propofol
treatment induced the appearance of degenerating neu-
rons in both structures. Fluoro-Jade B-labeled cells were
detected in the retrosplenial cortex after the 4-hour an-
esthesia; their numbers peaked after the 6-hour anesthe-
sia (fig. 6¢, d, left panel). In the thalamus, the most pro-
nounced increase in the number of Fluoro-Jade B-labeled
cells was detected in the laterodorsal thalamic nucleus
following the 2-hour exposure to propofol (a 17-fold in-
crease compared to the control). The number of degener-
ating neurons in the thalamus declined proportionately
with the duration of the anesthesia (fig. 6b—d, right pan-
el), as quantification of the degenerating neurons in these
brain regions shows (fig. 6e). When brain sections were
examined 4 and 16 h after the termination of all 3 expo-
sures, no increases in dead cells were detected (data not
shown). When neurodegeneration was evaluated 24 h
after exposures, no dead cells were detected in either the
cortex or the thalamus of the animals that were main-
tained in propofol anesthesia for 2 and 4 h (data not
shown). Only the 6-hour anesthesia caused the appear-
ance of dying neurons at the late phase of observation
(fig. 7). An increased number of Fluoro-Jade B-positive
cells was observed in the laterodorsal thalamic nucleus
(fig. 7b). No apparent changes in the number of Fluoro-
Jade B-stained cells were observed in the cortex (fig. 7a).
To investigate the mode of cell death in these neurons,
sections were stained with Hoechst 33258, a blue fluores-
cent DNA stain, alongside Fluoro-Jade B. Many cells con-
tained 1 or more foci of compact, Hoechst-staining chro-
matin, an indication that they were undergoing apopto-
sis.
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Fig. 4. Time course of PKC levels in the cortex and thalamus of P7
rats after 2-, 4- and 6-hour exposures to propofol. Whole-cell ex-
tracts were used to detect the presence of the 82-kDa intact PKC
protein and the calpain-produced 36-kDa PKC fragment in the
cortex (a) and the thalamus (b). Bars represent quantitative den-
sitometric evaluation of the intact 36-kDa protein in the cortex (c)
and the thalamus (d). Results are presented for animals at differ-

Discussion

In this work, we examined the regional and temporal
profiles of calpain and caspase-3 activities in the cortex
and thalamus of P7 rats after repeated propofol adminis-
tration that resulted in anesthesia lasting 2,4 and 6 h. The
main finding is that the propofol treatment produced ef-
fects on the activities of both proteases that depended on
the duration of the anesthesia and were time- and brain
region-specific. We assumed that both calpain and cas-
pase-3 contributed to cell death, as observed by Fluoro-
Jade B staining of the cortex and thalamus following pro-
longed propofol anesthesia.

The relative activities of calpain and caspase-3, mani-
fested as changes in the levels of major proteolytic frag-
ments of their substrates, a-1I-spectrin, PKC and PARP-1,
were detected and quantified by Western immunoblot-
ting analysis. a-II-Spectrin is a structural component of

Propofol-Induced Caspase and Calpain
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ent recovery time points (0, 4, 16 and 24 h) after exposure to pro-
pofol for 2, 4 and 6 h. Representative immunoblots of the 6-hour
treatment are shown. B-Actin was run as an internal standard for
equal loading. The results are the means * SEM. ? p < 0.05 vs.
control value presented as a black line, ® p < 0.05 between treat-
ments.

the cytoskeleton. Calpain-mediated proteolysis of spec-
trin is involved in the process of synaptogenesis and neu-
rite extension [10]. Repeated propofol administration to
P7 rats produced a different effect on calpain activity in
the examined structures. In the thalamus, an increase in
the 145-kDa fragment was detected. In contrast to studies
which used other models [17, 18], instead of an accumula-
tion of the 145-kDa spectrin fragments over time, we de-
tected a transient increase immediately after cessation of
anesthesia. Although increased spectrin proteolysis may
not be a critical event in the pathway to neuronal cell
death, it is undoubtedly one of the hallmarks of the initial
stage of cell death. In the cortex, the most remarkable
finding after repeated propofol administration was the
decrease below the control level of calpain activity at the
later post-treatment time points. Given that calpain-me-
diated proteolysis is associated with normal cell function-
ing and brain development, the question arises whether a
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Fig. 5. Time course of appearance of active caspase-3 subunits in
the cortex and thalamus of P7 rats after exposure to propofol for
2,4 and 6 h. Whole-cell extracts were used to detect the appear-
ance of active 19/17-kDa caspase-3 subunits in the cortex (a) and
the thalamus (b). Bars represent quantitative densitometric evalu-
ation of 19/17-kDa subunits in the cortex (c) and the thalamus (d).

decrease as well as an increase of spectrin proteolysis had
detrimental effects at this vulnerable period during the
brain growth spurt. Spectrin is an actin-binding protein,
and changes in spectrin dynamics have considerable con-
sequences for the cytoskeleton. It was previously demon-
strated that propofol induces phosphorylation of actin [13,
19]. Changes in the cytoskeleton could trigger a chain of
biochemical events which lead to long-term modifications
that are related to structural changes and synaptic plastic-
ity, but that also activate cell death processes [14, 20].
The pattern of PKC proteolysis confirmed our finding
of brain structure-dependent calpain activity following
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Results are presented for animals at different recovery time points
(0,4, 16 and 24 h) after exposure to propofol for 2, 4 and 6 h. Rep-
resentative immunoblots are shown. B-Actin was run as an inter-
nal standard for equal loading. Results are presented as means *
SEM. ? p < 0.05 vs. control value presented as a black line, ® p <
0.05 between treatments.

propofol treatment. The transient increase in the calpain-
generated PKC 36-kDa fragment that was observed in the
cortex immediately upon termination of anesthesia may
be the consequence of the ability of propofol to switch the
intact 82-kDa PKC protein to an activated, open confor-
mation which represents a more susceptible target for cal-
pain [21]. Proteolysis of PKC by calpain is one of the
mechanisms of PKC activation that cause the release of
constitutively active catalytic subunits. This mode of
PKC activation has a crucial regulatory effect on neurite
outgrowth [22]. Overactivated catalytic PKC subunits
could have access to and therefore phosphorylate sub-
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Fig. 6. Fluoro-Jade B staining of P7 rat
brains immediately (0 h) after termination
of the 2-, 4- and 6-hour exposures to pro-
pofol. An increase in the number of Fluo-
ro-Jade B-positive cells was apparent in the
retrosplenial cortex following 4 and 6 h of
exposure (c, d, left panel), and in the lat-
erodorsal thalamic nucleus following 2-,
4-and 6-hour exposure (b, ¢, d, respective-
ly, right panel). Quantitative analysis of
Fluoro-Jade B staining at the retrosplenial
cortex and the laterodorsal thalamic nu-
cleus is shown (e). For each condition, 3
animals were randomly assigned. Data are
presented as means = SEM. A probability
of * p < 0.05 was considered significant.
Degenerating neurons are marked with
arrows, arrowheads point to blood vessels.
Scale bar =20 pwm.
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Fig. 7. Fluoro-Jade B staining of P7 rat
brains at the 24-hour time point following
exposure to propofol for 6 h. An increase
in the number of Fluoro-Jade B-positive
cells was apparent in the thalamus (b) but
not in the cortex (a). ¢ The laterodorsal
thalamic nucleus was stained with Hoechst
33258, a blue fluorescent DNA stain,
alongside Fluoro-Jade B. Some neurons
were double-labeled; the same neuron re-
vealed bright clumps of fragmented and
condensed chromatin, typical for apoptot-
ic nuclei, as well as positive green staining
for Fluoro-Jade B (Xx40). Degenerating
neurons are marked with arrows, arrow-
heads point to blood vessels. Scale bar = c
20 pm.
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strates that are normally unavailable to intact PKC and
have some detrimental effects. PKC activation directly or
indirectly impacts spectrin-actin filaments, causing de-
stabilization of the cytoskeleton and changes in dendritic
branches and postsynaptic spines [20].

PARP-1 was cleaved to its calpain-specific pattern, re-
vealing fragments ranging from 20 to 62 kDa. A similar
pattern of cleavage was observed in cells treated with
necrotic inducers, which are known to trigger the calci-
um-calpain pathway [23, 24]. PARP-1 proteolysis was
higher in the thalamus compared to the cortex where it
was in agreement with spectrin and PKC proteolysis.
The PARP-1 fragments that appeared later were proba-
bly the consequence of the different localization of
PARP-1 (in the nucleus), compared to the other 2 moni-
tored calpain substrates which were located in the cyto-

298 Dev Neurosci 2010;32:288-301

sol (PKC) and cytoskeleton (spectrin) [25]. Activation of
PARP-1 participates in neurite outgrowth and differen-
tiation of PC12 cells following NGF treatment. This ef-
fect is at least in part mediated by PKC activation [26].
However, the increase in calpain-mediated cleavage
products detected herein pointed to the proteolytic in-
activation of PARP-1 and the silencing of its enzymatic
activity that plays a role in survival. PARP-1 is a target
for PKC phosphorylation [27]. It would be interesting to
establish whether phosphorylation can change PARP-1
sensitivity to calpain, as observed for spectrin phos-
phorylation [28]. Overall, calpain activity affects many
parameters of neuronal growth, function and morphol-
ogy. It can interfere with neuronal activity that is critical
for establishing proper connections at the peak of brain
synaptogenesis.
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The relative proteolytic activity of caspase-3 was esti-
mated through the generation of the spectrin 120-kDa
fragments only, while the 89-kDa PARP-1 fragment char-
acteristic of caspase-3 cleavage was not detected. It is pos-
sible that its absence was due to further degradation of the
89-kDa subunit by calpain [24] which recognizes 4 spe-
cific motifs in PARP-1 [23]. To further assess the role of
caspase-3 in the cascade triggered by the propofol treat-
ment, we measured the appearance of active caspase-3
subunits (fig. 5). Repeated propofol application produced
changes in the patterns of released 19/17-kDa caspase-3
subunits that were anesthesia-, time- and region-specific.
In the thalamus, a more pronounced activation of cas-
pase-3 was observed in comparison to the cortex. It cor-
related with the higher level of the caspase-generated
120-kDa spectrin fragment. It showed an almost biphasic
temporal profile. This confirmed that propofol-mediated
caspase-3 activation was functional, though the extent of
caspase-3 activation was much higher than the degree of
spectrin proteolysis (fig. 2f).

Evaluation of propofol toxicity at the histological level
revealed that the number of Fluoro-Jade B-labeled dead
cells depended on the duration of propofol anesthesia and
that it was a distinct feature of a specific brain structure.
In the laterodorsal thalamic nucleus, the highest number
of dead cells was detected immediately after the shortest,
2-hour anesthesia. To the best of our knowledge, the de-
tection of dying cells at such an early time point after a
relatively short treatment has not been reported, as most
studies depict dead cells at delayed periods after treat-
ments [2, 4]. In the retrosplenial cortex, the opposite ten-
dency was observed, and the level of dead cells was pro-
portional to the duration of the anesthesia. These exper-
iments revealed that the thalamus was affected by the
propofol anesthesia much earlier than the cortical neu-
rons. Our findings point to different vulnerabilities of
different brain regions, since neuronal populations un-
dergo synaptogenesis at different times during brain de-
velopment [7, 29, 30]. Also, immature GABA receptors
are excitatory early during development and convert to
an inhibitory role in more mature neurons [3]. The con-
version of GABA receptors occurs during the first week
of postnatal development, and at day 7, some regions have
either completed the switch or are well along in the pro-
cess of switching. Thus, GABAergic excitation is most
likely region-dependent and should be considered as a
contributor to damage [31]. A further possibility is that
the expression of GABA, subunits is different in these
regions at this stage of development. Propofol induces ty-
rosine phosphorylation of GABA, receptor (3, and (33

Propofol-Induced Caspase and Calpain
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subtypes. It mediates diverse calcium-dependent signal-
ing mechanisms that could lead to neuronal injury or
death [13].

Taking into account the observed changes in calpain
and caspase-3 activities, the effects of the treatments at
subsequent time points were also examined by Fluoro-
Jade B staining. Unexpectedly, dying cells were seen only
24 h after the 6-hour propofol exposure in the thalamus
and hippocampus (observed as widespread neurodegen-
eration in the CA1 region; data not shown). This result is
in agreement with reports that describe cell death 24 h
after the propofol treatment [4, 6, 8]. However, the levels
of caspase-3 active subunits in the thalamus following the
2 shorter exposures to propofol were the same as after the
6-hour anesthesia, although no cell death was detected.
In view of the observed trend of increasing caspase-3 ac-
tivation following shorter treatments, we cannot exclude
the possibility that caspase-3 activation increased further
after 24 h. In the neonatal brain that has a great potential
for activation of the apoptotic pathways in response to
different insults, procaspase-3 is several-fold more abun-
dant than in the mature brain [30]. The discrepancy be-
tween caspase-3 cleavage and Fluoro-Jade B labeling dur-
ing the delayed phase may be a consequence of the acti-
vation of protective processes [32, 33] that oppose the
execution of the death program, except in a more severe
insult such as exposure to anesthesia lasting 6 h. Recent
studies have shown that propofol can induce retraction of
neurites and long-term changes in dendritic arbor devel-
opment that could potentially lead to an impairment of
neuronal networks [5, 14]. As numerous data support the
participation of caspase-3 in nonapoptotic cellular events,
such as axon guidance and cytoskeletal remodeling, we
could not exclude the possibility that shorter propofol
treatments mostly contributed to morphological changes
without associated cell death [32, 34]. Further investiga-
tions will be necessary to evaluate all of the factors that
impact the functionality and role of activated caspase-3
in the absence of cell death following shorter propofol
exposure.

Some limitations of this study should be mentioned.
The dose of propofol used in our study is much higher
than those usually applied in practice as a bolus (3 mg/
kg i.v.). However, the dosing paradigms used in animal
studies typically do not reflect doses used for pediatric
patients, and can be 20-50 times higher in animals than
in typical clinical practice [1]. A continuous infusion of
propofol is the clinically relevant way of administration.
However, in small rodents, continuous infusion is very
often avoided as venous puncture can be technically dif-
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ficult, so anesthetics are acceptable to be injected via the
intraperitoneal, subcutaneous or intramuscular way [2,
6, 35]. Continuous infusion would also be valuable to
circumvent pain during repeated propofol injecting. Re-
petitive pains per se could impact cell death in the de-
veloping brain [36, 37], and the thalamocortical com-
plex is essential for consciousness and pain processing.
This has to be taken into consideration when interpret-
ing different scores of degenerating neurons in the cor-
tex and thalamus between shorter and longer anesthesia
regimens. We were unable to perform arterial blood
analyses. Others who have investigated propofol in rats
did not detect significant differences in arterial blood
parameters between control and experimental groups
[4]. Based on their observation and on close monitoring
of pups during experiments revealing their well-being,
we presume that neurodegeneration is not a manifesta-
tion of cardiorespiratory deficiency but of propofol ac-
tion.

In this study, we have shown that repeated propofol
administration as a single anesthetic induces cell death in
the cortex and thalamus during the most vulnerable pe-
riods of rat brain development. The conclusion that pro-
pofol-induced neurotoxicity is at least in part mediat-
ed by caspase-3 and the calpain-dependent pathways is
based on our findings that these enzymes exhibit com-
plex regional and temporal patterns of activation. The ac-
tivation of caspase-3 is a widely accepted sign of apop-
totic cell death [9]. Calpain activation can execute the
apoptotic process by itself; however, its activation sug-
gests that other cell death processes might also be under
way. These potential interactions could contribute to the
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