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Sepsis induces apoptotic cell death in different regions
of the brain in a rat model of sepsis

Ilker M. Kafa, Murat Uysal, Sinan Bakirci, and M. Ayberk Kurt*

Uludag University, Faculty of Medicine, Anatomy Department, Bursa, Turkey; *Email: ayberk@uludag.edu.tr

Sepsis occurs in 14-37% of patients admitted to intensive care units and sepsis associated encephalopathy (SAE) is its severe
complication. In an attempt to provide insight into the question how sepsis and SAE contributes cerebral dysfunction,
apoptotic cell death was investigated in hippocampal formation, centers of adult neurogenesis and main autonomic centers
which are known to regulate heart rate, respiration and other visceral activities, in cecal ligation and puncture (CLP) rat
model of sepsis. Vital parameters and electrophysiological changes were monitored for the confirmation of sepsis and SAE,
respectively. Apoptotic cell death was evaluated by TUNEL staining, Caspase-3 immunohistochemistry and transmission
electron microscope (TEM). Significantly higher number of TUNEL positive apoptotic cells in the median preoptic nucleus,
subventricular zone, dentate gyrus and CAl and CA3 regions of the hippocampal formation were observed in CLP group
and Caspase-3 immunohistochemistry and TEM findings were in line with these results, suggesting that the apoptotic cell
death would bare a major role in the pathogenesis of the SAE.

Key words: apoptosis, brain, Caspase-3, sepsis associated encephalopathy, TUNEL

INTRODUCTION

Sepsis is one of the most significant challenges in
critical care. With standard supportive care alone,
mortality remains unacceptably high, at 28-50%
(Natanson et al. 1998). Increased research into the
molecular mechanisms of sepsis has brought greater
understanding of its pathophysiology. Evidence sug-
gests that sepsis is a disease of the microvasculature
and microvascular dysfunction is characterized by:
decreased perfusion and oxygen availability (Lam et
al. 1994, McGilvray and Rotstein 1998), endothelial
dysfunction and increased capillary permeability (Aird
2003), reduced vasomotor tone (McCuskey 1996) and
increased leukocyte-endothelium interactions (Sugama
et al. 1992, Rahman et al. 1999).

Sepsis associated encephalopathy (SAE) is a severe
complication of sepsis with an incidence ranging from
9% to 71%. SAE manifests itself with varying degree
of brain dysfunction ranging from confusion to coma
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and it’s associated with increased morbidity and mor-
tality (Papadopoulos et al. 2000, Wilson and Young
2003, Consales and De Gaudio 2005). Although, diag-
nosis of SAE relies mainly on neurologic examination,
an electroencephalogram and somatosensory evoked
potentials (SEP) can also be useful for the detection of
brain dysfunction (Siami et al. 2008). The pathophysi-
ology of SAE is still incompletely known and the
mechanism proposed in the pathogenesis of SAE
involves: microorganisms directly invading the CNS
or affecting it with their toxins (Hotchkiss et al. 1989,
Orlikowski et al. 2003), metabolic alterations that
could adversely affect CNS function (Soejima et al.
1990, Basler et al. 2002), breakdown of blood brain
barrier (Davies 2002, Ari et al. 2006, Kafa et al. 2007),
altered neurotransmitter synthesis and receptorial dis-
tribution (Freund et al. 1985, Winder et al. 1988, Kadoi
et al. 1996, Davies et al. 2001), impairment of brain
circulation and auto-regulatory power (Bowton et al.
1989, Wijdicks and Stevens 1992, Terborg et al. 2001,
Booke et al. 2003).

The importance of apoptosis in the immunopatho-
genesis of sepsis is well established and increased
apoptotic death of various parenchymal cells in vari-
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ous organs: e.g., endothelial cells, hepatocytes, gastro-
intestinal and lung epithelial cells and cardiac myo-
cytes has been indicated in clinical and experimental
sepsis (Kim et al. 2000, Mutunga et al. 2001,
Coopersmith et al. 2002, Perl et al. 2005, 2007,
Gambim et al. 2007, Wesche-Soldato et al. 2007, Ayala
et al. 2008 ). However, studies that investigate its role
in the pathopyhsiology of SAE is limited although it’s
reasonable to suggest that the parenchymal cells of the
central nervous system are affected in a similar way by
TNF-a and/or other cytokines released in sepsis
(Mouihate and Pittman 1998, Messaris et al. 2004,
2010, Sharshar et al. 2004, Semmler et al. 2005,
Memos et al. 2009). With this in mind, apoptotic cell
death was investigated in hippocampal formation, cen-
ters of adult neurogenesis and main autonomic centers
which are known to regulate heart rate, respiration and
other visceral activities, in a rat model of sepsis by
using terminal deoxyribonucleotidyl transferase-medi-
ated dUTP-biotin nick end-labeling (TUNEL),
Caspase-3 immunohistochemistry and electron micros-
copy, in an attempt to provide insight into the question
whether apoptosis contributes to cerebral dysfunction
and SAE in sepsis.

METHODS
Animals

Adult Wistar rats weighing 270430 g were used in
this study. Rats were obtained from the Experimental
Animals Breeding and Research Centre of Uludag
University Medical Faculty. All experimental protocols
were approved according the guidelines of the Animal
Care, Use and Ethics Committee of Uludag University
and carried out in accordance with the European
Communities Council Directive. The rats were housed
one per cage at 20-24°C under a 12:12-h light:dark
regime and received standard laboratory chow and tap
water ad libitum. All rats were anesthetized by intrap-
eritoneal injection of 50 mg/kg thiopental sodium and
held under anesthesia during the entire surgical proce-
dures in order to minimize any pain or discomfort.

Vital parameters, neurological investigations and
light microscope studies were carried out on a total of
33 rats which were assigned into one of the following
three groups: Cecal Ligation and Puncture (CLP)
group, sham-operated and un-operated control group
(n=8 for each group). Nine rats which did not survive
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the CLP procedures were excluded from these studies.
Another set of eleven rats, which consisted four sham-
operated and four CLP rats in the end, were used for
electron microscopic investigations.

Induction of sepsis

Induction of sepsis was performed using a CLP
model as previously described (Wichterman et al.
1980). Briefly, under sterile surgical conditions, a 2 cm
abdominal incision was made along the ventral surface
of the abdomen to expose the cecum, which was then
ligated below the ileocecal junction without causing
bowel obstruction. Cecum was then punctured twice
with a 22-gauge needle and fecal contents were allowed
to leak into the peritoneum by gently squeezing the
cecum. The bowel is then returned to the abdomen and
the abdominal cavity was closed. Sham-operated ani-
mals were submitted to laparotomy and the cecum was
manipulated but neither ligated nor punctured, while
no surgical intervention is performed in un-operated
control group. All animals underwent surgical manip-
ulation, received a subcutaneous injection of saline
solution (3 ml/100 g body weight) and the incision site
is cleaned with an antiseptic solution (10% polyvi-
nylpyrrolidone iodine) at the end of surgery. A topical
antibiotic (2% Nitrofurazone) also applied to the surgi-
cal site every 6 hours.

Evaluation of vital parameters

Blood pressure, heart rate and rectal temperatures
were recorded before (Oh) and at 2, 6, 12 and 24 hours
after the surgery using invasive methods to confirm
the development of sepsis findings in CLP group. The
blood pressure was recorded as mean arterial blood
pressure (MAP-mmHg) and measured by using a com-
puterized tail-cuff system connected to a volumetric
pressure transducer (MIBP200A, Biopac Systems,
CA, USA) attached to a polygraph (Mpl50, Biopac
Systems, CA, USA) and a PC running a data analysis
software (AcqKnowledge, 3.7). Heart rate was then
estimated from the blood pressure waves on the poly-
graph tracings and recorded as beats/min. Rectal tem-
perature was recorded using a rectal probe (TSD202F,
Biopac Systems Inc., CA, USA) connected to an
amplifier (ST100C temperature unit, Biopac Systems
Inc., CA, USA), a transducer (TSD202F) and the same
data acquisition system (Mpl150).
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Neurological assessment and evaluation of
brains electrical activity

CLP rats were also neurologically assessed and
scored by  checking  various  reflexes.
Electrocorticographic (ECoG) waves and somatosen-
sory evoked potentials (SEPs) were also recorded
before (Oh) and at 2, 6, 12 and 24 hours after the sur-
gery for the analysis of the brains electrical activity
and confirmation of the development of encephalopa-
thy findings. Neurological reflexes evaluated were; the
Pinna reflex and the corneal reflex for the evaluation
of simple nonpostural somatomotor function, tail flex-
ion reflex for the evaluation of simple postural somato-
motor function and finally righting reflex and escape
response for evaluation of complex postural somato-
motor function (Habernam et al. 1999). The Pinna
reflex was assessed by lightly touching the auditory
meatus of the ear to elicit a vigorous head shake, the
corneal reflex was evaluated by lightly touching the
cornea with a cotton swab to elicit a head shake, the
tail flexion and the escape response reflex was assessed
by briefly pinching the tail to elicit a withdrawal
response and elicit locomotive activity away from the
noxious stimulus, respectively and finally the righting
reflex was tested by placing the animal on its back and
measuring the time taken to return to a spontaneous
upright position. A “0” score was given for no reflex;
“1” for weak reflex (loss of reflex for 10 sec), “2” for
normal reflex; with a maximal obtainable score of 10
points for each rat.

For electrophysiological recordings, under sterile
surgical conditions and the sodium thiopental anesthe-
sia (50 mg/kg, ip), three 0.6 mm stainless steel screws
(Plastics One Inc, Roanoke, VA, USA) were implanted
as epidural electrodes in the undersized holes drilled in
the skull as previously described in detail (Habernam
et al. 1999) ten days prior to surgical intervention.
Briefly, one of the electrodes was placed on primary
somatosensory (S1) cortex (2.5 mm posterior to breg-
ma and 2.5 mm laterally from the sagittal suture on the
right side). Remainder two of the electrodes were
installed bilaterally above the frontal sinus (10 mm
anterior to bregma and 1 mm lateral to each side of
midsagital plane); the one on the left side serving as
the ground. Electrodes were wired to a receptacle
(MS333/2A, Plastics One, USA), fixed to the skull
using dental cement and the skin was sutured. ECoG
recordings were obtained using Sl electrode referred

to ipsilateral frontal electrode. The signals amplified
by an amplifier (EEG100C, Biopac Systems Inc., CA,
USA) and recorded (band pass 0.5-130 Hz, 120 sec-
ond) by a data acquisition system (Mpl50 Data
Acquisition system, Biopac Systems Inc., CA, USA)
and processed with AcqKnowledge 3.7 software
(Biopac Systems Inc., CA, USA). The power spectra
obtained by use of Fast Fourier transform (FFT) were
divided into 0.5-3 Hz (delta), 4-8 Hz (theta), 8-13 Hz
(alpha), and 13-30 Hz (beta) frequency bands and
Median Power Frequency (MF = the frequency below
which 50% of the power) were also calculated using
data acquisition software.

SEPs were evoked by electric stimulation using
stimulation two stimulation electrodes (27G needles)
fitted firmly in the middle third of tail on the left side,
2 mm away from each other. The stimuli were 2 ms
square wave pulses which were triggered by the data
acquisition software (AcqKnowledge 3.7, Biopac
Systems Inc., CA, USA) and generated by a stimulator
(Mp150 Data Acquisition system, Biopac Systems Inc.,
CA, USA). SEPs were recorded from the SI electrode
using the same data acquisition system and a biopoten-
tial amplifier (EEGI00C, Biopac Systems Inc., CA,
USA) as ipsilateral frontal sinus electrode served as
reference electrode and the contralateral frontal sinus
electrode served as signal ground. Total of 100 signals
were band-pass filtered between 15 and 300 Hz,
amplified 2000 times, averaged in real time at 2 kHz,
stored and analyzed by the same data acquisition soft-
ware. Measurements were made on two positive poten-
tials (P1 and P2) and one negative potential (NI1).
Baseline to peak amplitudes and peak latencies were
calculated.

Tissue removal and processing

After the last monitoring procedures completed at
24™ hour, the rats were given a lethal dose of anaes-
thetic and perfused through the left cardiac ventricle
with 0.9% NaCl followed by a fixative solution con-
taining 4% paraformaldehyde and 0.1% glutaraldehyde
in 0.1 M phosphate buffer saline (PBS) pH 7.4. The
brains were then removed and immersed overnight in
a fixative containing 2% paraformaldehyde and 2.5%
glutaraldehyde in 0.1 M PBS (pH 7). The brains were
then placed in a matrix and three 2mm thick coronal
slices were taken from each brain, with reference to
Bregma +1 mm to -1 mm, -2 mm to —4mm and



—1Imm to —13 mm, respectively (Paxinos and Watson
1997). Each slice was then processed into paraffin
wax, cut coronally into 5 um thick sections. Two con-
secutive sections in every ten section are collected and
mounted on two different slides. Apoptotic cell death
is then investigated for each rat, using TUNEL and
caspase-3 immunohistochemistry in ten different
regions of the brain in a total of six and two sections,
respectively. Brain regions investigated were: hip-
pocampal formation (CAl, CA3 and dentate gyrus),
centers of adult neurogenesis (subventricular zone and
dentate gyrus) and main autonomic centers (median
preoptic nucleus, insular cortex, zona incerta, perifor-
nical nucleus, nucleus of the solitary tract and interme-
diate reticular nucleus) which are known to regulate
heart rate, respiration and other visceral activities.
Coronal slices and the brain regions investigated for
apoptotic cell death in each slice are shown in
Figure 1.

TUNEL and Caspase-3 staining

For TUNEL staining, tissue sections were deparaf-
finized, rehydrated through a series of graded alco-
hols, washed in distilled water followed by PBS.
Subsequently, the sections were permeabilized using
proteinase K (20 pg/ml, 20 min at room temp.), washed
in PBS, incubated in 2% H,0O, in 0.1 M PBS for 30 min
at room temperature in order to quench endogenous
peroxidase activity and treated with Triton-X. The
terminal deoxynucleotide transferase-mediated dUTP
nick end labeling (TUNEL) reaction performed using

249

Apoptosis in the brains of septic rats

the In Situ Cell Death Detection Kit (Roche, Mannheim,
Germany). Briefly, the slides were incubated with
TUNEL reaction mixture for 60 min (humid chamber,
37°C), and then were washed twice in PBS. After mul-
tiple washing steps, the sections were treated with
Converter-POD solution for 30 min (humid chamber,
37°C), rinsed with PBS and they visualized by adding
3,3’-diaminobenzine (DAB) for 10 min at room tem-
perature, and then washed in phosphate buffer saline
(PBS), counterstained using hematoxylin staining and
finally mounted for light microscopic observation. For
positive controls, sections were incubated with DNase
I for 10 minutes at 15-25°C to induce DNA strand
breaks, prior to labeling procedure. For negative con-
trols, sections were incubated with label solution only
(without terminal transferase) instead of TUNEL reac-
tion mixture. A Sony Cybershot DSC-F717 digital
camera attached to a Nikon 4S-2 Alphaphot light
microscope and PC running Scion-Image software
(public domain, version 4.02) were used to capture
images and determine the number of TUNEL positive
cells. Only TUNEL positive cells with a condensed
pyknotic cells, which were stained intensely with DAB
were marked and counted in an area of lmm?’ using
400x microscopic magnifications. The averages of six
histological sections for each rat were reported as
mean + S.E.M. All morphometric measurements were
carried out in a blinded manner and expressed in com-
parison to controls.

For immunohistochemical detection of active cas-
pase-3, sections were subjected to the antigen retrieval
by microwave treatment (10 min, 700W, in 10 mM

Bregma — 30 mm Bregma — 3,60 mm

3. Insular cortex

| s
N \ Pt a s e ¥ 3 7 3 . X.v -
1. Subventricular zone 4, CA1
2. Median preoptic nucleus 5. CA3

Bregma — 11,80 mm

ba

X ",.«: 'fq;' .
10

9. Nucleus of the solitary tract
10. Intermediate reticular nucleus

= ShE

[ %
N\, A
o

¥

6. Dentate gyrus
7. Zona incerta
8. Perifornical nucleus

Fig. 1. Line diagrams (reproduced from Paxinos and Watson 1997) to show the orientation of coronal tissue slices and the
brain regions investigated for apoptotic cell death taken from cecal ligation and puncture and control groups.
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Table I

Vital parameters, neurological scorings, electrocortigographic (ECoG) and somatosensory evoked potential (SEP)

recordings.
HOURS

0 6 12 24
VITAL PARAMETERS
Mean Arterial Pressure (mmHg) 108,88 + 8,7 114,11 £15,8 106,50 + 0,75 95,72 +9,9 59,73 + 1,94*
Heart Rate (beats per min) 350,02 £ 8,1 386,02 +32,4 430,55+ 0,9% 429,51 £ 11,8% 456,26 + 15,4*
Rectal Temperature (°C) 36,95 +0,3 3590+0,6 37,05+0,75 37,25+ 0,75 37,00 +£ 0,3
NEUROLOGICAL SCORINGS
Neurological Score (0-10) 10+ 0 2+0,1%* 6+0,5% 7+£0,2%
ECoG RECORDINGS
Median Power Frequency (Hz) 13,38 £ 1.3 14,54 £ 1.1 13,82 £ 0,6 12,27 £0,3 10,60 £ 0,8
Beta Frequecy (Spectral Power %) 36,67 £ 2,3 38,02 +0,7 3547 +2,7 34,08 +0,4 30,33 +£ 2,1
Delta Frequecy (Spectral Power %) 16,70 £ 2.2 16,06 + 1,8 17,18 £ 1,8 21,81 +2.4 27,64 £ 3,5%
SEP RECORDINGS
P1 Amplitude (1V) 16,14 + 1,7 14,01 £3,2 11,92+ 0.4* 14,67 + 0,6 11,73 £0,6*
S-P1 Latency (% difference) 100.00 £ 0 99,46+23 107,18 £ 6,1* 111,10+ 1,5% 109,89 +2,3*
P1-N1 Latency (% difference) 100.00 +£ 0 100,65 + 0,6 98,63 +1,8 100,00 + 1,9 100,66 £ 2.5
N1-P2 Latency (% difference) 100.00 £0 110,00 £5,9* 117,76 £10,9* 114,32+ 10,3* 114,53 +11,3*

Mean values =+ the standard error of the means (SEM) of vital parameters, neurological scorings, electrocortigographic
(ECoG) and somatosensory evoked potential (SEP) results recorded from cecal ligation and puncture group at 0, 2, 6, 12,
and 24 hours after the surgery. *; p< 0.05 and represents significance compared to baseline values.

Citrate Buffer), following the dehydration. To remove
endogenous peroxidase activity, sections were treated
with 3% hydrogen peroxide for 30 min. After non-
specific blocking with the goat serum for 30 min, the
sections were incubated with primary antibodies
against active caspase-3 (diluted 1:100, Chemicon,
AB3623-rabbit, USA) for overnight at 4°C, followed by

the treatment with biotinylated anti-rabbit secondary
antibody for 30 min at room temperature. Following
the Avidin-Biotin complex treatment, DAB was used
for the color development. Negative control slides,
omitting the primary antibody was also included. The
tissue sections were examined, using a light micro-
scope interfaced with a Sony Camera and scoring was
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CASPASE 3

Fig. 2. Photomicrographs of examples of TUNEL and active Caspase-3 immunoreactive stained sections in the median pre-
optic nucleus (MnPO) (A,B,C), subventricular zone (SVZ) (D,E,F), CAl (G,H.I), CA3 (J,K,L) and dentate gyrus (DG)
(M,N,O) of hippocampus in the sham-operated (sham-op) and cecal ligation and puncture rats (CLP). Arrows denote cells
with characteristic morphology of apoptotic cells with shrunken cytoplasm and pyknotic nuclei.
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Table 11

TUNEL positive cell numbers + the standard error of the means (SEM) in the median preoptic nucleus (MnPO),
subventricular zone (SVZ), dentate gyrus (DG) and cornu ammonis (CA1+CA3) of individual un-operated, sham-

operated and CLP operated rats.

MnPO Svz

Subject Un-op Sham-op CLP Un-op Sham-op CLP

1 0.14 + (0.07) 0.43 £(0.15) 16.14 +(2.71)  0.64 +(0.09) 0.86 =(0.47) 20.00 + (2.88)
2 0.23 £ (0.11) 0.34+(0.9) 19.00 £(2.94) 0.20 £(0.04) 0.48 +(0.05) 8.69 £ (1.32)
3 0.18+(0.09)  0.10£(0.05) 544 +(1.08) 0.12 £(0.02) 0.64 £(0.14) 18.61 +(1.38)
4 0.44 +(0.08)  0.30+(0.08) 829 +£(2.42) 0.07 £(0.02) 0.72 +(0.06) 7.71 £(1.28)
5 0.26 £(0.09)  0.31+(0.07) 0.03 +£(0.01) 0.27 +(0.03) 0.30 +(0.09) 7.50 +(1.89)
6 0.52 £(0.19) 038 +£(0.13) 0.23 £(0.09)  0.17 £(0.04) 0.66 = (0.08) 2.06 +(0.26)
7 0.20 £(0.07)  0.65 £(0.11)  0.20 +(0.08)  0.41 +(0.12) 0.61 =(0.02) 0.09 +(0.02)
8 0.11 £(0.07)  0.17 £(0.08) 0.12 +(0.02)  0.14 +(0.03) 0.22 +(0.05) 0.08 +(0.02)

DG CA1+CA3

Subject Un-op Sham-op CLP Un-op Sham-op CLP

1 0.36 £(0.28) 0.76 £(0.23) 7.64 +(0.48) 1.14 +(0.18) 1.56 +(0.15) 29.29 +£(0.52)
2 0.17 £(0.03)  0.05 +£(0.02) 6.69 £(0.56)  0.67 +(0.11) 0.91 +(0.09) 17.75 +(1.49)
3 0.12 £(0.05)  0.19 £(0.06) 9.89 +(1.95) 0.30 +(0.04) 0.46 +(0.08) 8.58 £(1.16)
4 0.05 £(0.01) 1.07 £(0.04) 8.14 £(1.57)  0.23 £(0.01) 0.87 £(0.15) 11.42 +(1.90)
5 0.13 £(0.03) 0.79 £(0.08) 8.43 +(2.65) 0.49 +(0.04) 1.12 +(0.09) 4.86 £(1.21)
6 0.08 +£(0.02) 0.16 £(0.08) 7.19 £(1.63)  0.73 £(0.04) 1.24 +(0.13) 0.26 +(0.01)
7 0.21 £(0.05) 021 +£(0.09) 6.90 £(1.61)  1.02 £(0.04) 1.39 +(0.14) 0.76 +(0.14)
8 0.10 £(0.02) 0.08 £(0.02) 6.79 +(1.08)  0.35 +(0.03) 0.57 +(0.09) 0.27 +(0.03)

done by taking into account both the intensity of stain-
ing and the distribution (extent) of positively staining
cells as previously described (Xu et al. 2004). Staining
intensity was scored as 0 (negative), 1 (weak), 2 (mod-

erate), and 3 (strong). Staining extent was scored as 0
0%), 1 (1-25%), 2 (26-50%), 3 (51-75%), and 4
(76—100%) according to the percentage of cells stain-
ing positive for active caspase 3. The sum of the inten-



sity and extent of scores was calculated to estimate the
final average staining scores (0—7). All slides were
specially coded so that two independent investigator
would be unaffected by the knowledge of their
source.

Electron microscopy

For electron microscopy, four CLP rats with that
developed the signs of sepsis and SAE together with
four sham-operated rats were given a lethal dose of
anaesthetic and perfused transcardially with 4% para-
formaldehyde and 0.1% glutaraldehyde in 0.1 M phos-
phate buffer at pH 7.3. Their brains were then removed
and immersed in similar fixative overnight. Two 2 mm
thick coronal slices were taken from each brain, with
reference to Bregma +1 mm to -1 mm and -2 mm to
—4mm, respectively (Paxinos and Watson 1997). Each
slice was then trimmed to produce a rectangular block
of tissue (approximately Imm wide), that contained
MnPO and SVZ in the first and extending across the
entire hippocampus and containing the DG, CA3 and
CAl in the second slice. Each tissue block was then
post-fixed with 1% OsO, in 0.1 M phosphate buffer for
1 hour, dehydrated through a graded series of ethanols
and embedded in Spurr’s resin (Agar Scientific,
Stansted, UK). Ultra-thin sections with gold interfer-
ence colour (app. 80 nm) were then cut from the resin-
embedded tissue blocks, picked up on copper grids and
stained with uranyl acetate and lead citrate prior to
investigation for the occurrence of apoptotic cells in a
Jeol 100 electron microscope.

Statistical analysis

One-way repeated-measure ANOVA and Friedman
repeated-measures ANOVA on ranks were used to
evaluate the effect of surgical operation over time on
the vital, ECoG, SEP parameters and neurological
scorings. Kruskal Wallis test was used to compare the
effect of surgical operation on TUNEL positive cell
numbers and semi-quantitative Caspase-3 scores
among groups. Post-hoc comparisons were made using
the Mann-Whitney U-test. In each test, the data are
expressed as the mean £ S.E.M. and p<0.05 is accepted
as statistically significant. The effect of individual
animal and surgical operation on TUNEL positive
cells were further investigated by two-way analysis of
variance.
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RESULTS
Clinic and neurophysiologic findings

Approximately 50% of rats did not survive the CLP
procedure during the 24 hour monitoring procedure.
Approximately 90% of the surviving rats developed
the clinical findings (piloerection, lethargy, flickering,
ocular and nasal discharge) and vital signs (signifi-
cantly decreased arterial pressure and increased heart
beat) of sepsis at the end of the observation period.
Among those, approximately 50% of the septic rats
developed the signs and symptoms of encephalopathy
evidenced by deteriorated neurological reflexes,
decreased median and beta frequencies together with
increased delta frequencies in electrocorticographical
(ECoQ) recordings, and decreased P1 activity accom-
panied with elongated latencies in SEP recordings 24
hours after surgery and only these rats are included in
the CLP groups.

Mean values + the standard error of the means
(SEM) of mean arterial pressure, heart rate and rectal
temperatures recorded at 0, 2, 6, 12, and 24 hours after
the surgery from rats in the CLP group are presented
in Table I. Mean Arterial Pressure (MAP) in CLP rats
reflected a continuous decline starting from 2 hour
after surgery and this reduction became significant at
12" hour and grew to be even more manifest at 24"
hour compared to initial values recorded. A signifi-
cant increase in heart rate at 6th hour, becoming even
more prominent in the 12" and 24" hours was also
recorded in CLP rats. Although an initial decline in
rectal temperature was observed in CLP rats, the dif-
ference was not significant compared to initial values
recorded in the remainder of the monitoring period.
Finally, scorings of the neurological reflexes revealed
a significant reflex loss, which persisted at 24™ hour
after the surgery in CLP rats (Table I).

The results of the ECoG and SEP recordings
obtained from rats included in the CLP group are also
presented in Table 1. Decline in the median power fre-
quency was observed in CLP group at 24" hour com-
pared to initial values although the difference was not
significant. When the power spectra were divided into
0.5-3 Hz (delta), 4-8 Hz (theta), 8-13 Hz (alpha), and
13-30 Hz (beta) frequency bands, a non-significant
decrease in beta and a significant increase in delta
(p<0.05) activities were observed at 24™ hr compared
to initial values recorded in rats included in the CLP
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group. Finally, SEP recordings revealed a significant
decrease in P1 amplitude at 12" and 24" hour in CLP
rats, together with significantly elongated S-P1 and
N1-P2 latencies, starting from the 12™ and 6™ hours of
the monitoring procedure, respectively (p<0.05, for all
comparisons).

Morphological findings

TUNEL immunohistochemistry revealed a distinc-
tive pattern of nuclear staining (Fig. 2) and the number
of TUNEL positive cells were significantly higher in
CLP group compared to sham-operated and non-oper-
ated controls in five regions among the ten brain
regions investigated (Fig. 2,3). These regions were
median preoptic nucleus (MnPO), subventricular zone
of the lateral venticule (SVZ) and CAl, CA3 regions
and dentate gyrus (DG) of hippocampus. Mean
TUNEL positive cell numbers =+ the standard error of
the means (SEM) from individual rats in the unoper-
ated, sham-operated and CLP group are presented in
Table II. Two-way analysis of variance revealed that
there was a significant effect of animal on TUNEL
positive cell numbers for all five regions in CLP Group
(p<0.01, for all regions). However, no significant effect
of individual animal on TUNEL positive cell numbers
was found in both un-operated and sham-operated
control groups.

Evaluation of the density of apoptotic cells by
Caspase-3 immunohistochemistry gave concordant
results and Caspase-3 immunoreactive cells in these
regions were significantly higher in CLP group com-
pared to sham-operated and non-operated controls
(Fig. 2,4). Caspase-3 immunoreactive cells usually had
a normal appearance in keeping with the fact that
Caspase-3 activation is an early phenomenon in apop-
tosis, proceeding DNA and terminal nuclear changes.
However, part of them had the characteristic morphol-
ogy of apoptotic cells with shrunken cytoplasm and
pyknotic nuclei (Fig. 2, arrows).

Electron microscopic investigation of these five
regions confirmed the presence of shrunken and
pyknotic cells showing different aspects and phases of
chromatin condensation and fragmentation within
their nuclei as distinctive features of apoptosis (Fig. 5).
Although the cytoplasmic membranes of these cells
were usually intact, cytoplasmic blebbings, and some
dying cells with disrupted cell membrane and apop-
totic bodies were also observed (Fig.5). Electron

microscopic investigation also showed the presence of
distinctive perimicrovascular edema in CLP group in
the regions investigated (Fig. 5I).

DISCUSSION

In the present study, we have investigated the effects
sepsis and SAE onto the apoptotic cell death in the
brains of CLP rats and demonstrated the presence of
significantly more apoptotic cell death, in five regions
(MnPO, SVZ, CAl, CA3 and DG) compared to sham-
operated and un-operated controls. Our results also
showed that CLP induces signs and symptoms of sep-
sis only in approximately 90% of these rats, which
only 50% of them then demonstrated signs of enceph-
alopathy.

Necessity of a uniform and valid definition of sepsis
applicable to both small and large animals has previ-
ously been highlighted and its importance in preclini-
cal sepsis studies has been underscored previously
(Parker and Watkins 2001, Garrido et al. 2004).
Compared to mechanisms such as endotoxicosis and
intravenous bacterial infusion, peritonitis models have
been proposed as the ‘gold standard’ in case of appro-
priate usage of virulent bacterial species (Fink and
Heard 1990, Parker and Watkins 2001, Garrido et al.
2004). Although, peritonitis models developed in pigs
(Doods 1982) and primates (Kinasewitz et al. 2000)
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Fig. 3. A bar diagram showing the mean density (=SEM) of
TUNEL positive cells in the median preoptic nucleus
(MnPO), subventricular zone (SVZ), dentate gyrus (DG),
CAl and CA3 regions of hippocampus in un-operated
(un-op, n = 8), sham-operated (sham-op, n = 8) and cecal
ligation and puncture (CLP, n = 8) rats. # and i, represents
differences between CLP and un-op (#, p<0.01) and CLP
and sham-op (i, p<0.01) groups, respectively.



are those that most closely simulate the clinical situa-
tion encountered in humans, recent changes in attitude
towards the use of such large animals have signifi-
cantly limited their use and small mammals have often
been preferred as inexpensive, available and geneti-
cally similar alternatives. Peritonitis may be induced
in rodents in several ways such as perforation of the
bowel, inoculum of faecal material or pure bacteria
cultures and CLP (Parker and Watkins 2001). The
simple and reproducible CLP method has been widely
used to induce peritonitis and it is more closely
approximate the bacterial insult and prolonged time
course of clinical infections like perforated appendici-
tis and diverticulitis and therefore, CLP model has
been preferred to induce sepsis in the present study.
Sepsis is defined as the systemic response to a docu-
mented infection and is characterized by at least two of
the following: temperature greater than 38°C or less
than 36°C; heart rate greater than 90 beats per minute;
respiratory rate more than 20/minute or PaCO, less
than 32 mm Hg; and an alteration in white blood cell
count (>12,000/mm3 or <4,000/mm3) (ACCP/SCCM
1992). Therefore, close follow-up of hemodynamic
status is crucial in the diagnosis of sepsis. Although
monitorization of the vital parameters consist major
difficulties in rodents and hemodynamic changes may
occur as systemic cytokine-induced symptoms with-
out evidence of sepsis (Gross et al. 1993), the data
obtained in the present study provided convincing evi-

Semiquantitative scoring of Caspase-3 positive cells
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Fig. 4. A bar diagram showing the mean staining scores
(£SEM) of active Caspase-3 positive cells in the median
preoptic nucleus (MnPO), subventricular zone (SVZ), den-
tate gyrus (DG), CA1 and CA3 regions of hippocampus in
un-operated (un-op, n = 8), sham-operated (sham-op, n = 8)
and cecal ligation and puncture (CLP, n = 8) rats. # and f,
represents differences between CLP and un-op (#, p<0.01)
and CLP and sham-op (f, p<0.01) groups, respectively.
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dence for the adequate simulation of sepsis in these
animals. Significantly decreased arterial pressure and
increased heart rate occurred concurrently with some
clinical findings (e.g. piloerection, lethargy, flickering,
ocular and nasal discharge) would suggest the success-
ful induction of sepsis in the 90% of the rats used in
the present study. In line with our findings, it has been
previously described that the CLP procedure in rats
efficiently develops cardiovascular dysfunction similar
to that which occurs in human sepsis (Tang and Liu
1996, Kadoi and Goto 2004). Although we did not
measure cardiac output in this study, the hemody-
namic changes that we observed were consistent with
those previous studies (Tang and Liu 1996, Kadoi and
Goto 2004) and the changes observed in this study
closely resembled the septic syndrome seen in clinical
sepsis.

SAE is a complication of sepsis and closely asso-
ciated with the increased mortality of the sufferers
(Sprung et al. 1990, Eidelman et al. 1996). The diag-
nosis of SAE based on the evaluation of the state of
consciousness, changes in cognitive function and
brain electrical activity recordable by EEG (Sprung
et al. 1990, Young et al. 1992, Eidelman et al. 1996).
More recently, SEP recordings have been used as a
general test of neurologic function in septic patients
(Zauner et al. 2002). Furhermore, alterations in SEP
recordings in some models which the sepsis was
induced by induction of pancreatitis in pigs
(Ohnesorge et al. 2003) and by LPS treatment in rats
(Rosengarten et al. 2007), strengthening the hypoth-
esis that the disruption in electrical activity of brain
recorded by SEP measurements could be an early
indicator of progression of sepsis. Therefore, the rats
in CLP group were neurologically assessed and
scored, ECoG and SEP recordings were obtained for
the analysis of encephalopathy and only the 50% of
the rats with deteriorated neurological reflexes,
increased delta frequency and prolonged SEP signals
were included in CLP group in the present study.
These results suggest that researchers who investi-
gate the pathogenesis of SAE should consider assess-
ing the indicators of cerebral dysfunction associated
with inflammatory disease and be cautious to include
all CLP rats within their experimental group.
Although the ECoG recordings provides a large
amount of data that are difficult to assess and con-
clude, hence it may not trigger much enthusiasm,
SEP recordings that would confirm deteriorated cor-
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tical signals may be useful to establish the diagnosis
of SAE in animal models of sepsis.

The pathophysiology of SAE remains unclear and
various mechanisms have been proposed. It’s well
established that apoptosis is an important mechanism
during the immunopathogenesis of sepsis (Perl et al.
2007, Ayala et al. 2008) and increased apoptotic death
of various parenchymal cells in various organs; e.g.,
endothelial cells, hepatocytes, gastrointestinal and
lung epithelial cells and cardiac myocytes has been
indicated in clinical and experimental sepsis (Kim et
al. 2000, Mutunga et al. 2001, Coopersmith et al. 2002,
Perl et al. 2005, 2007, Gambim et al. 2007, Wesche-

Soldato et al. 2007, Ayala et al. 2008 ). However, stud-
ies that investigate its role on the brain and its associa-
tions with SAE is limited (Mouihate and Pittman 1998,
Messaris et al. 2004, 2010, Sharshar et al. 2004,
Semmler et al. 2005, Memos et al. 2009). Sharshar and
others (2004) reported that neuronal apoptosis was
more pronounced in the autonomic nuclei in septic
patients and concluded that septic shock is associated
with specific autonomic centers, although their patients
were sedated and therefore not assessed neither for
mental state and neurological deficit nor by EEG or
SEP. Even though there is controversy over the rele-
vance of endotoxin models to human sepsis, Semmler

Fig. 5. Electron micrographs showing shrunken and dark atrophic cells (black arrows) interspersed between healthy looking
neurons (white arrows) in CA3 (A), DG (B) and SVZ (C) of the CLP rats. Higher magnification of shrunken and dark cells
from SVZ (D-E) indicated by white and black squares boxes in panel C and cells from CA1 (F), usually revealed distinctive
chromatin condensations (dashed white arrows), intact nuclear and cellular membrane, and cytoplasmic blebbings (asterix-
es), although cellular shrinkage, chromatin condensation and fragmentation was more prominent in some cells (G) and dying
cells with disrupted cell membrane and apoptotic bodies (ab) lack a clear nuclear component and interspersed around myeli-
nated axons (ax) was also observed (H). An electron micrograph showing an endothelial cell (End) and lumen (L) of a

capillary with discernable perimicrovascular edema (PO) (I).



and coworkers (2005) proposed a sepsis-induced time-
dependent increase in the number of apoptotic cells in
the brains of rats that received lipopolysaccharide and
suggested hippocampus as the most vulnerable brain
region, although significantly increased number of
cells were also reported in cerebral cortex, cerebellum
and the midbrain (Sharshar et al., 2004). Unlike
Semmler and coauthors (2005), Mouihate and Pittman
(1998) found no evidence of apoptosis in the hip-
pocampus, hypothalamus, area postrema, subfornical
organ, organum vasculosum of the lamina terminalis
and nucleus tractus solitaris of the rats treated with
acute (5.5 hour) or chronic (5 days) intraperitoneal (i.p.)
administration and central injection of LPS. The rea-
sons for these pronounced differences are not clear but
may be due to the variety of factors such as the differ-
ences in the ages or phenotype of the animals investi-
gated, tissue preparation techniques, methods of quan-
tification. Increased apoptosis in neurons of the CAl
region of the hippocampus, choroid plexus and Purkinje
cells of the cerebellum have also been reported in
another widely used rat model of sepsis; CLP model
(Messaris et al. 2004), which we have also been pre-
ferred in our study. However, vital findings or the
brains’ electrical activity were not monitored and thus
development of sepsis and SAE were not confirmed in
these studies, while only the rats that developed the
signs and symptoms of sepsis and SAE were included
in CLP group in our study. These results suggests that
the future studies that compare the progression of
apoptosis in the CLP rats with confirmed SAE find-
ings to those do not, would provide crucial information
about the sequence of events in sepsis and SAE, and
the correlation of apoptosis with those syndromes.
Significantly increased apoptosis in hippocampal
regions in the present study would suggest that this
particular region may be more vulnerable to inflam-
matory and/or circulatory changes observed in the
brain. It has been previously reported that rats sur-
vived and fully recovered 10 days after CLP demon-
strated impaired spatial learning and memory
(Barichello et al. 2005) and some cognitive skills,
such as memory, did not completely improve in most
of the sepsis patient at one-year follow up (Heyland et
al. 2000). Thus, it’s tempting to suggest that the
increased apoptotic cell death in CA1, CA3 and DG of
these rats may underlie at least some of this impair-
ment, since it’s well-established that the hippocampal
formation plays important role in spatial learning and
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memory in rats (Morris et al. 1982). DG of the hip-
pocampus and the SVZ of the lateral ventricles, in
which significantly increased apoptosis was observed
in the present study, have also been established as the
primary sites of adult neurogenesis (Zhao et al. 2008)
and inflammation was proposed as a new candidate in
modulating adult neurogenesis although its effects are
in debate (Das and Basu 2008). Since most of the CNS
insults lead to increased proliferation of progenitors in
these neurogenic areas (Zhao et al. 2008), another pos-
sible explanation of the increased apoptosis in DG and
SVZ observed in the present study may be the out-
come of an increased neurogenesis and elimination of
supernumerous cells from neurogenic regions by
apoptosis to contribute to a self-renewal mechanism in
the brain. Research is currently underway with an
objective to seek answers to the question whether neu-
rogenesis is in fact triggered and counterbalanced by
an accompanying cell death in the same regions in
CLP rats.

Significantly increased number of apoptotic cells
found in MnPO of CLP rats is another novel finding of
the present study. MnPO constitutes the most anterior
part of the anterior wall of the third ventricle, together
with two circumventricular organs (CVOs); the subfor-
nical organ and the organum vasculosum of the lamina
terminalis. CVOs of the lamina terminalis lacks blood-
brain barrier and has been shown to be influenced by
hormonal, ionic and peptide composition of the blood
and are clearly established as the most important cere-
bral targets for both circulating peptides such as angio-
tensin I, atrial natriuretic peptide and relaxin
(McKinley et al. 1999) and antihypertensive chemicals
such as angiotensin II receptor blockers (Ployngam et
al. 2009). The information received by CVOs is then
integrated in MnPO and neural output from the MnPO
is relayed to a number of effector regions including
supraoptic and paraventricular nucleus involved in
maintaining body fluid and cardiovascular homeosta-
sis (McKinley et al. 2004, Stocker and Toney 2005). In
addition, a pivotal role has also been implied for MnPO
in the integration of thermal and osmotic information
(Honda et al. 1990, Whyte and Johnson 2005). Thus,
our findings may suggest that hemodynamic failure
observed in CLP rats in the present study may be fos-
tered by neuronal apoptosis in the MnPO, which has
been regarded as the “headquater for control of body
fluid hemostasis” (McKinley et al. 2004) together with
the CVOs that are known to be vulnerable to systemic



258 1. M. Kafa et al.

challenge. Or alternatively, systemic challenge devel-
ops in sepsis may exert its deteriorating effects on
MnPO through CVOs, which in turn would then the
progression of the septic challenge and irreversible
phase of the disease develops.

CONCLUSION

In conclusion, the present investigation revealed
significantly higher number of apoptotic cells in the
brain regions with crucial regulatory functions in rats
with confirmed sepsis and SAE. Although it would be
premature to attempt to draw any strict parallels
between the brain dysfunction observed in human
beings suffering from sepsis and the structural abnor-
malities observed in CLP rat model of sepsis, the mate-
rial provided here renders a valuable reference point
for future analyses of possible apoptotic cell death
observed in patients with sepsis. These results would
further suggest that therapeutic efforts aimed at block-
ing apoptosis may represent an important target for
critically i1l patients with sepsis and SAE.
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