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Background: Both protective and therapeutic functions of insulin-like growth factor-1 (IGF-1)
in brain injury have been reported, but its effects on cognitive sequelae after septic encepha-
lopathy (SE) remain unclear.

Materials and methods: This study was divided into three parts, and a septic model was built
by cecal ligation and puncture (CLP). First, survival analysis was performed, and IGF-1’s effects
on long-term cognition and depressive emotion were assessed. Second, the characteristics of IGF-1
function in cognition were evaluated. Finally, cytochrome C, caspase-9, tumor necrosis factor
receptor (TNFR), and caspase-8 levels as well as cell apoptosis in the hippocampus were evaluated.
Results: IGF-1 did not reduce mortality or alleviate depressive symptoms in septic rats, but
improved the memory of noxious stimulation and spatial learning and memory. These effects
were observed only when IGF-1 was administered within 0—-6 hours after CLP. Moreover,
cytochrome C and caspase-9 expression levels were increased at 6 hours after CLP in the hip-
pocampus, while TNFR and caspase-8 amounts were not increased until 12 hours after CLP.
Cell apoptosis increased at 12 hours after CLP, but was inhibited by IGF-1.

Conclusion: Cognitive impairment in rats recovering from SE is associated with cell apoptosis
in the hippocampus. Supplementation of IGF-1 reduces cell apoptosis by preventing the over-
expression of cytochrome C and TNFR, and results in improved cognitive function. However,
improvement only occurs when IGF-1 is administered at the early stage (within 6 hours) of
sepsis. As cytochrome C activation occurs earlier than that of TNFR in this study, cytochrome C
may be the main factor inducing apoptosis in early SE.
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Introduction
Sepsis is a systemic inflammation caused by severe infection.!? Although effective
treatments, including administration of antibiotics, antithrombin, and -2 agonists,*”
fluid resuscitation and assessment of hemodynamics,*’ and prophylaxis of stress ulcer
and transfusion of red blood cells,'®!! have been adopted to reduce mortality in sepsis,
many survivors still suffer from septic encephalopathy (SE), a neurological complica-
tion of sepsis characterized by short- and long-term symptoms.'>'* Long-term cognitive
impairment and psychiatric disorders, such as memory deficits, learning disabilities, and
depressive-like symptoms (not anxiety-like symptoms), can seriously lower the patient’s
quality of daily life.'>!316 Thus, the neurological sequelae caused by sepsis remain
important medical problems, and new therapies targeted on them are urgently needed.
Studies indicate that two pathways, initiated by tumor necrosis factor receptor (TNFR)
and cytochrome C, respectively, participate in the activation of cell apoptosis, including
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in hippocampal CA 1 neurons.'”'® Thus, we hypothesized that
the above neurological sequelac may be related to cell apopto-
sis, with TNFR and cytochrome C constituting the key factors
promoting cell apoptosis in SE. IGF-1, mainly produced by
the liver, has important functions on body inflammation and
immunity and brain cell differentiation, proliferation, and mat-
uration.'”* Previous findings indicate that insulin-like growth
factor-1 (IGF-1) may be an important anti-apoptosis factor.**
Administration of IGF-1 is associated with reduced oligoden-
drocyte apoptosis caused by a variety of insults.>>*” Guan et al
found that intraventricular injection of IGF-1 reduces neuronal
apoptosis in the hippocampus and has a potential therapeutic
impact on hypoxic-ischemic brain injury.?® However, tissue
IGF-1 amounts are mainly regulated by serum growth hormone
(GH) levels and are decreased during inflammation, especially
in sepsis, due to GH secretion and resistance.?*° Upregulation
of proinflammatory cytokines attenuates IGF-1 bioactivity
by upregulating insulin-like growth factor binding proteins
(IGFBPs), mainly IGFBP-1. Moreover, inflammation of the
central nervous system (CNS) suppresses microglia-derived
neuronal IGF-1 production.®! All these factors jointly attenuate
the anti-apoptosis effect of IGF-1 and make brain cells more
sensitive to apoptotic stimuli.?>33

As IGF-1 shows anti-apoptotic benefits and its concentra-
tion and bioactivity are decreased in sepsis, it may constitute
a potential factor for SE treatment. In this study, the effects
of IGF-1 on cognitive deficits and cell apoptosis in the hip-
pocampus of septic rats were clarified. Then, we investigated
whether the anti-apoptotic effect of IGF-1 is associated with
cytochrome C and TNFR regulation.

Materials and methods

Animals and animal care

All studies were performed in accordance with National
Institutes of Health guidelines and approved by the Animal
Ethical Committee of Air Force Medical University. The
male Sprague Dawley rats (n=435) ranging from 220 to
250 g were obtained from the laboratory animal center of
Air Force Medical University. Rats were housed under a
12-hour light—dark cycle with free access to food and water.

Cecal ligation and puncture (CLP) surgery
Rats were deeply anesthetized with ketamine (90 mg/kg body
weight) and xylazine (10 mg/kg body weight), and sepsis
was induced by CLP as described previously.* Briefly, lower
quadrants of the abdomen were shaved and disinfected with
alcohol. A longitudinal midline incision was then made, and
the cecum was exteriorized from the abdominal cavity. Cecal
contents were pushed to the distal side. Then, ligation was

performed between the ileocecal valve and the distal cecum
by using a 3-0 nylon filament. As the severity of sepsis is
controlled by ligation at different sites between the ileocecal
valve and the distal cecum, moderate sepsis was adopted in
this study by ligation at the middle of the cecum followed by
puncture from side to side at the middle of the ligated cecum.
Small droplets of feces were extruded from both holes, and
the cecum was then returned to the abdominal cavity. The
peritoneum and the skin were closed by simple interrupted
sutures. In the sham-operation group, a similar procedure was
performed but without ligation and puncture of the cecum.
All rats were returned to their cages and housed under a
12-hour light—dark cycle with free access to food and water.

Experimental groups and drug treatment

The study was divided into three parts and all rats were subcu-
taneously injected with saline (37°C, 5 mL/100 g) immediately
and 12 hours after surgery. The first part, designed to evaluate
the effect of IGF-1 on cognition of septic rats, was divided into
five groups, that is sham-operative (n=15), antibiotic (n=30),
antibiotic + IGF-1 (n=30), IGF-1 (n=30), and saline (n=30)
groups. Rats in the antibiotic and antibiotic + IGF-1 groups
were subcutaneously injected with ceftriaxone (Hoffman-La
Roche Ltd., Basel, Switzerland) (3 mg/100 g) every 6 hours
for 3 days. Rats in the antibiotic + IGF-1 and IGF-1 groups
were subcutaneously injected with IGF-1 (ProsPec, Rehovot,
Israel) (1 mg/kg) immediately and every 12 hours after sur-
gery for 10 days (Figure S1A). The second part, also divided
into five groups, was designed to study the feature of IGF-1"s
effects on cognition of septic rats. Antibiotics were given to all
rats, but IGF-1 was given at 0 hours (n=30), 6 hours (n=30),
12 hours (n=30), 24 hours (n=30), or 36 hours (n=30) after
surgery in each group, respectively, and then supplied every
12 hours for 10 days (Figure S1B). The third part, designed
to study the mechanisms of IGF-1’s function on cognition
of septic rats, consisted of sham-operative (n=30), antibiotic
(n=60), and antibiotic + IGF-1 (n=60) groups. Each group was
divided into two subgroups, one for Western blot at 6 hours
(n=10 in the sham-operation group; n=20 in both antibiotic
and antibiotic + IGF-1 groups) and 12 hours (n=10 in the
sham-operation group; n=20 in both antibiotic and antibiotic
+ IGF-1 groups) after surgery, and another for TUNEL and
Nissl’s staining (n=10 in the sham-operation group; n=20 in
both antibiotic and antibiotic + IGF-1 groups) 12 hours after
surgery. Antibiotics were given immediately and then at 6
hours and 12 hours after surgery, respectively. IGF-1 (1 mg/kg)
was given immediately after surgery in the sham-operated and
antibiotic + IGF-1 groups (Figure S1C). The dosage selection
of IGF-1 was based on previous studies in mice and rats.>>3¢
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Behavioral trial

Behavioral tests were performed 10 days after surgery
at 8:00-11:30 am with the instruments provided by the
Department of Neurosurgery (Tangdu Hospital, Army Force
Medical University, Xi’an, Shannxi, China). Tests were con-
ducted and results were recorded by two colleagues who were
blinded to the research.

Open-field tests

The open field was 40x60 cm and surrounded by 50 cm high
walls made of black plywood. The ground floor was divided
into nine equally spaced squares by black lines. After rats
were fully accustomed to the experimental environment, they
were placed in the middle of the floor and were allowed to
move freely for 5 minutes (training session). Then all rats
were put back into cages and at the same time on the second
day, they received a similar training in another open field
(testing session). The total number of crossings (horizontal
activity) and rearings (standing upright), and the total time
spent in the center and corner of the open field were recorded.
At the end of each test, any olfactory cues on the surface of
the arena were carefully eliminated.

The forced swimming test

A cylindrical tank made of transparent glass was used in
this test. Rats cannot touch the bottom of the tank or escape
when the tank was full of water. At the beginning of tests,
water (23°C) was filled into the tank to a depth of 50 cm, and
rats were placed in the water to swim for 15 minutes. Then
rats were put back into cages and at the same time on the
second day, they received a similar test for 5 minutes. In
the second test, the periods of immobility, swimming, and
struggling time were recorded and depressive-like behavior
was evaluated by the immobility time. At the end of each
test, water was replaced in order not to affect the behavior
of the subsequent animals.

Morris water maze tests

A water maze pool full of opaque water and an escape
platform (submerged 2.5 c¢cm, not visible) was employed
to evaluate the spatial learning and memory ability of rats.
The escape platform was placed in one quadrant of the pool.
Rats were randomly released on one side of the pool and
I minute was given to find the platform. Once finding the
platform, they were allowed to stay there for 30 seconds.
All rats were trained four times per day for 4 consecutive
days, and the time to reach the platform (latency) was
recorded. The next day of the last training, rats started
to swim from the same place without the platform. The

number of “times” rats arrived at the quadrant within
1 minute was recorded.

Passive avoidance test

The apparatus consists of a light and a dark compartment
(30x30x30 cm?®) with a circular door on the wall between
them. The floor of the dark compartment was electrifiable.
Rats were fully accustomed to the experimental environment
and then placed in the light room. When the rats stepped into
the dark room (four paws), a 0.8 mA, 4.0-second scrambled
foot shock was applied for 15 seconds and then rats were
taken back to cages (training session). At the same time
on the second day, rats received the same training (testing
session), and the time they spent in the training and testing
sessions to enter the dark room was recorded (latency). When
rats did not enter the dark room for over 120 seconds, a time
of 120 seconds was recorded.

Western blot analysis

Rats were killed by decapitation at 6 and 12 hours after
CLP and hippocampus was immediately isolated on ice and
stored at —80°C for further analysis. Samples were homog-
enized in lysis buffer containing phenylmethanesulfonyl
fluoride for 30 minutes and then centrifuged (12,000 rpm)
for 20 minutes. Protein quantitation was performed by using
bicinchoninic acid protein assay kit (Beyotime, Shanghai,
China). The samples were separated using 12% SDS-
PAGE and then electrophoresis was adopted to transfer the
samples to nitrocellulose membrane. Then, the membranes
were blocked using 5% skim milk for 1 hour, and incubated
overnight at 4°C with the appropriate primary rabbit anti-rat
cytochrome C antibody (1:200; Protein Tech, Chicago, IL,
USA), anti-rat caspase-9 antibody (1:300; Protein Tech),
anti-rat TNFR1 antibody (1:300; Protein Tech), and anti-rat
caspase-8 antibody (1:200; Protein Tech). After washing with
Tris-buffered saline with Tween-20, membranes were incu-
bated with horseradish peroxidase-conjugated appropriate
secondary antibodies (1:2,000; Jackson, West Grove, PA,
USA) for 1 hour. The membranes were washed and the blots
were visualized using enhanced chemiluminescence reagents
(EMD Millipore, Billerica, MA, USA) and Kodak (Fuji,
Japan) radiography film. Bands were digitally scanned and
analyzed by using Image] software, and the intensity signal
of each band in each group was then recorded for statistical
comparisons.

TUNEL staining

Rats were killed 12 hours after CLP. Brains were isolated
and fixed in formalin for 48 hours. Tissues were embedded in
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paraffin and sliced into 5 pum sections. After deparaffinization
and dexylenation, tissues were stained with fluorescein-dUTP
for apoptotic cell nuclei according to the manufacturer’s
instructions of In Situ Cell Death Detection Kit (Hoffman-
La Roche Ltd). The nuclei were stained with DAPI (1:200;
Thermo Fisher Scientific, Waltham, MA, USA) for
10 minutes. The ratio of apoptotic cells in five microscopic
fields in the hippocampus region was evaluated manually
by two colleagues blinded to the study by using fluorescent
microscope (Olympus Corporation, Tokyo, Japan).

Nissl’s staining

To further exhibit the morphology of neuron and quantify
it, Nissl’s staining was adopted. Neurons without apoptotic
structural changes were counted, and criteria included the
presence of a round, open, pale nucleus (not condensed and
darkly stained) and granular Nissl staining of the cytoplasm.
Early apoptosis of neuron was defined by nascent chromatin
condensation into mini-masses, and end-stage apoptosis of
neuron was characterized by the presence of at least two dis-
crete, large round nuclear masses. According to these criteria,
astrocytes, oligodendrocytes, and microglia were excluded
from the counts. One percent toluidine blue was preheated to
50°C and then the samples for TUNEL staining were hydrated
in toluidine blue for 20 minutes in a 56°C thermotank. Then
they were washed in water and differentiated in 70% ethanol
for 1 minute and 95% ethanol for 30 seconds. Then they were
dehydrated in gradient ethanol and cleaned with xylene. Five
microscopic fields in hippocampus were then selected under
optical microscope (Olympus) to take count of the ratio of apop-
totic neurons manually by two colleagues blinded to the study.

Statistical analysis

Statistical analysis was performed with SPSS Statistics
(SPSS 20; SPSS, Inc, Chicago, IL, USA) and all values are
presented as mean + SD. The survival rate was calculated
by the Kaplan—Meier method and compared by log-rank test.
The comparisons among multiple groups were performed by
one-way classification of ANOVA followed by Bonferroni’s
test. The comparisons between two groups were performed
by Student’s f-test. Nonparametric statistics were treated by
Kruskal-Walls H-test followed by Nemenyi test. Differences
were considered statistically different when P-values <0.05.

Ethics approval and informed
consent

All studies were performed in accordance with National
Institutes of Health guidelines and approved by the Animal
Ethical Committee of Air Force Medical University.

Results

After 6 hours of surgery, all the animals administered CLP
exhibited the symptoms of sepsis and/or SE, including
malaise, chills, piloerection, reduced gross motor activity,
tachypnea, and diarrhea. Meanwhile, rats in the sham-
operated group showed no signs of sepsis or SE.

Animal survival

Lethality began as early as 12 hours after CLP. No animal died in
the sham-operation group (n=15). In the antibiotic group (n=30),
15 animals died in the first 3 days, indicating a mortality rate of
50%. In the antibiotic + IGF-1 group (n=30), 17 animals died
in the first 5 days, indicating a mortality rate of 53.7%. In the
saline group (n=30), 25 animals died in the first 3 days, indicat-
ing a mortality rate of 83.3%. In the IGF-1 group (n=30), 24
rats died within 4 days, ie, a mortality rate of 80% (Figure 1).

Behavioral properties in the first part
Behavior trails were used to evaluate the effect of IGF-1 on
cognitive impairment and emotional change during sepsis.
Animals that died during the 10 days were excluded.

Open-field test

General behavior and habitual memory were tested in the
open field. No differences were found in the number of
crossings or rearings among groups in the training session,
indicating that the ability of exploration and motion was
similar among groups. When compared with their own data
in training session, the number of crossings and rearings was
reduced in sham-operation, antibiotic + IGF-1, and IGF-1
groups in the testing session, while no differences were found
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Figure | IGF-1 cannot improve the survival rate of septic rats.

Notes: No statistically significant difference was found between the antibiotic and
antibiotic + IGF-1 groups, while survival was significantly reduced in the saline and
IGF-1 groups compared with the antibiotic and antibiotic + IGF-1 groups.
Abbreviation: IGF-1, insulin-like growth factor-1.
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Figure 2 IGF-| can improve the memory in a new environment of septic rats.
Notes: Compared with training session in each group, the number of crossings and rearings in testing session is reduced in sham-operative, antibiotic + IGF-1, and IGF-1
groups (Student’s t-test, *P<<0.01), while no differences are found in antibiotic group (Student’s t-test, P=0.08 in crossing, P=0.12 in rearing) or saline group (Student’s t-test,

P=0.52 in crossing, P=0.14 in rearing).
Abbreviation: IGF-1, insulin-like growth factor-1.

in antibiotic and saline groups. These findings indicated an
impairment of memory in new environment (Figure 2).

Morris water maze results

Spatial learning and memory ability were evaluated by the
Morris water maze test. On the first 2 days, no differences
were found in time spent by the animals to reach the platform
among the five groups. However, the antibiotic and saline
groups spent more time reaching the platform on the third
and fourth days compared with the sham-operation group,
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Figure 3 IGF-| can improve the spatial learning and memory of septic rats.

which indicated an impairment of learning ability and a pro-
tective effect of IGF on learning (Figure 3A). The number of
times rats reached the target quadrant within 1 minute was
recorded on the fifth day; the results showed that this num-
ber was lower in the antibiotic and saline groups compared
with the sham-operation group, while no differences were
found among sham-operation, antibiotic + IGF-1, and IGF-1
groups, or between the antibiotic and saline groups. These
results indicated memory impairment during sepsis, which
could be relieved by IGF-1 (Figure 3B).
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Notes: (A) Compared with the sham-operation group, escape latency was longer in the antibiotic and saline groups on the third and fourth days, while no significant differences
were found among the four groups on the first two days (ANOVA, P>0.1). (B) The number of times the rats reached the target quadrant was lower in the antibiotic and saline
groups compared with the sham-operation group (ANOVA and Bonferroni’s test, *P<<0.05); no statistically significant differences were found between the antibiotic and saline
groups (ANOVA and Bonferroni’s test, P=0.43) or among the sham-operation, antibiotic + IGF-1, and IGF-| groups (Bonferroni’s test, P>0.1).

Abbreviation: IGF-1, insulin-like growth factor-1.
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Figure 4 IGF-| can relieve the impairment of noxious memory in septic rats.
Notes: Compared with the training session, latency in the testing session was
longer in the sham-operation, antibiotic + IGF-1, and IGF-1 groups (Nemenyi test,
#P<0.001); no differences were found in the antibiotic (Nemenyi test, P=0.34) and
saline (Nemenyi test, P=0.24) groups. Compared with the antibiotic and saline
groups, latency was prolonged in the sham-operation, antibiotic + IGF-1, and IGF-1
groups in the testing session (Kruskal-Walls H-test and Nemenyi test, *P<<0.01),
while no differences were found between the antibiotic and saline groups (Nemenyi
test, P=0.24) or among the sham-operation, antibiotic + IGF-1, and IGF-I groups
(Nemenyi test, P>0.1).

Abbreviation: IGF-1, insulin-like growth factor-1.

Passive avoidance results

The memory of noxious stimulation was evaluated by the
passive avoidance test. In the training session, rats spent
similar times stepping into the dark compartment. Compared
with their own data in the training session, rats in the sham-
operation, antibiotic + IGF-1, and IGF-1 groups took more
time to step into the dark compartment in the testing session,
while no differences were found in the antibiotic and saline
groups, indicating that IGF-1 could relieve the impairment
of noxious memory after sepsis (Figure 4).

Emotional changes assessed by the forced swim test

The forced swim test was used to evaluate whether emo-
tional changes occurred in septic rats. Compared with the
sham-operative group, immobility time was prolonged in the
remaining four groups administered CLP, with no significant
differences among them. These findings indicated that septic
rats exhibited depressive-like symptoms which might be
caused by SE, and IGF-1 could not improve them (Figure 5).

Behavior properties in the second part
Behavior trials in this part were performed to investigate
whether the protective effects of IGF-1 were time-dependent.
A total of 10 days after CLP, there were 15, 11, 12, 14, and
12 rats left in the 0 hour, 6 hours, 12 hours, 24 hours, and
36 hours groups, respectively. Rats which died during the
10 days were excluded.

IGF-1

Figure 5 IGF-1 could not improve the depressive-like symptoms which might be
caused by SE.

Notes: Compared with the sham-operative group, immobility time was prolonged
in the antibiotic, antibiotic + IGF-1, saline, and IGF-1 groups (*P<0.01). No significant
differences were found among the four groups administered CLP (P>0.1).
Abbreviations: CLP, cecal ligation and puncture; IGF-I, insulin-like growth
factor-1; SE, septic encephalopathy.

Open-field test results

No differences were found among groups in the number
of crossings and rearings in the training session, indicating
that the ability of exploration and motion was similar among
groups. Compared with their own data in the training ses-
sion, the number of crossings and rearings in the testing ses-
sion was decreased in the 0-hour and 6-hour IGF-1 groups.
However, no statistically significant differences were found
in other groups. These findings indicated that administration
of IGF-1 at 12, 24, or 36 hours after CLP could not protect

memory in a new environment (Figure 6).

Morris water maze results

On the first 2 days of training, the time required by rats to
reach the platform had no significant differences among
the five groups. On the third and fourth days, animals in
the 0-hour and 6-hour IGF-1 groups spent less time to
reach the platform compared with the 12-hour, 24-hour,
and 36-hour groups (Figure 7A). The numbers of times rats
reached the target quadrant within 1 minute was recorded on
the fifth day. The results showed that the number of times rats
reached the target quadrant within 1 minute was higher in the
0-hour and 6-hour IGF-1 groups compared with the remain-
ing three groups. No significant differences were observed
among the 12-hour, 24-hour, and 36-hour IGF-1 groups or
between the 0-hour and 6-hour IGF-1 groups (Figure 7B).
These findings indicated that injection of IGF-1 at 12, 24,
or 36 hours after CLP could not protect learning ability and
spatial memory.
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Figure 6 IGF-1 cannot improve the memory of septic rats in a new environment when it is administrated at 12, 24, or 36 hours after CLP.

Notes: Compared with their own data in the training session, the number of crossings and rearings was decreased in the testing session in the 0-hour and 6-hour IGF-|
groups (Student’s t-test, *P<<0.05), while no differences were found in the 12-hour (Student’s t-test, P=0.34 in crossings, P=0.49 in rearings), 24-hour (Student’s t-test, P=0.33
in crossings, P=0.34 in rearings), and 36-hour (Student’s t-test, P=0.25 in crossings, P=0.28 in rearings) IGF-1 groups.

Abbreviations: CLP, cecal ligation and puncture; IGF-1, insulin-like growth factor-1.

Passive avoidance test

Compared with training session, rats in testing session spent
more time stepping into the dark compartment in 0-hour and
6-hour IGF-1 groups, while no differences were observed
in 12-hour, 24-hour, and 36-hour IGF-1 groups. Besides,
the time rats spent stepping into the dark compartment was
similar among all groups in the training session. These results
indicated that supplement of IGF-1 at 12, 24, or 36 hours
after CLP could not improve memory of noxious stimula-
tion (Figure 8).

Cell apoptosis in the hippocampus
TUNEL staining showed that apoptotic rates in the antibiotic
and antibiotic + IGF-1 groups were significantly higher than
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those of the sham-operation group, while the apoptotic rate in
the antibiotic group was significantly higher than that of the
antibiotic + IGF-1 group (Figure 9A). Nissl’s staining showed
that neurons with normal morphology were predominant in
the sham and antibiotic + IGF-1 groups, while neurons with
early or end-stage apoptotic morphology were common in the
antibiotic group. Moreover, the rates of neuronal apoptosis in
the antibiotic and antibiotic + IGF-1 groups were significantly
higher than that of the sham-operation group; meanwhile,
the rate of neuronal apoptosis in the antibiotic group was
significantly higher than that of the antibiotic + IGF-1 group
(Figure 9B). These findings revealed the association of cell
apoptosis inhibition in the hippocampus with memory and
learning improvements during sepsis.
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Figure 7 IGF-| cannot improve the spatial learning and memory of septic rats when it is administrated at 12, 24, or 36 hours after CLP.

Notes: (A) Escape latency was shorter in the 0-hour and é-hour groups compared with the other groups on the third and fourth days. No differences were found on the
first 2 days among groups (ANOVA, P>0.1). (B) The number of times the rats reached the target quadrant in the 0-hour and 6-hour IGF-1 groups was higher than that of the
12-hour, 24-hour, and 36-hour IGF-1 groups (ANOVA and Bonferroni’s test, *P<<0.01). No differences were found among the |12-hour, 24-hour, and 36-hour IGF-1 groups,
or between the 0-hour and 6-hour IGF-1 groups (Bonferroni’s test, P>0.1).

Abbreviations: CLP, cecal ligation and puncture; IGF-1, insulin-like growth factor-1.
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Figure 8 IGF-I cannot improve the impairment of noxious memory of septic rats
when it is administrated at 12, 24, or 36 hours after CLP.

Notes: Latency is longer in 0-hour and 6-hour groups (Kruskal-Walls H-test and
Nemenyi test,*P<<0.01),while no differences exist neither between 0-hour and é-hour
IGF-1 groups (Nemenyi test,P=0.087) nor among |2-hour,24-hour,and 36-hour IGF-1
groups (Nemenyi test, P>0.05). Compared with training session, latency is longer in
testing session in 0-hour and é-hour IGF-1 groups (Nemenyi test, “P<<0.001), while
no differences are found in 12-hour (Nemenyi test, P=0.09), 24-hour (Nemenyi test,
P=0.17),and 36-hour (Nemenyi test, P=0.25) IGF-1 groups.
Abbreviations: CLP, cecal ligation and puncture; IGF-1,
factor-1.

insulin-like growth

Protein quantification of cytochrome C
and TNFR

As cell apoptosis in brain is tightly associated with the apoptotic
pathway mediated by cytochrome C and TNFR,'”'® Western
blot was performed to detect their expression in hippocampus.
Results showed that 6 hours after CLP, the expression of
cytochrome C and caspase-9 was higher in antibiotic group
than in sham-operative and antibiotic + IGF-1 groups, while
the expression of TNFR and caspase-8 was very low and had
no differences among the three groups (Figure 10A). Twelve
hours after CLP, the expression of TNFR and caspase-8
was increased and their expression was higher in antibiotic
group than in sham-operative and antibiotic + IGF-1 groups.
Moreover, the expression of cytochrome C and caspase-9 was
still higher in antibiotic group (Figure 10B). These results
indicated that both the pathways, initiated by cytochrome C
and TNFR, participated in cell apoptosis during SE, but the
activation of cytochorme C was earlier than TNFR. Moreover,
IGF-1 could inhibit their expression.

Discussion

Although hippocampus is considered to be the center of
learning and memory,**® the exact mechanisms of learning
and memory remain unclear. Thus, treatment of learning
and memory impairment remains a medical challenge. As

a factor regulated by GH, previous reports have assessed

the effect of IGF-1 on learning and memory impairment.>
Aging is considered to be the commonest cause of cognitive
deficits.**#*! However, Erraji-Benchekroun et al found that it
is not only aging but also age-related transcriptional changes
ofa variety of genes, including IGF-1, that are tightly related
to cognitive deficits.*? A study by Bellar et al showed that
intracerebroventricular injection of IGF-1 could alleviate
cognitive deficits in elderly rats.** These findings are sup-
ported by other studies indicating that adults with childhood-
onset GH deficiency also exhibit memory deficits.*** Brain
injury is another important cause of cognitive deficits, and
IGF-1 has been reported to improve long-term cognition by
reducing hypoxia-ischemia, oxidative-stress, and neuron
apoptosis.***7 Moreover, studies revealed the protective
effect of IGF-1 on the brain undergoing ischemic injury
in the context of age-related cerebrovascular diseases.*®*
Because SE is a common disease in the intensive care unit
which frequently leads to learning and memory deficits, it is
essential to develop new medicines or therapies to alleviate
such deficits. The significance of the current study is that we
were the first to investigate the effect of IGF-1 on the brain
during sepsis, especially on cognitive and emotional changes.

Asno previous study has assessed the role of IGF-1 in SE,
we performed this research using a “whole to part” procedure,
and divided it into several steps. First, the effects of IGF-1
on survival, and cognitive and emotional changes of septic
rats were observed. As shown earlier, IGF-1 could improve
learning and memory. Second, we evaluated whether the pro-
tective role of IGF-1 was time-dependent and preliminarily
investigated the potential mechanism. The “whole to part”
experimental design ensured a comprehensive, objective,
credible, and accurate study.

We demonstrated for the first time that IGF-1 could protect
spatial learning and memory, noxious memory, and memory
in a new environment, which were impaired by sepsis, by
inhibiting cell apoptosis in the hippocampus. Although Nissl’s
staining indicated that neuron apoptosis is probably associated
with memory and learning impairment, such conclusion cannot
be definitely drawn without immunofluorescent staining using
the neuron-specific nuclear protein. Moreover, we found that
the anti-apoptotic role of IGF-1 might be associated with cyto-
chrome C and TNFR downregulation. Interestingly, we also
found that the protective effects of IGF-1 on spatial learning
and memory, noxious memory, and memory in a new envi-
ronment occurred only when the molecule was administered
at the early stage of sepsis (less than 6 hours). These findings
corroborated those reported by Barichello et al,> who observed
that oxidative stress in CNS is restricted to the earlier stage of
sepsis, mainly before 6 hours. As oxidative stress is associated
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Figure 9 Inhibition of cell apoptosis in the hippocampus is associated with improvement of memory and learning during sepsis.

Notes: (A) Cells stained with fluorescein-dUTP were visualized under a fluorescence microscope (40x). The nucleus was stained by DAPI (blue). Compared with the
sham-operation group (n=9), the rates of apoptotic cells were higher in the antibiotic (n=9) and antibiotic + IGF-1 (n=7) groups (Kruskal-Walls H-test and Nemenyi test,
*P<0.001). Compared with the antibiotic + IGF-1 group, the antibiotic group showed a higher rate of apoptotic cells (Kruskal-Walls H-test and Nemenyi test, “P<<0.001). (B)
Nissl’s staining was visualized under an optical microscope (40x). Neurons with normal morphology were predominant in the sham-operation and antibiotic + IGF-1 groups
(black arrow), while those with early or end-stage apoptotic morphology were common in the antibiotic group (red arrow). The rates of neuron apoptosis in the antibiotic
and antibiotic + IGF-1 groups were higher than that of the sham-operation group (ANOVA and Bonferroni’s test, *P<<0.001). Besides, the rate of neuron apoptosis in the

antibiotic group was higher than that of the antibiotic + IGF-1 group (ANOVA and Bonferroni’s test, #P<<0.001).

Abbreviation: IGF-1, insulin-like growth factor-1.

with mitochondrial permeability transition pore, the main
regulator of cytochrome C release from the mitochondria to the
cytoplasm,’? we believe that cognitive impairment is closely
related to oxidative stress in CNS. In another study supporting
our findings, Messaris et al demonstrated that mitochondrial-
mediated apoptosis and cytochrome C release in CNS begin at
the early stage (6—12 hours) of sepsis.!” As demonstrated ear-
lier, it was the expression levels of cytochrome C and caspase-9
that were increased at 6 hours after surgery, but not of TNFR
and caspase-8, and early injury of the hippocampus may be

primarily caused by cytochrome C. Moreover, although IGF-1
was supplied during the whole study period, only the 0-hour
and 6-hour IGF-1 groups showed improvement in learning
and memory, indicating that cytochrome C expression at the
early stage of sepsis plays a key role in hippocampal injury,
and results in memory and learning impairment. Besides,
mortality during sepsis was decreased by antibiotic treatment,
and not IGF-1, as described previously.

Since IGF-1 is beneficial to cognitive function, selecting
an appropriate time for drug administration seems important.

Neuropsychiatric Disease and Treatment 2019:15
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In a study by Deijen et al, individuals with childhood-onset
GH deficiency had improvement in memory deficit after GH
administration for 6 consecutive months,” indicating that
although memory deficit development is a chronic process,
it can be improved by GH when given for a certain period
of time. Zhong et al found that administration of IGF-1 at
24 and 48 hours after hypoxia-ischemia could significantly
reduce brain injury and improve long-term memory and
cognition, but such effects were not observed with IGF-1
when administered after the first 2 days.*® In the current
study, IGF-1 showed a protective effect on cognitive func-
tion when administered during the initial 6 hours after CLP,
and no effect was observed in groups treated after 12 hours.
In acute diseases such as SE and hypoxia-ischemia, cell
apoptosis might be the main reason for learning and memory
impairment; therefore, IGF-1 was provided early to relieve
the impairment. In chronic diseases such as childhood-onset
GH deficiency and aging-related cognitive deficits, learn-
ing and memory impairment is caused by IGF-1 and GH
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Figure 10 (Continued)

deficiencies, and these deficits can be reversed whenever
IGF-1 is supplied.

This study had several limitations. First, as the study dura-
tion was shorter than that of other reports,'>*3¢ the present
findings only indicate that IGF-1 may protect from learning
and memory impairment caused by sepsis. Further studies
of longer duration (1 month or even longer) should be
performed to evaluate the effect of IGF-1 on long-term
cognition, as long-term cognitive impairment is common
in patients recovering from sepsis. Second, as tolerance to
sepsis and cecal contents are different among animals, it
is difficult to achieve a uniform disease severity in models
of sepsis. Third, since high mortality is associated with
sepsis, the present sample size was not enough, especially
in the saline group, which finally had only five survivors.
Fourth, we only assessed cytochrome C and TNFR changes
during sepsis, and whether other factors participated in hippo-
campal cell apoptosis deserves further attention. Fifth, as the
forced swim test is mainly used in depressive disorders and
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Figure 10 Cytochorme C and TNFR are activated at different time points and IGF-I can inhibit their expression.

Notes: (A) Six hours after CLP, the expression of cytochrome C and caspase-9 is increased in antibiotic group (n=8) (ANOVA and Bonferroni’s test, *P<<0.005), but
no differences exist between the sham-operative group (n=10) and antibiotic + IGF-1 group (n=9) (Bonferroni’s test, P=0.26 in cytochrome C, P=0.29 in caspase-9). The
expression of TNFR and caspase-8 has no differences among the three groups (ANOVA and Bonferroni’s test, P>0.5). (B) Twelve hours after CLP, the expression of TNFR
and caspase-8 is increased in antibiotic group (n=7) (ANOVA and Bonferroni’s test, *P<<0.01), but no differences are found between the sham-operative group (n=10) and
antibiotic + IGF-1 group (n=9) (Bonferroni’s test, P=0.25 in TNFR, P=0.43 in caspase-8). The expression of cytochrome C and caspase-9 is increased in antibiotic group
(ANOVA and Bonferroni’s test, *P<<0.005), whereas no differences are observed between the sham-operative and antibiotic + IGF-1 groups (Bonferroni’s test, P=0.63 in
cytochrome C, P=0.15 in caspase-9).

Abbreviations: Caspase, cysteinyl aspartate specific proteinase; CLP, cecal ligation and puncture; Cyt C, cytochrome C; IGF-1, Insulin-like growth factor-1; TNFR, tumor

necrosis factor receptor.

associated treatments, the positive results in this study may
only indicate that septic rats exhibit depressive-like symp-
toms which might be caused by SE; further studies should
reveal the relationship between psychiatric disorders and SE.
Finally, as DAPI is a fluorescent label for the nucleus of all
kinds of cells, we could not distinguish apoptotic neurons
from other apoptotic cells such as astrocytes and microglia;
further studies are required to assess neuronal apoptosis by
using the neuron-specific nuclear protein.

Conclusion

In conclusion, we demonstrate that IGF-1 can reduce cell
apoptosis by preventing the over-expression of cytochrome
C and TNFR, and lead to the improvement of cognitive
function. Interestingly, the improvement only occurs with
IGF-1 administered at the early stage of sepsis. As cyto-
chrome C activation occurs earlier than that of TNFR, it
may be the cause of apoptosis in early SE. As early IGF-1
administration relieves memory and learning impairment in
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SE, it may constitute a potential drug to improve cognitive
function in septic patients.
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Figure S| Experimental procedures.

Notes: (A) Experimental procedure for the first part. IGF-1, ceftriaxone, and saline were given and different duration and behavior tests were conducted 10 days after CLP.
(B) Experimental procedure for the second part. IGF-1 was given at 0, 6, |12, 24, or 36 hours after surgery in each group, respectively, and then supplied every |12 hours for
10 days. Ceftriaxone and saline were given the same way as that in the first part and then behavior tests were conducted 10 days after CLP. (C) Experimental procedure
for the third part. IGF-1, ceftriaxone, and saline were given at different time points. Western blot, TUNEL staining, and Nissl’s staining were conducted at 6 and |12 hours
after surgery.

Abbreviations: CLP, cecal ligation and puncture; IGF-1, insulin-like growth factor-1.
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