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Abstract

Survivors of sepsis may suffer chronic cognitive impairment as a long-term sequela. However, the precise mechanisms of cognitive dys-
function after sepsis are not well understood. We employed the cecal ligation-and-puncture-induced septic mouse model. We observed
elevated phosphorylation of Akt, mammalian target of rapamycin (mTOR) and p70S6K on days 14 and 60, progressive neuronal loss in the
cornu ammonis 1 region, and abnormal neuronal morphology in the hippocampus in the sepsis mouse model. These findings indicate that
changes in neuronal morphology and number in the hippocampus after sepsis were associated with strong activation of the Akt/mTOR sig-
naling pathway, and may reflect a “self-rescuing” feedback response to neuronal loss after sepsis.
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Introduction

Sepsis is a common but severe condition with high mortality
in intensive care units. Improvements in sepsis treatment
have caused the mortality rate of sepsis to decrease from
70-80% to 20-30% in recent two decades (Marik, 2011). As
the number of survivors of sepsis increases, cognitive dys-
function, as a sequela of sepsis, has become a major long-
term issue. A prospective cohort study of 516 survivors of
sepsis reported that 10.6% of survivors were predicted to
suffer from medium to severe cognitive impairment, typically
lasting for at least 8 years from initial infection (Iwashyna et
al., 2010). Sepsis survivors have also been reported to suffer
from permanent cognitive deficits after recovery (Semmler et
al., 2013). Moreover, long-term cognitive decline is not limit-
ed to older patients or patients with cognitive dysfunction at
baseline; young people with normal cognitive function may
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also exhibit long-term cognitive impairment after critical
illnesses like sepsis (Pandharipande et al., 2013). Although
the survival rate of sepsis has increased, the quality of life of
sepsis survivors is often severely impacted by the decline of
cognitive function. The exact mechanisms underlying this
cognitive impairment are currently unclear. However, several
hypotheses have been proposed, including neuroinflamma-
tion, vascular injury, and oxidative stress in the limbic system
(Annane and Sharshar, 2015). Stress, hospitalization, steroids
and depression have been found to exert interaction effects
on cognitive impairment (Mathews et al., 2014).

The hippocampi are located in the mesial temporal lobe,
and are highly sensitive to ischemia or hypoxia compared
with other parts of the cerebrum (Lim et al., 2004; Li et al.,
2017). Neuronal loss in the hippocampus is correlated with
cognitive impairment, particularly affecting learning and
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memory abilities in mice (Li et al., 2013; Liu et al., 2016). In
addition, one study exploring long-term changes in brain
structure after sepsis reported atrophy in the left hippo-
campus in sepsis patients compared with healthy controls
(Semmler et al., 2013).

The mammalian target of rapamycin (mTOR) signaling
pathway plays a central role in regulating the initiation of
translation for inducing the long-lasting synaptic formation
responsible for establishing long-term memory (Hoeffer and
Klann, 2010). Akt is a kinase that responds to growth factor
stimulation and provides survival signals for neurons (Ahn,
2014). In physiological conditions, the Akt/mTOR signaling
pathway provides crucial signals for neuronal survival. mTOR
activates Akt by phosphorylating Ser473 through mTOR com-
plex 2. Phosphorylated Akt mediates the survival of neurons
(Canal et al., 2014). When neurons are under stress, inhibition
of Akt phosphorylation may lead to neuronal death (Carloni et
al,, 2010). However, the mechanisms underlying cognitive im-
pairment after sepsis, and the involvement of the Akt/mTOR
signaling pathway in this process, are still unclear.

Because activation of the Akt/mTOR signaling pathway
provides survival signals for neurons, we hypothesized that,
as an indication of cognitive function, neuronal count in the
hippocampus would be correlated with the level of activation
of the Akt/mTOR signaling pathway in our mouse model of
sepsis. Thus, the current study sought to identify the potential
relationship between cognitive impairment after sepsis and
the Akt/mTOR signaling pathway. To investigate this issue,
we used a cecal ligation-and-puncture (CLP) septic Kunming
mouse model as an in vivo model for sepsis.

Materials and Methods

Animal model of sepsis

The CLP model is considered the gold standard animal model
for sepsis, mimicking the natural route of infection, which
involves the loss of natural barriers for preventing infection
(Hubbard et al., 2005). Although injecting endotoxin into
mice is a relatively easy method for producing a sepsis model,
this approach can only produce models with Gram negative
bacterium infection. However, according to Dong et al.,
76.3% of sepsis in neonates is caused by Gram positive bac-
teria (Dong et al., 2017). Thus, we chose the CLP method to
construct a mouse model of sepsis.

All studies performed on animals were approved by the
Committee on Ethical Use of Animals of West China Hos-
pital, Sichuan University, China (approval No. SYXK2008-
098). A total of 66 specific-pathogen-free male Kunming
mice (1 month old, 18-22 g, outbred group mice; Dashuo
Experimental Animal Company, Chengdu, China; license No.
SCXK [Chuan] 2014-028) were used to generate CLP sepsis
mouse models. Mice from the CLP group were intraperito-
neally anesthetized with 3.5% chloral hydrate (0.1 mL/10 g
body weight). A 1 cm long midline incision was performed
under the xiphoid to expose the cecum, with adjacent intes-
tine. The cecum was ligated with a 4-0 silk suture (Mersilk,
Ethicon) at 2 mm above ileocecal valve, then perforated with
a 22-gauge needle twice in the middle of the cecum. The ce-
cum was squeezed gently to leak a small amount of feces from

the puncture sites. The cecum was returned to the abdominal
cavity and the abdominal cavity was closed using a 4-0 silk
suture. Normal saline 0.5 ml was intraperitoneally injected
5 minutes after the surgery, as resuscitation volume. Three
hours after the surgery, the first dose of imipenem/cilastatin
(Tienam; Merck Sharp & Dohme Ltd.) was given intraper-
itoneally (333.33 mg/kg) to prevent incision infection and
perioperative death. The same dose of imipenem/cilastatin
was given every 12 hours from the first to third days after sur-
gery to control the mortality of sepsis. Mice from the sham
group received only the same incisions as in the CLP group
to expose the cecum. The abdominal cavity was then closed
using a 4-0 silk suture. There was no ligation or puncture on
the cecum in the sham group. Only one dose of imipenem/
cilastatin was given to the sham group 3 hours after surgery
to prevent incision infection. Detailed information regarding
mouse grouping is shown in Figure 1.

Rapamycin administration
The sham group included 12 mice, and the other 54 mice were
set in CLP group. All mice undergoing surgery were divided
into two groups: a control group (n = 27) and a rapamycin
group (n = 27). In the rapamycin group, all mice were given
1 mg/kg rapamycin (0.5 mL solution) from day 5 to day 9
after surgery. In the control group, mice underwent the same
surgery, but an equal volume (0.5 mL solution) of saline was
given after surgery, instead of rapamycin. Rapamycin was
used as a specific inhibitor of mTOR Complex 1 in the mTOR
signaling pathway (Laplante and Sabatini, 2012). Rapamycin
(Abcam, Cambridge, UK) was dissolved in 5% polyethylene
glycol 400 (Sigma-Aldrich Co. LLC, St. Louis, MO, USA),
Tween 80 (Sigma-Aldrich Co. LLC) in phosphate-buffered
saline (Hyclone, Logan, UT, USA). Rapamycin solution was
intraperitoneally given every 24 hours for 5 consecutive days.
According to Kruse et al. (2016), patients with sepsis suf-
fered the crisis of survival twice in a “two-phase model”:
the first peak was in the first 15 days, while the second peak
occurred 30-40 days after initial infection. Thus, we used
observation time points at day 14 (acute phase), day 30 (sub-
acute phase) and day 60 (chronic phase) after initial infection,
based on the double crisis theory. The observation of acute,
subacute and chronic groups ended on day 14, day 30 and
day 60, respectively.

Morris Water Maze (MWM) behavioral test

We tested the spatial learning function of Kunming mice us-
ing the MWM. The basic procedure of MWM followed the
instructions and protocols described by Vorhees and Williams
(2006). The MWM test was performed in a circular tank with
a diameter of 1.5 m. A 5 cm platform was placed at the center
of a quadrant. The water temperature was kept at 25°C. Each
mouse was trained for 5 days to search for the platform in the
tank. On each training day, four trials were performed at four
different starting points of each quadrant. Escape latency, the
time taken in searching the platform in five consecutive days
during each training was recorded to assess spatial learning
ability. If a mouse could not find the platform within 60 sec-
onds, the researcher guided the mouse to find the platform.
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The mouse was then forced to stay on the platform for 20 sec-
onds and their escape latency was recorded as 60 seconds.

After spatial acquisition training, test trials were performed
on 5 consecutive days. MWM tests were given to mice in both
the CLP and sham groups. For acute, subacute and chronic
subgroups, the MWM test was performed at different time
points according to the subgroups. The acute group performed
a spatial acquisition test from day 10 to day 14 after surgery.
The test for subacute group started at day 24 after surgery. In
the chronic group, the test started at day 54 after surgery.

Preparation of hippocampal tissue

When mice in each group reached the end point of observa-
tion, they were sacrificed by intraperitoneal injection with
3.5% chloral hydrate, 0.1 mL/10 g body weight to narcotize
the mice before breaking the neck. The brains were extracted,
and different preservation methods were performed based on
the subsequent analysis.

Nissl staining and immunohistochemical staining

Brain tissues were drop-fixed in 10% neutral formaldehyde
and embedded in paraffin. Coronary sections of hippocampus
between 1.70 and 2.70 mm posterior to the bregma were ob-
tained using a Leica RM 2135 system (Leica Biosystems Nus-
sloch GmbH, Germany). Paraffin sections (4 pm per section)
were subjected to Nissl staining and immunohistochemistry
staining. In Nissl staining, methylene blue Niss stain was used.
The Nissl staining protocol followed that of Paul et al. (2008).
For immunohistochemistry staining, antigen retrieval was
achieved by incubation in citrate antigen retrieval solution at
97 °C for 30 minutes. Antibodies used in immunohistochem-
istry staining included: primary antibody: mTOR (monoclonal
rabbit antibody; 1:50); Akt (monoclonal rabbit antibody; 1:100);
phospho-AKT(Ser473) (monoclonal rabbit antibody; 1:50;
Cell Signaling Technology, Inc. Danvers, MA, USA); phos-
pho-mTOR(Ser2448) (monoclonal rabbit antibody; 1:50; Ab-
cam, Cambridge, MA, USA). For the secondary antibodies, we
used an Envision™ Detection Kit (goat anti-rabbit antibody;
Dako, Glostrup, Hovedstaden, Denmark). The secondary an-
tibodies were incubated at 37°C for 30 minutes. Images were
obtained with an Olympus digital camera (Olympus DP man-
ager, Shinjuku, Tokyo, Japan) and analyzed with Image-Pro
plus 6.0 (Media Cybernetics, Inc, Rockville, MD, USA).

Neuronal counting and estimation of neuronal size

Neurons in the cornu ammonis 1 (CA1) region of the hippo-
campus were counted manually with the assistance of Im-
age-Pro plus 6.0 software at 200x magnification. After slicing
continuously, we took one section from every five sections for
Nissl staining. Neurons of the whole CA1 region (Paxinos and
Franklin, 2013) on three discontinuous sections of Nissl stain-
ing were counted. Nissl bodies were considered as symbols
of neurons. Only cells with Nissl bodies and intact cell mem-
brane were counted. Glial cells or neurons without intact cell
membrane were not counted. The size of neuron cell bodies
and nucleoli in CA1 region of the hippocampus was estimated
using Image-Pro plus 6.0 software at 400x magnification. All
neurons with intact cell membrane and nuclei were analyzed.
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The areas of the neuron cell body and nucleoli were recorded
and analyzed.

Western blot assay

For protein analysis, bilateral hippocampi were separated
from the surrounding cerebral cortex immediately after mice
were sacrificed. Hippocampus tissue was kept at —80°C be-
fore analysis. The tissue was then homogenized using a lysis
buffer, then centrifuged at 12,000 x g at 4°C for 15 minutes.
Each sample was adjusted to an equal concentration of pro-
tein. Equal amounts of protein were loaded and resolved by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
through 10-12.6% gels (AKT, pAKT were 12.6%, mTOR,
phospho-mTOR were 10%). B-Actin was used as a loading
control. All gels were transferred to a nitrocellulose mem-
brane and all protein samples were quantified by autoradio-
graphs using Gel-Pro analyzer 4.0 (Media Cybernetics, Inc).
Phosphorylated-mTOR (phospho-mTOR) is the activated
form of mTOR, and the proportion of phospho-mTOR to
mTOR represents the level of activation of mTOR. Similarly,
phosphorylated-Akt (phosphor-Akt) represents the activat-
ed form of Akt. Thus, the ratio of the phosphorylated form
to the total amount of mTOR and Akt was used to evaluate
the activation level of the signaling pathway. The following
antibodies were used in western blot assay: anti-mTOR; an-
ti-phospho-mTOR (Ser2448) (monoclonal rabbit antibody;
1:1,000; Cell signaling Technology, Inc. Danvers, MA, USA);
anti-Akt (monoclonal mouse antibody; 1:2,000), anti-phos-
pho-Akt (Ser473) (monoclonal mouse antibody; 1:1,000)
(Cell Signaling Technology, Inc.,), anti-P70S6K; anti-phos-
pho-P70S6K(Thr389) (monoclonal rabbit antibody; 1:1,000;
Abcam, Cambridge, MA, USA), and anti-B-actin (monoclonal
mouse antibody; 1:3,000; Sigma-Aldrich Co. LLC). All prima-
ry antibodies were incubated at 4°C for 12 hours. The second-
ary antibodies were incubated at 20°C for 60 minutes.

Statistical analysis

Data are presented as the mean + SD, and were analyzed
with SPSS 18.0 software (SPSS, Chicago, IL, USA). Statistical
analyses were conducted using analysis of variance, including
appropriate variables. Dunnet-f test was used for pairwise
comparisons. Escape latency in the MWM test was analyzed
using repeated measures analysis of variance in the general
linear model. For comparisons among multiple groups, we
used one-way analysis of variance among all groups first, then
the least significance difference test was performed for multi-
ple pairwise comparisons between two groups. A value of P <
0.05 was considered statistically significant.

Results

Quantitative analysis of experimental animals

We included all mice that survived to the observation end-
point in the behavioral tests. A total of 20 mice died before
the endpoint of observation, 18 of which died within 3 days
after surgery. A total of 34 mice undergoing CLP surgery
survived, with or without administration of rapamycin (acute
group, # = 12; subacute group, n = 10; chronic group, n = 12).
The mice in the sham group all survived (n = 12). Detailed
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information regarding group assignment is shown in Figure 1.
All 46 brain samples were divided into two batches: 23 sam-
ples from all groups (acute: n = 8; subacute: n = 7; chronic: n
= 8) were used for immunohistochemistry. Batch2 included
the other 23 samples contributed by a subset of all groups
(acute: n = 8; subacute: n = 7; chronic: n = 8), which were
used for western blot assay.

MWM performance decreased in the long term after sepsis
The MWM is commonly used to evaluate the function of
mouse hippocampus (Vorhees and Williams, 2006). In the
spatial acquisition test, escape latency (the time spent search-
ing for the hidden platform) was recorded. Escape latency
of mice in both the sham and CLP groups showed a trend
of decreasing with time (Figure 2A), indicating that spatial
working memory acquisition was preserved in both the CLP
and sham groups. The results of the analysis of variance of
repeatedly measured data using the general linear model in-
dicated that escape latency among all groups (acute, subacute,
chronic and sham) on day 1 was not significantly different
(P = 0.601). However, escape latency of different groups
started to diverge as training times increased: escape latency
was significantly different among all groups on day 4 (P <
0.001), and day 5 (P < 0.001). Multiple pairwise comparisons
among different groups using the least significance difference
test showed that escape latency in the sham group and the
chronic CLP group were significantly different on day 4 (P <
0.001) and day 5 (P < 0.001), as predicted. For comparisons
among sham subgroups without rapamycin, there was no dif-
ference in escape latency among acute sham, subacute sham
and chronic sham groups (P = 0.893; not shown in Figure 2).
Therefore, we merged data of control-sham subgroups into
one sham group (n = 6) as representative data for non-post-
sepsis performance). When we compared the entire curves
among different groups, escape latency was significantly
different between the sham group and CLP groups (sham
vs. acute CLP, P = 0.007; sham vs. subacute CLP group, P =
0.001; sham vs. chronic CLP, P < 0.001). Comparisons among
CLP subgroups revealed that escape latency was longer in the
chronic group than in the acute group (P = 0.042). However,
escape latency was not significantly different between the
chronic group and subacute group (P = 0.092). Escape latency
in the sham, acute, subacute, and chronic groups was similar
at day 5 (Figure 2A). These results indicate that there was no
difference in MWM performance among CLP groups until
the chronic phase after sepsis.

Rapamycin only rescued MWM performance in the acute
phase after sepsis

Based on the data above, we compared the escape latency be-
tween the rapamycin groups and control groups in both the
acute phase and chronic phase of sepsis. The results showed
a significant difference in the acute phase (acute rapamycin
vs. acute control: P = 0.048), but no significant difference in
the chronic phase (chronic rapamycin vs. chronic control: P
= 0.658), as shown in Figure 2B, indicating that rapamycin
only rescues MWM performance in the acute phase after
sepsis.

Long-term neuronal loss in CA1 region of the
hippocampus after sepsis

The hippocampal CAl region plays a critical function in
memory processes (Calabresi et al., 2016). Neuronal loss in
CA1 region of the hippocampus has been proven to relate
to cognitive deficits in patients with Alzheimer’s disease
(von Gunten et al., 2006). In the acute, subacute and chronic
groups, hippocampi were obtained on days 14, 30 and 60
after CLP surgery. Nissl stain was performed to visualize
the neurons in the CAl region (Figure 3A-D). Each section
contained an entire hippocampus. In the sham group and
CLP group, on day 14 after surgery, the mean neuron count
of three distinct Nissl sections was 1,018 + 29.5/section and
925 + 234.8/section, respectively (P = 0.531). The neuron
count on days 14, 30 and 60 after CLP surgery was compared
among three CLP groups. When analysis of variance was used
to compare neuron count in the CA1l region of two groups
(Dunnet-¢ test), the difference was only significant between
the acute and chronic groups (acute group vs. chronic group:
P =0.043; acute vs. subacute group: P = 0.119; subacute vs.
chronic group: P = 0.773; Figure 3E). These results indicate
that neuronal loss in the hippocampus after sepsis is a long-
term reaction rather than an acute reaction.

Administration of rapamycin in the acute phase after sepsis
did not prohibit long-term neuronal loss in the
hippocampus

Because the results described above indicated neuronal loss
in the long term after sepsis, we compared the neuron count
in CA1 region of the chronic rapamycin group with that from
the chronic control group (without rapamycin) to examine the
effects of short-term administration of rapamycin. As shown
in Figure 3F, no significant difference in neuron count was
observed between the chronic rapamycin group and chronic
control group (P = 0.72). This indicates that short-term ad-
ministration of rapamycin does not prohibit neuronal loss
in CAl region of the hippocampus, as expected. Previous
studies reported that acute treatment of rapamycin does not
inhibit mTOR complex2 (mTORC2) signaling, and mTORC2
interacts with Akt to maintain neural survival (Laplante and
Sabatini, 2012). This may also explain the lack of a significant
difference between rapamycin group and control group.

Timing of Akt/mTOR signaling pathway activation,
illustrated by western blot assay

To quantitatively examine the activation of Akt/mTOR sig-
naling pathway, we conducted a western blot assay of proteins
involved in the Akt/mTOR pathway in hippocampal tissues.
Quantitative densitometric results of all western blot gels are
shown in Figure 4. The phosphorylated amount was used as
the total amount ratio for evaluating the activation level of
the proteins in the Akt/mTOR signaling pathway.

Activation of Akt/mTOR signaling pathway immediately
after sepsis

Akt, also known as protein kinase B, is a kinase that medi-
ates signals for cell survival (Ahn, 2014). Because the neuron
count in the CA1 region decreased with time after sepsis, we
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Figure 1 Mice assignment in this study.
Rapa: Rapamycin; CLP: cecal ligation-and-puncture.
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hypothesized that this effect may trigger activation of the Akt
pathway. In addition, since phosphorylation of Akt Serine
473 is related to activation of the mTOR pathway (Laplante
and Sabatini, 2012), we used the phospho-Akt (pSer473) to
Akt ratio to evaluate the level of Akt activation. Phospho-Akt
to Akt ratio was lower in the sham group than in the CLP
group on day 14 after surgery (P < 0.001; Figure 4A). The
phospho-mTOR to mTOR ratio was compared between the
sham group and CLP group on day 14 after surgery (P < 0.001;
Figure 4B). This result indicates that the mTOR signaling is
activated immediately after sepsis. P70S6K is a downstream
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Day 1 Day 2 Day 3 Day 4 Day 5

Figure 3 Neurons in the hippocampal CA1
region on days 14, 30 and 60 after CLP
surgery (Nissl staining).

(A-D) Representative microphotographs of
Nissl staining. (A) Yellow lines marked the
border of subregions (CA1, CA2, CA3 and
dentate gyrus) of the hippocampus; (B) 60
days after surgery; (C) 30 days after surgery;
(D) 14 days after surgery. Scale bar: 200 um
in A, 20 um in B-D. (E, F) Quantitative com-
parison of CA1 neuron count among different
groups after sepsis. (E) CA1 neuron count in
different phases of sepsis. Data were analyzed
using one-way analysis of variance among all
three groups, followed by the least significant
difference test in multiple pairwise compar-
isons between two groups. (F) CAl neuron
count between chronic rapamycin group and
chronic control group on day 60. Dunnet-f test
was used. Data are presented as the mean + SD.
*#P < 0.05. Day 14: Acute phase; day 30: sub-
acute phase; day 60: chronic phase; CA: cornu

Rapamycin X
ammonis.

protein directly phosphorylated by mTOR (Laplante and
Sabatini, 2012). The phospho-P70S6K to P70S6K ratio was
compared between the sham group and CLP group on day
14 after surgery (P < 0.001; Figure 4C). Combining the status
of Akt and mTOR, all of the results suggested that the Akt/
mTOR signaling pathway is activated immediately after CLP

surgery.

Akt, mTOR and P70S6K are all activated on day 60 after
sepsis
Based on the possible relationship between Akt/mTOR sig-
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Figure 4 Expression of Akt/mTOR signaling pathway in the mouse hippocampus after sepsis.

B-Actin was used as a loading control. (A-C) Ratio of pAkt/Akt (A), pmTOR/mTOR (B) and pP70S6K/P70S6K (C) in the sham group and control
CLP group on day 14 after sepsis, which indicated the activation status of the upstream, midstream and downstream of Akt/mTOR signaling path-
way. (D-F) Ratio of pAkt/Akt (D), pmTOR/mTOR (E) and pP70S6K/P70S6K (F) between the control CLP group on day 14 and on day 60 after
sepsis. (G-I) pAkt/Akt ratio (G), pmTOR/mTOR ratio (H) and ratio of pP70S6K/P70S6K (I) between control CLP group and rapamycin-treated
CLP group on days 14 and 60 after sepsis. Acute C: control CLP group on day 14; chronic C: control CLP group on day 60; acute R: CLP group with
rapamycin administration on day 14; chronic R: CLP group with rapamycin administration on day 60. Data are presented as the mean + SD, and
analyzed using Dunnett-f test. *#**P < 0.001. mTOR: Mammalian target of rapamycin; pmTOR: phospho-mTOR.

pAkt pmTOR
Day 14 Day 60

Day 14 Day 60

naling pathway activation and hippocampus damage after
sepsis, we compared Akt activation in the control CLP group
on days 14 and 60 after CLP surgery. As shown in Figure 4D,
Akt signaling phosphorylation was kept elevating from day 14
to day 60 (P < 0.001). The phospho-mTOR to mTOR ratio was
compared in the CLP group at different time points (days 14
and 60) (Figure 4E). The results showed elevated phosphory-
lation on day 60 compared with that on day 14 (P < 0.001). As
shown in Figure 4F, the phosphorylation level of P70S6K was
also higher on day 60 than on day 14 (P < 0.001).

oAt DG

Rapamycin inhibited Akt/mTOR pathway, but did not
prohibit its activation on day 60 after sepsis

: We also tested the activation level of Akt, mTOR and P70S6K
Figure 5 Representative immunohistochemical stains in different in the hippocampus of mice in the 1 mg/kg rapamycin group.
areas of the hippocampus. After administration of rapamycin after CLP surgery, the ac-

(A-F) Immunohistochemical stains of pAkt (at Ser473) in various tivation levels of all the th tei 1 d
regions of the hippocampus on days 14 and 60 after sepsis; (G-L) im- 1vation levels ol a ¢ three proteins were lower compare

munohistochemical stains of pmTOR (at Ser2448) in various regions ~ With the control group in both the acute and chronic phases.
of the hippocampus on days 14 and 60 after sepsis. Black arrows show ~ However, despite inhibition by rapamycin, the activation lev-

immunoreactive stain. Scale bars: 20 um. Day 14: Acute phase; day 30 ¢]g of Akt, mTOR and P70S6K were all increased on day 60,

subacute phase; day 60: chronic phase. DG: Dentate gsyrus; pAkt: phos- . s R
pho-Akt; pmTOR: phospho-mTOR. compared with those on day 14 (P < 0.001; Figure 4G-I).
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Activation of the Akt/mTOR signaling pathway in various
regions of the hippocampus over time, as detected by
immunohistochemistry

We applied immunohistochemistry to visualize phosphory-
lated Akt and mTOR in neurons. The immunoreactivities of
phospho-Akt (p-Ser473) and phospho-mTOR (p-Ser2448)
were negative on day 14 and positive on day 60 in the CAl
and CA3 regions of the hippocampus (Figure 5), indicating
the activation of Akt and mTOR in neurons in the CAl and
CA3 regions. Immunoreactive staining of pAkt was detected
in the cell membrane of neurons in the CA1 and CA3 regions
(Figure 5B, D). pAkt was also detected as immunoreactive
in the dentate gyrus of the hippocampus on day 60 post-CLP
(Figure 5F). However, we did not detect any immunoreac-
tivity of pmTOR in the dentate gyrus of the hippocampus
(Figure 5K, L). These results indicate that the Akt/mTOR sig-
naling pathway is activated in the long term after sepsis in the
CA1 and CA3 regions of the hippocampus.

Variation of neuronal size in the hippocampal CA1 region
after sepsis

We measured the size of neural cell bodies and their nucleoli
in the CA1 region, and conducted comparisons among three
groups, examining time after sepsis and neuronal size, rapamy-
cin administration and neuronal size, and comparison of neuro-
nal size in the CLP and sham groups after sepsis (Figure 6).

Comparison among CLP control groups on days 14, 30 and
60 revealed a significant hypertrophy of CA1 neural nucleoli
on day 60 compared with that on day 14 (+55.63%; P < 0.001)
and day 30 (+36.50%; P < 0.001). However, no significant
changes in cell body size were observed in any pairwise com-
parisons in the three time groups (day 14 vs. day 30: P = 0.99;
day 14 vs. day 60: P = 0.50; day 30 vs. day 60: P = 0.59).

Comparison between CLP rapamycin groups and CLP
control groups revealed marked hypertrophy of cell body size
in the CLP control group. This phenomenon was observed
on both day 14 (+40.30%; P < 0.001) and day 60 (+22.37%;
P < 0.001). Hypertrophy of nucleoli was observed on day 60
(+64.6%; P < 0.001), but not day 14 (P = 0.836).

Comparison between CLP control groups and sham groups
revealed that, on both day 14, the nucleoli of CLP group were
smaller than that of the sham group (-16.47%; P = 0.015),
while the cell body size between the two groups did not show a
significant difference (P = 0.952). On day 60, we observed sig-
nificant hypertrophy of cell body size (+10.86%; P = 0.016) and
nucleoli size (+68.25%; P < 0.001) in the CLP control group.

Discussion

Cognitive impairment and neuronal loss in the
hippocampus after sepsis

Sepsis involves inflammatory stress in multiple organ sys-
tems, and after initial infection, it can cause long-term cog-
nitive dysfunction (Widmann and Heneka, 2014). A recent
systemic review of post-sepsis cognitive impairment reported
that 12.5% to 21% of survivors of sepsis exhibited cognitive
impairment (Calsavara et al., 2017). These cognitive impair-
ments may due to sepsis itself, or to sepsis increasing the
brain’s susceptibility to neurodegenerative diseases (Sharshar
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et al,, 2014). Long-term cognitive impairment reduces the life
expectancy of sepsis survivors (Shankar-Hari and Rubenfeld,
2016). Increased escape latencies in the MWM test reflect
hippocampal functional impairment in mice (Lieberwirth et
al,, 2016). In the current study, we observed prolonged MWM
escape latencies in sepsis model mice, indicating that hippo-
campal cognitive impairment can be detected after CLP sur-
gery. Moreover, the current findings revealed the occurrence
of cognitive impairment after sepsis, in both the acute and
chronic phases. In addition, cognitive impairment was aggra-
vated in the chronic phase, compared with the acute phase.
We observed the continuation of cognitive impairment after
sepsis as a chronic sequel. This finding is consistent with a pre-
vious prospective cohort study on long-term cognitive impair-
ment after sepsis, which reported the persistence of cognitive
impairment for 8 years after recovery from sepsis (Iwashyna
et al,, 2010). Several clinical studies have also reported various
features of long-term cognitive damage after sepsis, including
alterations in memory, and impaired concentration (Streck et
al., 2008), consistent with the current results. Our findings are
also consistent with a previous human study reporting that re-
sponses to visual stimulation in sepsis survivors was generally
slow compared with healthy controls, and remained slower
during long-term follow-up (Gotz et al., 2016).

In the current study, rapamycin administration rescued
cognitive impairment in the acute phase after sepsis, consistent
with another previous study in our lab (Liu et al., 2016). How-
ever, short-term administration of rapamycin did not rescue
the cognitive impairment in the long term after sepsis. Cogni-
tive impairment in the long term may be explained by neuro-
nal loss in the CA1 region of the hippocampus in the chronic
phase after sepsis. Neuronal loss in long-term sepsis mice was
also observed in another septic mouse model in which LPS in-
jection was used to induce sepsis (Cardoso et al., 2015).

The CA1 region of the hippocampus is important for learn-
ing and memory (Calabresi et al., 2016). According to a previ-
ous study, neuron count in CA1 region can be used to evaluate
histopathological damage in the hippocampus; moreover, due
to the inhomogeneous distribution of neurons in CA1 region
(Wang et al,, 2015), counting neurons in the entire CA1 band
is an accurate method for evaluating the total neuron count in
the CAL1 region of the hippocampus. On day 14 after surgery,
neuron counts in CA1l region were not significantly different
between the CLP group and the sham group. This result indi-
cates that sepsis does not cause structural damage in the hip-
pocampus in the short term. However, the CA1 neuron count
on day 14 after the CLP surgery was higher than that on day
60. This finding suggests that structural damage in the hippo-
campus after sepsis may be a time-dependent process, and can
only be detected in the long term.

When we compared neuron counts in CA1 region on day
60 in the rapamycin CLP group with that in the control CLP
group, the results revealed no significant difference, con-
sistent with performance of these two groups in the MWM
test. This finding may be explained by the relatively short
administration of rapamycin and/or relatively low dose (1
mg/kg). Another possible explanation is that regulation of
neuron count by the mTOR signaling pathway depends more
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on mTOR C2, a rapamycin insensitive target (Carloni et al.,
2010), and is not perturbed by acute administration of rapa-
mycin (Laplante and Sabatini, 2012).

The relationship between neuronal loss in the hippocampus
and cognitive dysfunction has been illustrated using several
animal models (Murawski et al., 2012; Li et al., 2013). Our re-
sults indicate consistency between the occurrence of irretriev-
able (i.e., not rescued by rapamycin) cognitive impairment
(functional damage), and neuronal loss in the hippocampal
CA1 region (structural damage), with both occurring in the
chronic phase after sepsis, indicating a correlation between
them. The current finding of neuronal loss in the CA1 region
is also consistent with a previous study of the relationship
between prenatal infection and neuron count in the CA1 re-
gion, which reported that prenatal exposure to endotoxin led
to loss of GABAergic neurons in the hippocampus using a rat
model (Nouel et al., 2012).

Akt/mTOR signaling pathway remained activated in the
long term after sepsis

The mTOR signaling pathway responds to various stimuli in
the environment and regulates a wide range of physiological
processes (Laplante and Sabatini, 2012). mTOR C1 functions
as a regulator of cell growth and metabolism by promoting
anabolic synthesis of proteins, while mTOR C2 regulates
cell survival through interaction with Akt, a protein kinase
(Laplante and Sabatini, 2009). In the current study, we found
that the Akt/mTOR signaling pathway was activated in both
the acute and chronic phases after sepsis.

Western blot data from the current study suggested that all
of ratios of pAkt/Akt, pmTOR/mTOR and pP70S6K/P70S6K
were significantly higher on day 60 than day 14 after sepsis.

The current immunohistochemical analysis revealed immu-
noreactivity of both Akt and mTOR in the cytoplasm of neu-
rons in the CA1 region. Upon activation of Akt/mTOR signal-
ing, Akt is recruited from the cytoplasm to the cell membrane
(Ahn, 2014), while mTOR nucleates at two distinct protein
complexes, mMTORC1 and mTOR C2, which are located in the
cytoplasm (Laplante and Sabatini, 2009). Both of them exist
in cytoplasm of cells. mTOR regulates neural survival via Akt
(Canal et al., 2014). These results indicated that the Akt/mTOR
signal pathway maintained activation over time after sepsis.

In all rapamycin groups, the activation of Akt/mTOR
pathway was all inhibited compared with the control group.
Although rapamycin inhibited the activation of Akt/mTOR
pathway, the activation level was still higher in the chronic
phase than the acute phase after sepsis. This indicated that
short-term administration of a relatively low dose of rapamy-
cin (1 mg/kg) after sepsis does not prohibit activation of the
Akt/mTOR pathway in the chronic phase after sepsis.

Progressive neuronal loss after sepsis might have activated
the Akt/mTOR signaling pathway as a feedback mechanism

Activation of the Akt/mTOR signaling pathway provides im-
portant signals for neural survival (Canal et al., 2014). Signals
that activate mTORC2 remain poorly understood, but pre-
vious studies have reported that growth factors can activate
mTORC2 kinase and increase the phosphorylation of Akt at

Ser473 (Laplante and Sabatini, 2009). Akt has complicated in-
teractions with mTORCI1 and mTORC2. As the downstream
protein of mTORC?2, Akt is directly activated by mTORC2
through phosphorylating at Ser473 (Laplante and Sabatini,
2012). However, Akt is also an upstream regulator of mTORC1
and activates mTORC1 indirectly via two pathways: by inacti-
vating the TSC1/TSC2 (hamartin/tuberin) (Inoki et al., 2002)
or by promoting dissociation of regulatory-associated protein
of mTOR (raptor) from proline-rich Akt substrate 40 (Sancak
et al,, 2010). In the current study, we observed that the activa-
tion level of the Akt/mTOR signaling pathway was higher in
the chronic phase after sepsis, when neuronal loss in the CAl
region could be detected. Interestingly, previous studies of
the relationship between sleep deprivation and hippocampal
function reported similar findings, demonstrating that sleep
deprivation can impair hippocampal mTOR signaling and ulti-
mately cause loss of CA1 neurons (Havekes and Abel, 2017).

Variation of neuron size in the CA1 region after sepsis
mTOR is reported to function as a central controller of cell
growth (Schmelzle and Hall, 2000). In previous studies of
Alzheimer’s disease, hypertrophy of neurons in the CAl
region was observed as an early pathological change of Alz-
heimer’s disease (Iacono et al., 2009). Meanwhile, the mTOR
signaling pathway has been proven to play a role in neural size
and survival (Bockaert and Marin, 2015). Moreover, mTORC2
has been found to play a critical role in neural size and mor-
phology (Thomanetz et al., 2013). Therefore, in the current
study, we also evaluated the size of neurons and their nucle-
oli as indicators of neural function at the cellular level. The
results of comparisons of neuronal size of CA1 region after
sepsis revealed complicated variations. Neural cell body size
did not change among CLP control groups on days 14, 30 and
60. However, a marked hypertrophy of nucleoli was observed
in the long term (day 60) after sepsis. This result indicated
increased transcriptional and metabolic activities of neurons,
possibly reflecting a compensatory response to neuronal loss
(Iacono et al., 2009). A previous study reported that inhibi-
tion of the mTOR pathway by rapamycin caused a decrease
of neural size (Zeng and Zhou, 2008). This phenomenon was
also observed in the current study: rapamycin administration
negatively regulated nucleoli size on day 14 and both the cell
body and nucleoli size of the CA1 region on day 60. Sepsis af-
fected neuronal size in hippocampal CA1 region: the nucleoli
size in the CLP group was smaller than that in the sham group
in the acute phase (day 14) after sepsis, while the nucleoli size
was larger in the long term (day 60). This biphasic change also
consisted with the status of the Akt/mTOR signaling pathway,
which was mildly activated in the acute phase and strongly ac-
tivated in the long term after sepsis. Cell body size in the CLP
group did not change in the acute phase after sepsis, while the
size was increased on day 60 after sepsis. This finding suggests
that the size of nucleoli may be a more sensitive indicator for
neural metabolic status.

In the current study, both neuronal loss in the hippocam-
pus and activation of the Akt/mTOR signaling pathway were
clearly observed in the long term (day 60) after sepsis. The
co-occurrence of these two phenomena suggests that strong
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Figure 6 Changes in neural cell morphology of CA1 region in the mouse hippocampus after sepsis.
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Figure 7 Molecular interactions in the Akt/mTOR signaling
pathway.

IP3K: Inositol-triphosphate 3-kinase; PDK: phosphoinositide-depen-
dent kinase; TSC: tuberous sclerosis complex; Rheb: Ras homolog en-
riched in brain; mTOR: mammalian target of rapamycin.
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activation of the Akt/mTOR pathway may be associated with
neuronal loss in the hippocampus. Since activation of the
Akt/mTOR pathway plays a critical role in neural survival, we
speculated that strong activation of the Akt/mTOR pathway
in the long term after sepsis was a type of feedback in re-
sponse to chronic neuron loss in the hippocampus (Figure 7).
The interaction between Akt and mTORC2 formed a closed
loop, involving Akt, TSC1/TSC2, Rheb and mTORC2. Acti-
vation of Akt promotes activation of mMTORC2, which further
promotes activation of Akt as a form of positive feedback.
Thus, progressive neuronal loss after sepsis may trigger the
activation of the Akt/mTOR signaling pathway to maintain
neural survival in the hippocampus.

Although we speculate that activation of the Akt/mTOR
pathway may be a feedback response to neuronal loss, the
precise function of this activation: (e.g., whether it represents
a neuroprotective or pathogenic response) is unclear. How-
ever, in sepsis animal models, activation of the mTOR path-
way has been observed in a number of previous studies. In
the LPS-induced septic rat model, activation of the mTOR
pathway in renal, cardiac and vascular tissues was also ob-
served after sepsis (Temiz-Resitoglu et al., 2017). In another
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study using a CLP sepsis mouse model, enhanced mTOR
kinase activity in skeletal muscle was observed after sepsis,
whereas the anabolic response to skeletal muscle contraction
was attenuated (Steiner and Lang, 2015; Crowell et al., 2017).
Previous studies have observed increasing phosphorylation of
Akt in neurons in Alzheimer’s disease, which is characterized
by neuronal loss (Rickle et al., 2004). In tuberous sclerosis,
hyperactivation of mMTORCI has been proven to cause neural
damage (Ebrahimi-Fakhari et al., 2016). However, whether
this feedback activation of the Akt/mTOR signaling pathway
can prevent neuronal loss remains controversial. One study
focusing on Akt activation in the brain tissue of patients with
Alzheimer’s disease concluded that increasing phosphoryla-
tion of Akt may not prevent neuronal loss, and may not even
be involved in the pathogenesis of Alzheimer’s disease (Griffin
et al,, 2005). Another study examining hippocampal tissue af-
ter sepsis demonstrated that the Akt/mTOR signaling pathway
was involved in the neuroprotective effects of erythropoietin
(Wang et al., 2014). In addition, in a recent study, Howell et al.
(2017) found that dysregulated Akt/mTORC?2 signaling may
cause learning and memory deficits in schizophrenia patients.

Age-related neuronal loss in the hippocampus

Previous studies had proven that neuron count in CA1 region
of the hippocampus varied with age (Flood and Coleman,
1988). Moreover, older age may be a confounding factor due
to both increased risk of sepsis and cognitive function decline
(Hopkins, 2013). As such, all the mice included in the current
experiment were 1-month-old males when the experiments
started, so were still young adults 2 months into the experi-
ments. Thus, in our septic mouse model, it is unlikely that age
was a factor in neuronal loss.

mTOR and neural regeneration

In several previous studies of neural regeneration, adult axon
regeneration in the central nervous system was found to be
modulated by the PTEN/mTOR pathway (Park et al., 2008,
2010). In a recent study, retinal axon regeneration was report-
ed to be enhanced by activation of the mTOR signaling path-
way (Lim et al., 2016). Meanwhile, P70S6K activation caused
by mTORCI activation was found to promote axon regenera-
tion (Yang et al., 2014). Although the mTORCI has been prov-
en to promote axon regeneration, Akt/mTORC2 interaction
may have a negative effect on axon regeneration in the central
nervous system (Miao et al., 2016). Based on the current study
and other previous studies, the Akt/mTOR signaling path-
way may be a suitable future therapeutic target for regulating
neural regeneration in post-sepsis patients. This current study
may provide some basis for further exploration for improving
post-sepsis cognitive impairment. However, the relationship
between the Akt/mTOR pathway and neural regeneration ap-
pears to be more complicated than expected.

Conclusion and limitations

The results confirmed cognitive impairment as a long-term
sequela after recovery from sepsis in a sepsis mouse model.
Moreover, progressive neuron loss in the CA1 region of the
hippocampus was observed in the long term after sepsis. The

co-occurrence of neuronal loss in the hippocampus and cogni-
tive dysfunction decline indicates that neuronal loss in CA1 re-
gion of the hippocampus contributes to cognitive impairment
after sepsis. We observed that the Akt/mTOR signaling path-
way is activated in the long term after sepsis, simultaneously
with neuronal loss in the hippocampus. This finding indicates
that progressive neuronal loss in the hippocampus may be a
trigger for activation of the Akt/mTOR signaling pathway, as a
protective response to prevent further neuronal loss. However,
whether this feedback response has any practical neuroprotec-
tive effects still needs further exploration.

This experiment involved several limitations, which should
be addressed in future studies. First, the relatively short admin-
istration of rapamycin only in the acute phase (only 5 days)
after sepsis may have been insufficient to completely observe
its effect on the Akt/mTOR signaling pathway. Second, only
rapamycin was used to specifically block the mTOR Complex1.
However, previous studies have reported that mTORCI and
mTORC2 play distinct roles in many cellular processes in the
central nervous system (Angliker et al., 2015; Jhanwar-Uni-
yal et al., 2015, 2017). More specific inhibitors of the mTOR
Complex2 should be used to explore the relationship between
Akt and the mTOR signaling pathway in future studies. Third,
with the development of stereology methods, neuron counting
in CA1 region using a stereological system may provide more
accurate neuron counts.
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