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Abstract

Amantadine has been shown to reduce anesthesia and surgery-induced neuroinflammation and
cognitive dysfunction. It is known that sepsis can impair brain function. We determined whether
amantadine-attenuated sepsis-induced neuroinflammation and dysfunction of learning and
memory and whether toll-like receptors (TLRS) play a role in the effects. Six- to eight-week-old
mice were subjected to cecal ligation and puncture (CLP). Amantadine at 30 mg/kg/day was
injected intraperitoneally for 3 days. CU-CPT22, a TLR1/TLR2 inhibitor, at 3 mg/kg/day was
injected intraperitoneally for 2 days. Mice were subjected to Barnes maze and fear conditioning
tests from 1 week after CLP. CLP induced neuroinflammation and cognitive dysfunction. CLP also
increased the expression of toll-like receptor 2 (TLR2), TLR4, and TLR9, three major TLRs in the
brain, in CD-1 male mice. Amantadine attenuated CLP-induced neuroinflammation and
dysfunction of learning and memory but did not have significant effects on the expression of
TLRs. CU-CPT22 also attenuated sepsis-induced neuroinflammation and cognitive dysfunction.
Similarly, sepsis induced neuroinflammation and cognitive dysfunction in the C57BL/6J mice.
Interestingly, sepsis also induced neuroinflammation and cognitive dysfunction in the TLR2
knockout mice. The effects of amantadine on the neuroinflammation and cognitive dysfunction
were still apparent in these knockout mice. TLR2 contributes to sepsis-induced neuroinflammation

Correspondence to: Zhiyi Zuo.

Authors’ contributions ZZ conceived the project. WX, PH, WZ, and ZZ designed the study, WX, PH, and YL performed the
experiments. WX and PH did the initial data analysis and drafted BMaterials and methods” section. ZZ performed the final data
analysis and wrote the manuscript.

Compliance with ethical standards
Conflict of interest The authors declare that they have no conflict of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xing et al. Page 2

and cognitive dysfunction. However, inhibiting TLR2 may not be a major mechanism for
amantadine to inhibit sepsis-induced neuroinflammation and cognitive dysfunction.
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Introduction

Sepsis-associated encephalopathy (SAE) can occur in up to 70% patients with sepsis and is a
syndrome of diffuse brain dysfunction with various presentations [1]. Although delirium is a
common acute presentation of SAE, up to 40% sepsis survivors can have cognitive
dysfunction even 1 year after sepsis [1-4]. In addition to the significant morbidity from brain
dysfunction, SAE is associated with increased mortality [1-4]. However, clinically practical
methods to reduce SAE have not been developed yet.

Sepsis can cause mitochondrial dysfunction, inflammation, and oxidative stress, which have
been proposed to be mechanisms for SAE [1, 2]. However, the exact mechanisms for SAE
including the cognitive dysfunction at a delayed phase are not clear. We and others have
shown that neuroinflammation is an underlying pathophysiological process for learning and
memory dysfunction after surgery [5-8]. We have also shown that neurcinflammation lasted
for a short period of time but is a critical process for the delayed phase of cognitive
dysfunction after surgery [5, 9]. Amantadine, an anti-viral agent with anti-inflammatory
property, reduces neuroinflammation and the delayed dysfunction of learning and memory
after surgery [5].

Toll-like receptors (TLRs) play a central role in immune and inflammatory responses [6, 7,
10]. Various ligands act on TLRs that transmit extracellular signals into cells to activate
transcription factors, such as nuclear factor xB (NFxB). These transcription factors then
induce the production of inflammatory cytokines [7, 10, 11]. There are 13 types of TLRs.
Among them, TLR2 and TLR4 are the major ones that can bind components of cells and
tissues [6, 7, 10]. A recent study showed that TLR4 may be involved in cognitive
dysfunction assessed at 24 h after tibial fracture and fixation [12].

Based on the above information, we hypothesize that TLR-mediated neuroinflammation
contributes to sepsis-induced learning and memory impairment at a delayed phase and that
amantadine attenuates this impairment by reducing neuroinflammation. To address these
hypotheses, mice were subjected to cecal ligation and puncture (CLP), an animal model that
best resembles human sepsis [13].

Materials and methods

The animal protocol was approved by the institutional Animal Care and Use Committee of

the University of Virginia (Charlottesville, VA). All animal experiments were carried out in
accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals (NIH publications number 80-23) revised in 2011. Efforts were made to minimize
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the number used and suffering of animals. Our manuscript was written up in accordance
with the Animal Research: Reporting In Vivo Experiments.

Experimental protocols

Three experiments were performed. In experiment 1 (Fig. 1a), 6- to 8-week-old CD-1 male
mice weighing 30-35 g from Charles River Laboratories International (Wilmington, MA)
were randomly assigned to the following groups: (1) control (not being exposed to surgery
or any drugs), (2) amantadine, (3) CLP, (4) CLP plus amantadine 1 (the first dose of
amantadine was given intraperitoneally 15 min before the surgery to create CLP), and (5)
CLP plus amantadine 2 (the first dose of amantadine was given intraperitoneally 6 h after the
creation of CLP). One week after CLP, these mice were started to be tested in Barnes maze
and then fear conditioning. We aimed to have 15 mice per group that would survive till the
completion of these tests. Separate mice were assigned to the same groups as above but with
an n=6 per group per time point. These mice were sacrificed at 6 or 24 h after CLP to
harvest brain tissues for Western blotting, immunohistochemistry, and ELISA.

In experiment 2 (Fig. 5a), CU-CPT22 (#614305, Calbiochem, Billerica, MA), a TLR1L/TLR2
antagonist [14], was used. Six- to eight-week-old CD-1 male mice were randomly divided
into four groups: (1) control, (2) CU-CPT22, (3) CLP plus dimethyl sulfoxide (DMSO)
(intraperitoneal injection of DMSO was administered 1 h before the surgery to create CLP),
and (4) CLP plus CU-CPT22 (intraperitoneal injection of CU-CPT22 in DMSO was
administered 1 h before the surgery to create CLP). Each group was aimed to have 15 mice.
One week after CLP, these mice were started to be tested in Barnes maze and then fear
conditioning. Separate mice were assigned to the same groups as above (/7= 6 per group)
and sacrificed at 24 h to harvest brain tissues after the surgery for ELISA.

In experiment 3 (Fig. 6a), TLR2 knockout male mice (B6.129- 7/r2(M1Kif]3 stock number:
004650; Jackson Laboratory, Bar Harbor, ME) and C57BL/6J wild-type male mice (the
mouse strain suggested by Jackson laboratory to be the control mice for the TLR2~/~ mice)
were used. The TLR2™/~ mice were initially backcrossed with C57BL/6J wild-type mice.
The C57BL/6J mice were from Charles River Laboratories (Wilmington, MA). Six- to eight-
week-old male TLR2~ mice were randomly divided into the following groups: (1) control,
(2) CLP, and (3) CLP plus amantadine (intraperitoneal injection of amantadine was
administered 15 min before the surgery). Six- to eight-week-old male C57BL/6J wild-type
mice were randomly divided into control or CLP group. Each group was aimed to have at
least 6 mice. One week after CLP, these mice were started to be tested in Barnes maze and
then fear conditioning tests. Separate mice were assigned to the same groups as above (7= 6
per group) and sacrificed at 24 h to harvest brain tissues after the surgery for ELISA.

Anesthesia and surgery

Polymicrobial sepsis was induced by CLP according to the method described by Chaudry et
al. [15]. Animals were anesthetized with 1.8% isoflurane; a 1-cm ventral midline incision
was performed. The cecum was then carefully exposed, ligated just distal to the ileocecal
valve with a 3-0 silk suture to avoid intestinal obstruction, and punctured twice using a 19-
gauge needle. The punctured cecum was squeezed to expel a small amount of fecal material
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and returned to the abdominal cavity. The abdominal incision was closed in layers with a 7—
0 silk suture and wound clips. The wound was infiltrated with 0.25% bupivacaine. All
animals received subcutaneous administration of 1 ml normal saline (NS) immediately after
the operation to provide fluid.

Drug application

Amantadine (A1260, Sigma-Aldrich, St. Louis, MO) was dissolved in NS and injected
intraperitoneally at 30 mg/kg/day for 3 days with the first dose at 15 min before surgery or 6
h after surgery. Similar injections were performed in the amantadine only group. The
amantadine dose was chosen based on previous studies [5, 16, 17].

CU-CPT22 solution (0.3 mg/ml) was prepared by dissolving CU-CPT22 powder in 2.5%
dimethyl sulfoxide (DMSO; Fisher Scientific, Fair Lawn, NJ) and injected intraperitoneally
at 3 mg/kg/day for 2 days with the first dose at 1 h before surgery. Similar injections were
performed in the CU-CPT22 only group. The CU-CPT22 dose was chosen based on
previous studies [14, 18]. In the CLP plus DMSO group, 2.5% DMSO was injected
intraperitoneally at 10 mi/kg/day for 2 days with the first dose at 1 h before surgery.

Barnes maze

One week after surgery, the animals were subjected to Barnes maze as we previously
described [5, 19] to test their spatial learning and memory. Animals were first placed in the
middle of a circular platform with 20 equally spaced holes (SD Instruments, San Diego,
CA). One of these holes was connected to a dark chamber called target box. Aversive noise
(85 dB) and bright light (200 W) shed on the platform were used to encourage mice to find
the target box. They had a spatial acquisition phase that lasted for 4 days with 3 min per
trial, 2 trials per day and 15 min between each trial. Animals then went through the
reference memory phase to test the short-term retention on day 5 and long-term retention on
day 12. No test or handling was performed from day 5 to day 12. The latency to find the
target box during each trial was recorded with the assistance of ANY-Maze video tracking
system (SD Instruments).

Fear conditioning

One day after Barnes maze test, mice were subjected to fear conditioning test as we
previously described [5, 19]. Each mouse was placed into a test chamber wiped with 70%
alcohol and exposed to 3 tone-foot shock pairings (tone: 2000 Hz, 85 db, 30 s; foot shock:
0.7 mA, 2 s) with an intertrial interval 1 min in a relatively dark room (training sessions).
The mouse was removed from this test chamber 30 s after the conditioning stimuli. The
animal was placed back to the same chamber without the tone and shock 24 h later for 8
min. The animal was placed 2 h later into another test chamber that had different context and
smell from the first test chamber in a relatively light room. This second chamber was wiped
with 1% acetic acid. Freezing was recorded for 3 min without the tone stimulus. The tone
was then turned on for 3 cycles, each cycle for 30 s followed by 1-min inter-cycle interval
(4.5 min in total). Animal behavior in these two chambers was video recorded. The freezing
behavior in the 8 min in the first chamber (context-related) and 4.5 min in the second
chamber (tone-related) was scored by an observer who was blind to the group assignment.
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Brain tissue harvest

Mice were killed by deep isoflurane anesthesia and transcardially perfused with NS at 6 or
24 h after anesthesia and surgery. Their left hippocampus was dissected out immediately for
Western blotting, and the right cerebral hemisphere from Bregma -3 to —6 mm was used for
immunohistochemistry. Another half of the mice in each group were euthanized under deep
isoflurane anesthesia and transcardially perfused with NS at 24 h after anesthesia and
surgery. Their whole hippocampus was dissected out immediately for ELISA tests.

Preparation of total cellular proteins and membrane proteins from hippocampus

Total cellular proteins and membrane proteins were prepared as we described before [20].
Briefly, to prepare total cellular protein extracts, brain tissues were homogenized in RIPA
buffer (Cat. No. 89901; Thermo Scientific, Worcester, MA) containing protease inhibitor
cocktail (Cat. No. P2714; Sigma, St. Louis, MO) and phosphatase inhibitor cocktail tablets
(Cat. No. 04906845001; Roche Diagnostics Corporation, Mannheim, Germany).
Homogenates were centrifuged at 13,000 rpm at 4 °C for 20 min. The supernatant was
saved, and its protein concentration was determined by BCA Protein assay (Reagent A Cat.
No0.23228, Reagent B Cat. No. 23224; Thermo Scientific, Worcester, MA). To prepare the
membrane protein fractions, brain tissues were homogenized in RIPA buffer (Cat. No.
89901; Thermo Scientific, Worcester, MA) containing protease inhibitor cocktail (Cat. No.
P2714; Sigma, St. Louis, MO) and phosphatase inhibitor cocktail tablets (Cat. No.
04906845001; Roche Diagnostics Corporation, Mannheim, Germany) and homogenized
with 20 full strokes in glass homogenizers. The lysates were centrifuged for 4200 rpm at

4 °C. The supernatant was centrifuged again at 33,300 rpm for 1 h at 4 °C. The pellet was
re-suspended in the lysis buffer, and the protein concentrations of the samples were
determined by BCA Protein assay (Reagent A Cat. N0.23228, Reagent B Cat. No. 23224;
Thermo Scientific, Worcester, MA).

Western blot analysis

Twenty micrograms of proteins per lane were separated on a polyacrylamide gel (Cat. No.
456-1025; Biorad, Hercules, CA) and then blotted onto a polyvinylidene difluoride
membrane. The membranes were blocked with Protein-Free T20 Blocking Buffer (Cat. No.
37573, Thermo Scientific, Logan, UT) and incubated with the following primary antibodies
overnight at 4 °C: rabbit monoclonal anti-TLR2 antibody (1:1000 dilution, Cat. No.
ab108998, Abcam, Cambridge, MA), rabbit polyclonal anti-TLR4 antibody (1:1000
dilution, Cat. No. ab83444, Abcam, Cambridge, MA), mouse monoclonal anti-TLR9
antibody (1:500 dilution, Cat. No. ab12121, Abcam, Cambridge, MA), and mouse
monoclonal anti-B-actin antibody (1:5000 dilution, Cat. No. ab6267, Abcam, Cambridge,
MA). Appropriate secondary antibodies were used. Protein bands were visualized by
Genesnap version 7.08 and quantified by Genetools version 4.01. The relative protein
expression of TLR2, TLR4, and TLR9 was normalized to those of B-actin proteins from the
same sample to control for errors in protein sample loading and transferring during Western
analysis, respectively. The results from animals under various experimental conditions then
were normalized by the mean values of the corresponding control animals.
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Immunofluorescent staining

The staining was performed as we have described before [5, 21]. Briefly, mice were killed
by deep isoflurane anesthesia and transcardially perfused with 4% paraformaldehyde at 24 h
after the CLP. Brains were harvested, fixed in 4% paraformaldehyde at 4 °C for 18 h, and
then embedded in paraffin. Coronal sections at 5 pm were mounted on slides. Antigen
retrieval was performed in sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20,
pH 6.0) at 95 to 100 °C for 20 min. The sections were incubated with 5% normal donkey
serum and 1% bovine serum albumin in Tris-buffered saline for 2 h at room temperature and
then incubated at 4 °C overnight with the following primary antibodies: rabbit polyclonal
anti-TLR2 antibody (1:200 dilution, Cat. No. PA1-41045; Thermo Scientific, Logan, UT,
USA), goat polyclonal anti-ionized calcium binding adapter molecule 1 (Iba-1) antibody
(1:1000 dilution, Cat. No. ab5076; Abcam, Cambridge, MA, USA), mouse monoclonal anti-
neuronal nuclei (NeuN) antibody (1:100 dilution, Cat. No. MAB377; Calbiochem, Billerica,
MA, USA), and mouse monoclonal anti-glial fibrillary acidic protein (GFAP) antibody
(1:200 dilution, Cat. No. ab10062; Abcam, Cambridge, MA, USA). Sections were rinsed in
Tris-buffered saline (TBS) with 0.025% triton-X 100. The donkey anti-rabbit 1gG antibody
conjugated with Alexa Fluor 594 (1:200 dilution, Cat. No. A21207; Invitrogen, Eugene, ON,
USA), donkey anti-goat IgG antibody conjugated with Alexa Fluor 488 (1:200 dilution, Cat.
No. A11055; Invitrogen, Eugene, ON, USA), donkey anti-mouse IgG antibody conjugated
with Alexa Fluor 594 (1:200 dilution, Cat. No. A21203; Invitrogen, Eugene, ON, USA), or
donkey anti-mouse 1gG antibody conjugated with Alexa Fluor 594 (1:200 dilution, Cat. No.
A21203; Invitrogen, Eugene, ON, USA) were incubated with the sections for 1 h at room
temperature in the dark. After being washed in TBS, sections were mounted and cover-
slipped with Vectashield mounting medium (H-1000; Vector Labs, Burlingame, CA, USA).

Images of immunostaining were acquired with a fluorescence microscope equipped with a
charge-coupled device camera. A negative control without the incubation with the primary
antibody was performed in all experiments.

ELISA assay of cytokines in the brain tissues

Interleukin (IL)-1p and IL-6 levels in the hippocampus at 24 h after the CLP were
determined with Quantikine ELISA kits (Cat. No. MLBOOC and Cat. No. M6000B; R&D
Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions and as we
have described before [21, 22]. Briefly, brain tissues were homogenized on ice in 20 mM
Tris-HCI buffer (pH 7.3) containing protease inhibitors (10 mg/ml aproteinin, 5 mg/ml
peptastin, 5 mg/ml leupeptin, and 1 mM phenylmethanesulfonylfluoride). Homogenates
were centrifuged at 10,000g for 10 min at 4 °C. The supernatant was then ultra-centrifuged
at 150,000¢g for 2 h at 4 °C. Bradford protein assay of the supernatant was performed for
each sample. The supernatant was used in ELISA. The optical density was measured at 450
nm (correction wavelength was set at 570 nm), and the amount of cytokines was calculated
using the assay standard curves. The quantity of IL-1p8 and IL-6 in each brain sample was
standardized to its protein contents.
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Statistical analysis

Parametric results in normal distribution are presented as mean £ SD (/7= 5). The data from
the training sessions of Barnes maze test within the same group were tested by one-way
repeated measures analysis of variance followed by Tukey test. The data from the training
sessions of Barnes maze test between groups were tested by two-way repeated measures
analysis of variance followed by Tukey test. All other data were analyzed by one-way
analysis of variance followed by the Tukey test if the data were normally distributed or by
one-way analysis of variance on ranks followed by the Tukey test if the data were not
normally distributed. Differences were considered significant at £< 0.05 based on two-tailed
hypothesis testing. All statistical analyses were performed with SigmaStat (Systat Software,
Point Richmond, CA).

Results

Sepsis induced impairment learning and memory and neuroinflammation that were
attenuated by amantadine

No animals died in the control and amantadine groups (0%). The morality rates were 28.6,
16.7, and 31.8% for sepsis, sepsis plus amantadine 1, and sepsis plus amantadine 2 groups,
respectively [X2(4, N=90) = 12.073, P=0.017]. These results suggest that sepsis increases
the mortality.

Only the results of mice that survived the intended observation period were included and
presented in the following sections.

The time for CD-1 mice to identify the target box was decreased with the increased training
in the Barnes maze test. These times for the control and three amantadine groups on the
training days 2, 3, and 4 were shorter than the times on day 1 while the times for mice with
sepsis alone to identify the target box on the training day 3 and 4 were shorter than the time
on day 1 (Fig. 1b). However, sepsis was not a factor to affect the time needed to identify the
target box during the 4-day training [F(1,28) = 0.583, P=0.451]. Of note, mice with sepsis
alone took longer than control mice to identify the target box on day 1 and day 8 after the
training sessions. This increase was attenuated by amantadine (Fig. 1c, d). Mice in the sepsis
group had less freezing behavior than control mice in the context-related fear conditioning
test, which was also attenuated by amantadine (Fig. 1e). There was no significant difference
among the five groups of mice in the tone-related fear conditioning test (Fig. 1f).

Sepsis also increased the expression of IL-1f in the hippocampus. This increase was
attenuated by amantadine. However, sepsis did not significantly increase IL-6 in the
hippocampus (Fig. 2a, b).

Sepsis increased the expression of TLRs and inhibition of TLR1/TLR2-attenuated sepsis-
induced neuroinflammation and impairment of learning and memory

The expression of TLR2 and TLR9 in the plasma membrane was increased at 6 h after the
onset of sepsis. The expression of TLR2, TLR4, and TLR9 in the plasma membrane was
also increased 24 h after the onset of sepsis. Of note, the total amount of TLR4 and TLR9 at
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6 h after the onset of sepsis and the total amount of TLR2 and TLR9 at 24 h after the onset
of sepsis in the whole cell extracts were increased. Interestingly, amantadine did not appear
to affect these increases of TLRs in the plasma membrane fraction or whole cell extracts

(Fig. 3).

Since TLR2 is a major TLR in the brain, we determined the cell types that expressed TLR2
by immunofluorescent staining. TLR2 staining was co-localized with NeuN and Iba-1,
markers for neurons and microglia, respectively. However, TLR2 staining was not co-
localized with GFAP, a marker for astrocytes (Fig. 4).

To determine whether TLR2 was involved in sepsis-induced neuroinflammation and
cognitive dysfunction, we used CU-CPT22, a TLR1/TLR2 inhibitor [14], in the study.
Consistent with the results presented above, mice in all four groups needed less time with
increased training to identify the target box in the Barnes maze test (Fig. 5b). Sepsis
increased the time to identify this box on day 1 and day 8 after the training sessions
compared with control. This increase was attenuated by CU-CPT22 (Fig. 5¢c, d). The
freezing behavior in the context-related fear conditioning was reduced by sepsis and this
reduction was attenuated by CU-CPT22 (Fig. 5e). Tone-related fear conditioning behavior
was not affected by any experimental conditions tested here (Fig. 5f). The IL-1f and IL-6
concentrations in the hippocampus were increased by sepsis and this increase was attenuated
by CU-CPT22 (Fig. 2c, d).

Sepsis-induced neuroinflammation and learning and memory impairment in TLR2
knockout mice and amantadine appeared to inhibit these sepsis effects in these mice

C57BL/6J mice are suggested to be the control mice for TLR2™/~ mice by Jackson
Laboratory. Similar to the results of CD-1 mice, the time for CD57BL/6J mice to identify
the target box was decreased with increased training in the Barnes maze test (Fig. 6b).
Sepsis was not a significant factor to affect the performance of the C57BL/6J mice [F(1, 15)
=3.991, £=0.064] or TLR2™/~ mice [F(1,13) = 1.488, P= 0.244] during the training
sessions. TLR2 knockout was also not a significant factor to affect the performance of mice
[F(1, 14) = 0.611, P= 0.448] during the training sessions. Sepsis increased the time for
C57BL/6J mice to identify the target box on day 1 and day 8 after the training sessions and
for TLR2™/~ mice to identify the box on day 8 after the training sessions. This increase was
attenuated by amantadine (Fig. 6c, d). Sepsis did not appear to have an effect on context-
and tone-related fear conditioning in C57BL/6J and TLR2™/~ mice (Fig. 6e, f). Sepsis
increased IL-1p and IL-6 in the hippocampus of C57BL/6J and TLR2~~ mice, and this
increase was attenuated by amantadine (Fig. 7).

Discussion

Our study clearly showed that mice after CLP developed learning and memory dysfunction
because these mice took longer to identify the target box in the Barnes maze test and had
less freezing behavior in the context-related fear conditioning than control mice. These
findings are consistent with a previous study that used adult rats with CLP and tested their
learning and memory by open field task and object recognition test [23]. Our study started
Barnes maze test 1 week after CLP. It was more than 3 weeks after CLP when fear
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conditioning test was completed. Thus, our study has shown the delayed phase of cognitive
dysfunction caused by sepsis.

Since inflammation is considered a mechanism for SAE [1, 2, 23] and our studies have
shown a critical role of neuroinflammation in the delayed phase of postoperative cognitive
dysfunction [5, 24], we propose that neuroinflammation is an underlying process for sepsis-
induced cognitive dysfunction at a delayed phase. We focus on the role of TLRs in this
dysfunction. TLRs play a critical role in innate immune response [6, 7, 10]. They are
expressed in macrophages and dendritic cells [6, 7, 10]. In the brain, they are mainly
expressed in the microglia. A small amount of TLRs may be expressed in neurons [25-27].
TLRs bind various components of pathogens or host cells. This binding leads to activation of
NF«xB, a transcription factor that plays a key role in inducing production of inflammatory
cytokines [6, 7, 10, 11]. Since TLR2 and TLR4 are the major TLRs that can bind
components of host’s cells and tissues [6, 7, 10], we determined the expression of these two
TLRs. In addition, we selected TLR9, a receptor that can bind to pathogens including
bacteria and viruses [28], to determine whether the effects of CLP on TLR2 and TLR4 were
specific. Our results showed that sepsis increased the expression of all three TLRs in the
plasma membrane, the functional site of TLRS. This increase was very fast, occurred at 6 h
after CLP. Associated with this increase, there was also an increase of TLRs in the whole
cell extracts, suggesting that this increase contributes to the increase of these TLRs in the
plasma membrane.

Since the protein expression results did not give us an indication which TLRs might be
involved in the CLP-induced neuroinflammation and cognitive impairment because all three
measured TLRs were increased in expression after CLP, we arbitrarily decided to focus on
TLR2. This decision was made because TLR2 is a major brain TLR, regulates neurogenesis,
a process involved in cognition, and is a component of amyloid B peptide receptor complex
[11, 29, 30]. Thus, it is likely that TLR2 may be involved in cognition. However, clear
evidence for this involvement has not been reported and, thus, will be novel. In our study, in
addition to the increased expression of TLR2, CU-CPT22 attenuated CLP-induced learning
and memory dysfunction. Also, CLP induced neuroinflammation as reflected by increased
IL-1B and IL-6 and CU-CPT22 attenuated this increase. These results provide initial
evidence for the involvement of TLRs in SAE. Since CU-CPT22 is a cell permeable
antagonist for TLR1/TLR2 [14] and TLR1 mostly binds to bacterial components [31], these
results suggest a role of TLR2 in neuroinflammation and cognitive impairment caused by
sepsis. Consistent with previous studies [25-27, 32], TLR2 was mostly expressed in the
microglia and neurons of mice in our study. However, CLP still induces neuroinflammation
and impairment of learning and memory in the TLR2 knockout mice, suggesting that other
TLRs or mediators play a role in these sepsis effects. This complex situation is similar to
that postoperative cognitive dysfunction. It has been shown that TLR4 is increased in the
hippocampus of elderly rats at 1 to 3 days after splenectomy. These rats also had cognitive
dysfunction [33, 34]. A recent study has shown that tibial fracture and fixation induced
learning and memory impairment and increased TLR4 in the hippocampus of young adult
mice. TLR4-deficient mice did not have significant learning and memory impairment 24 h
after the surgery, although surgery-induced pattern of changes of the learning and memory
parameters in these mice was similar to that in wild-type mice but with a smaller degree
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[12]. These results suggest that TLR4 plays a role in the cognitive dysfunction at the early
phase after surgery. However, the expression of other TLRs after surgery is not determined
in the previous studies [12, 33, 34]. Other TLRs may play a role because TLR4 knockout did
not abolish surgery-induced neuroinflammation and dysfunction of learning and memory
[12].

One of the major goals of this study was to determine whether amantadine attenuated
neuroinflammation and dysfunction of learning and memory. Our results showed that
amantadine with the first dose given 15 min before or 6 h after CLP attenuated CLP-induced
learning and memory dysfunction, although giving the first dose at 15 min before CLP
appeared to be more effective. Amantadine also appeared to inhibit neuroinflammation after
CLP. However, amantadine did not affect TLR expression in the hippocampus, suggesting
that inhibiting TLR expression may not be a mechanism for amantadine to inhibit
neuroinflammation. In addition, amantadine may not work on TLR2 to reduce
neuroinflammation and learning and memory dysfunction because amantadine remained to
be effective to attenuate sepsis-induced neuroinflammation and dysfunction of learning and
memory after CLP in the TLR2™/~ mice. Amantadine can induce the expression of glial cell
line-derived neurotrophic factor, which can inhibit microglial activation and
neuroinflammation [5]. Our previous study has shown that this mechanism may play an
important role in the attenuation of neuroinflammation and cognitive dysfunction after
surgery [5].

We used CLP model, a widely used polymicrobial sepsis model [29]. Although this model is
simple and simulates clinical sepsis, the amount of bacterial load is difficult to control [35].
In addition, the infection can be localized in some animals after CLP because adhesive small
bowel can cover the ligated cecum [36]. These issues introduce variability among
individuals. This feature may be a reason why the increase of IL-6 in Fig. 2d but not that in
Fig. 2b in the mice with CLP reached statistical significance when compared to control
mice. This small difference in the magnitude of IL-6 increase between two sets of
experiments may not be due to the addition of DMSO, the solvent for CU-CPT22, in the
experiments whose data are presented in Fig. 2d because DMSO used as a solvent has not
been shown to increase inflammatory cytokine in the brain of rodents or affect cognition [37,
38].

Our study may have significant implications. Amantadine is already used clinically. Its
clinical translation as a therapeutic agent for SAE can be quick if its effect on SAE is
confirmed in human. Also, our study suggests a role of TLRs in sepsis-induced learning and
memory dysfunction. TLRs may be molecular targets for reducing SAE.

Our study has limitations. Our results imply the involvement of TLRs in CLP-induced
neuroinflammation and dysfunction of learning and memory but did not identify specific
TLRs for these effects. Additional TLR-type specific inhibitors and molecular and genetic
approaches to simultaneously knockdown or knockout the expression of a few TLRs may be
needed to identify those TLRs that are involved in sepsis-induced neuroinflammation and
dysfunction of learning and memory.

J Mol Med (Berl). Author manuscript; available in PMC 2019 May 01.
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In conclusion, our results suggest that TLRs mediate sepsis-induced neuroinflammation and
dysfunction of learning and memory. Amantadine effectively attenuates these sepsis effects
possibly not through inhibition of TLR2.
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Key messages

. Sepsis induces neuroinflammation and cognitive impairment, which were
attenuated by amantadine. Toll-like receptors 2 mediates these sepsis effects
but may not be the major target for amantadine to reduce these effects.
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Amantadine attenuated sepsis-induced learning and memory dysfunction in CD-1 mice.

Mice were subjected to Barnes maze and fear conditioning from 1 week after CLP. a

Scheme of experimental protocol. b Training sessions of Barnes maze. ¢ One day after the
training sessions. d Eight days after training sessions. e Context-related fear conditioning. f
Tone-related fear conditioning. Results are mean = SD (n7=15). *P < 0.05 compared with
the corresponding values on day 1. *£< 0.05 compared with control. #P < 0.05 compared

with CLP alone. Aman: amantadine;

D: day
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Fig. 2.
Sepsis increased IL-1p and IL-6 concentrations in the hippocampus of CD-1 mice.

Hippocampus was harvested 24 h after CLP. a IL-1p levels in mice subjected to CLP and
treated with amantadine. b IL-6 levels in mice subjected to CLP and treated with
amantadine. ¢ IL-1p levels in mice subjected to CLP and treated with CU-CPT22. d IL-6
levels in mice subjected to CLP and treated with CU-CPY22. Results are mean + SD (n=5-
6). *P < 0.05 compared with control. £ < 0.05 compared with CLP alone. CU: CU-CPT22
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Segpsis increased the expression of TLRs in the hippocampus of CD-1 mice. Hippocampus
was harvested 6 or 24 h after CLP. a TLR expression in the plasma membrane harvested 6 h
after CLP. b TLR expression in the plasma membrane harvested 24 h after CLP. ¢ TLR
expression in the whole cell extract harvested 6 h after CLP. d TLR expression in the whole
cell extract harvested 24 h after CLP. In each panel, representative images are presented in
the top and quantification data are presented in the bottom. Results are mean = SD (/7= 5-6).
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i

Fig. 4.
Co-expression of TLR2 with NeuN and Iba-1 in the brain sections of CD-1 mice
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Fig. 5.

CEJ—CPTZZ attenuated sepsis-induced learning and memory dysfunction in CD-1 mice. Mice
were subjected to Barnes maze and fear conditioning from 1 week after CLP. a Scheme of
experimental protocol. b Training sessions of Barnes maze. ¢ One day after the training
sessions. d Eight days after training sessions. e Context-related fear conditioning. f Tone-
related fear conditioning. Results are mean + SD (n7=15). *P < 0.05 compared with the
corresponding values on day 1. *P< 0.05 compared with control. #£ < 0.05 compared with
CLP alone. Aman:; amantadine; CU: CU-CPT22; D: day
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Effects of TLR2 knockout on sepsis-induced learning and memory dysfunction in mice.
C57BL/6J mice (wild-type mice) and TLR2™~ mice were subjected to Barnes maze and fear
conditioning from 1 week after CLP. a Scheme of experimental protocol. b Training sessions
of Barnes maze. ¢ One day after the training sessions. d Eight days after training sessions. e
Context-related fear conditioning. f Tone-related fear conditioning. Results are mean = SD
(n=7-9). *P<0.05 compared with the corresponding values on day 1. £ < 0.05 compared
with control. Aman: amantadine; D: day
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Fig. 7.
Effects of TLR2 knockout on sepsis-induced increase of IL-1p and IL-6 concentrations in

mice. Hippocampus of C57BL/6J mice (wild-type mice) and TLR2~/~ mice was harvested
24 h after CLP. a IL-1 levels in mice subjected to CLP and treated with amantadine. b 1L-6
levels in mice subjected to CLP and treated with amantadine. Results are mean = SD (7= 6-
10). *P< 0.05 compared with control
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