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Abstract.

Background: In patients with Alzheimer’s disease (AD), bacterial infections are often associated with a cognitive decline.
Animal models of genuine acute infections with viable bacteria which induce deterioration of neurodegenerative diseases
are missing.

Objective: We assessed the effect of an intracerebral infection with E. coli in a mouse model of AD.

Methods: 13-month-old Tg2576 +/— mice and transgene negative littermates (Tg2576 —/—) received an intracerebral
injection with E. coli K1 or saline followed by treatment with ceftriaxone starting 41 h post infection (p.i.) for 5 days. For
4 weeks, mice were monitored for clinical status, weight, motor functions, and neuropsychological status using the Morris
water maze. ELISAs, stainings, and immunohistochemistry in brains were performed at the end of the experiment.
Results: Mortality of the infection was approximately 20%. After 4 weeks, spatial learning of infected Tg2576 +/— mice
was compromised compared to non-infected Tg2576 +/— mice (p <0.05). E. coli infection did not influence spatial learning
in Tg2576 —/— mice, or spatial memory in both Tg2576 +/— and —/— mice within 4 weeks p.i.. Necrosis of hippocampal
neurons was induced in infected compared to non-infected Tg2576 +/— mice 4 weeks p.i., whereas brain concentrations of
AB1—40, AP1—42, and phosphoTau as well as axonal damage and microglia density were not altered.

Conclusion: Here, we proved in principle that a genuine acute bacterial infection can worsen cognitive functions of AD mice.
Mouse models of subacute systemic infections are needed to develop new strategies for the treatment of bacterial infections
in patients with AD in order to minimize their cognitive decline.
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INTRODUCTION

Alzheimer’s disease (AD), the most common form
of dementia, currently affects more than 30 mil-
lion people worldwide and is one of the principal
causes of disability in the elderly [1]. Concomitant
with the increased life expectancy, the number of AD
patients will further increase. The cause of AD is
still not known, and a curative treatment is not avail-
able. Therefore, prevention and optimized handling
of all conditions which can worsen neurological and
neuropsychological symptoms of AD patients obtain
highest relevance in the clinical routine.

The deterioration of neurological and neuro-
psychological symptoms of patients suffering from
neurodegenerative diseases during acute systemic
infections is a common clinical problem [2, 3].
Resolution of neurological symptoms which devel-
oped during infection is often incomplete [4]. By
now, there is strong evidence for an infection-related
progression of neurodegeneration from studies in
humans [for review: 2, 5, 6]. Common bacterial infec-
tions like sepsis, pneumonia, urinary tract infections,
and cellulitis are associated with an increased risk
and/or an accelerated development of dementia in
elderly persons [7-10]. In AD patients, systemic
infections were associated with an increased cog-
nitive decline over a period of 2 and 6 month [11,
12]. Furthermore, in aged persons and patients with
dementia, infections often cause delirium [13, 14]
which can accelerate the loss of mnestic functions
[15-17]. Systemic inflammatory responses, €.g., as
consequence of respiratory or urinary tract infections,
frequently occur in elderly people living in a nurs-
ing home [18] and their incidence is higher in AD
patients than in age-matched controls [19]. Therefore,
prevention and optimized treatment of acute bacte-
rial infections are of high importance for minimizing
infection-induced cognitive decline in AD patients.

Experimental models of acute systemic inflam-
mation in animals with existing neurodegenerative
pathology, e.g., in mouse models of prion disease or
AD, have revealed important mechanisms of inflam-
mation-driven neurodegeneration and cognitive
decline [20]. In most experimental studies in this
field, lipopolysaccharide (LPS), a cell wall compo-
nent of gram-negative bacteria with strong immuno-
stimulatory properties, was used to induce inflamma-
tion [21, 22]. Although LPS-induced inflammation
is a reliable and reproducible stimulus, it does not
accurately imitate an infection with viable bacteria
[23, 24], and caution is necessary, when translating

results obtained with this artificial stimulus to real
infections in humans [21, 25]. For the development
of optimized treatment strategies, there is still need of
an animal model in which a genuine acute bacterial
infection with a common pathogen worsens clinical
symptoms of a neurodegenerative disease [26].

The gram-negative bacterium Escherichia coli
(E. coli) frequently causes urinary tract infections
and is also a prevalent cause of bacterial menin-
gitis in elderly and immunocompromised persons
[27, 28]. Here, we analyzed the impact of an intrac-
erebral infection with E. coli K1—posing a strong
inflammatory stimulus in the central nervous system
(CNS)—on the course of disease in the Tg2576 +/—
mouse model of AD.

MATERIAL AND METHODS
Animals

All animal experiments were approved by the Ani-
mal Care Committee of the University Medical Cen-
ter Gottingen (UMG) and by the Niedersachsisches
Landesamt fur Verbraucherschutz und Lebensmittel-
sicherheit (LAVES), Braunschweig, Lower Saxony,
Germany.

Transgenic Tg2576 mice heterozygous for the
TgN(APP-Sw)2576 transgene express the human
amyloid precursor protein (APP695) carrying the
double-mutation Lys670-Asn and Met671-Leu found
in a Swedish family with early onset of AD under the
hamster prion protein promoter. These mice develop
amyloid deposits in the brain at an age of 6 months
and spatial memory deficits at an age of 9 months
[29-31]. Despite some features of human AD are
missing, e.g., severe neuronal loss and neurofibril-
lary tangles, the Tg2576 model is one of the most
well characterized and most widely used mouse mod-
els of AD [32]. Mice were genotyped to identify
transgene positive mice (Tg2576 +/—) and transgene
negative control littermates (Tg2576 —/—). Infection
was performed when mice were older than 12 months
(Tg2576 +/— mice 13.0+ 1.8 months; Tg2576 —/—
mice 13.1+ 1.4 months).

Infection

An E. coli K1 strain (serotype O18:K1:H7) orig-
inally isolated from an adult with meningitis (gift
of Dr. G. Zysk, University of Diisseldorf, Germany)
was used for inoculations [33]. E. coli K1 belongs
to the group of MNEC (Meningitis/sepsis-associated
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E. coli), its key characteristic is its capsule prevent-
ing phagocytosis [34]. The inoculum was grown on
blood agar plates, stored at —70°C, and diluted in
0.9% NaCl before infection. Bacterial concentra-
tions in the inoculum were determined by plating
of serial 1:10-dilutions on blood-agar-plates. Mice
were anaesthetized by intraperitoneal injection of
ketamine (100 mg/kg body weight) and xylazine
(10 mg/kg body weight). Intracerebral infection was
induced by injection of 10 w1 NaCl 0.9% containing
4.25 (3.5/5.75) x 10° CFU E. coli K1 (4 indepen-
dent experiments) into the superficial right frontal
cortex and subarachnoid space through the right
frontolateral skull [33]. Non-infected control mice
received 10 nl NaCl 0.9% intracerebrally. Starting
41h after infection, all mice received antibiotic
treatment with ceftriaxone 100 mg/kg body weight
(Rocephin; Hoffmann-LaRoche, Grenzach-Wyhlen,
Germany) administered subcutaneously twice daily
for five consecutive days. Mice were clinically mon-
itored every 12 h and weighed daily during the acute
phase of the infection. Mice which were unable to
walk or lost more than 15% of their body weight were
sacrificed.

Rotarod test

Motor performance was assessed regularly using
a rotarod device (Neuroscience Inc., Tokyo, Japan).
Mice were placed on a cylinder at a slow rotational
speed that was gradually increased from 4 to 40 rpm
within a period of 300s. Time mice remained on
the rotarod was recorded up to 300 s (minimum Os,
maximum 300 s) [35].

Morris water maze

To assess spatial memory and learning deficits,
the water maze task [36] was performed in a
white-painted pool (diameter 104 cm, height 35 cm)
containing water maintained at a temperature of
22°C. A transparent platform of 10cm in diameter
was located 1 cm beneath the water surface. A video
camera fixed at the ceiling above the pool and linked
to a computer (TSE Systems, Bad Homburg, Ger-
many) recorded the swim tracks and the latency to
find the platform. Because of the high intra-individual
variation of each mouse with respect to its perfor-
mance in the water maze, the median of 3 consecutive
runs was used for further analyses.

3 days before the infection (day -3, -2, -1), all mice
were trained to find the hidden under-water platform
in less than 90 s (3 x 6 runs over 3 days). Mice which

did not find the platform within 90 s were placed onto
itfor 30 s. Directly before infection (day 0) and begin-
ning at 7 days after the infection, 3 water maze runs
with the hidden platform located at the pre-infection
site were repeated once a week for 4 weeks (days 7,
14, 21, 27) to assess spatial memory. To investigate
deficits in spatial learning, 4 weeks after infection,
the platform was moved into the center of the adja-
cent quadrant, and 3 x 6 runs spread over 3 days were
performed (day 29, 30, 31).

Tissue preparation, processing, and
quantification of bacterial concentrations

Mice were sacrificed by cervical dislocation.
Brains were removed and sagittally divided into
two parts. For staining and immunohistochemical
analyses, the right hemisphere was fixated in 4%
formaldehyde and embedded in paraffin. 1-2 wm sec-
tions were produced. The left hemisphere was divided
into three parts (anterior and posterior cerebrum, and
cerebellum) which were immediately frozen in liquid
nitrogen and stored frozen at —80°C.

Of mice that died from the infection, the left half
of the cerebellum and one half of the spleen were
homogenized in NaCl 0.9%. Bacterial concentrations
in the homogenates were determined by plating of
serial 1:10-dilutions on blood-agar-plates.

Quantification of AB and phosphorylated Tau
protein (phosphoTau)

AP enzyme-linked immunosorbent assay (ELISA)
and phosphoTau ELISA

Protein extraction from the posterior half of the
left cerebral hemisphere was performed according
to the manufacturer’s instructions. Protein concen-
trations were determined using the Pierce’” BCA
Protein Assay (Thermo Fisher Scientific). ELISAs
for AB1—40 and AB1—42 (hAmyloid 40/ B42; The
Genetics Company) and phosphoTau (Tau [pS199]
mouse ELISA Kit; Thermo Fisher Scientific) were
performed according to the manufacturer’s instruc-
tions.

Thioflavine S staining

After deparaffinization and washing in distilled
water, sections were treated with 0.25% KMnQOy4
for 20 min and bleached in a solution consisting of
1% K»>S>0s5 and 1% oxalic acid for 2 min. After
that, sections were treated with a solution contain-
ing 1 g NaOH and 3 ml of 30% H,0O; in 100 ml H,O
for 20 min and dipped for 5s in 0.25% acetic acid.
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Fig. 1. Acute signs of infection in Tg2576 +/— and Tg2576 —/— mice after intracerebral injection of E. coli. A) Mortality after intracerebral
E. coli injection was 18.2% in Tg2576 +/— mice and 25.0% in Tg2576 —/— mice (Kaplan-Meier curve; log-rank test: p=0.64). B)
Representative HE-stainings of the right cerebral hemisphere of a deceased Tg2576 +/— mouse (left image) and a deceased Tg2576 —/—
mouse (right image) showing meningeal inflammation. C) Concentrations of E. coli in cerebellum and spleen of deceased Tg2576 +/— and
Tg2576 —/— mice [medians and single values; Mann-Whitney U-test: p=0.11 (cerebellum) and p =0.22 (spleen)].

Between all steps, sections were washed with H,O.
Then sections were stained with 1% thioflavine S in
50% ethanol for 5 min. Finally, sections were rinsed
twice with 50% ethanol and twice with distilled H,O
and mounted in fluoromount. The area of thioflavin
S-stained plaques was quantified using an automated
computer-assisted analysis (Definiens Developer XD
1.0.0, Definiens AG, Munich, Germany).

Quantification of necrotic neurons, axonal
damage, and microglial cells

Hematoxylin-eosin (HE) staining of brain sections
was performed in mice dying from the infection in
order to document meningitis as the cause of death as
well as in mice sacrificed at the end of the experiment
in order to quantify necrotic neurons in hippocampus
(CA 1-4), dentate gyrus and neocortex using a semi-
quantitative score: 0 =no necrotic cells, 1=single
necrotic cells, 2 =groups of necrotic cells, 3 =large
parts of hippocampus or dentate gyrus necrotic [37].

Axonal damage was detected by amyloid-f3 pro-
tein precursor (ABPP) immunohistochemistry and
quantified by two blinded investigators using a semi-
quantitative score: 0 = no damage or just single axons,
1 = minimal damage (1-2 lesions), 2 = moderate dam-
age (3-4 lesions), 3=severe damage (>4 lesions)
[38].

Ionized calcium-binding adaptor molecule 1 (Iba-
1) was used to identify microglial cells. In each
animal, Iba-1-positive cells were quantified in the
subiculum of the hippocampal formation and in three
different neocortical regions and (x 20 objective)
[39].

Statistics

GraphPad Prism 5.0 Software (GraphPad Soft-
ware, San Diego, California, USA) was used to per-
form statistical analyses and graphical presentation.

Parametric data are expressed as means = standard
deviations (SD), nonparametric data are expressed as
medians (25th percentile/75th percentile). Student’s
t-test was performed to compare two groups of para-
metric data, Mann-Whitney U-test to compare two
groups of nonparametric data. For comparison of
the rotarod test performance-versus-time curves and
the water maze test performance-versus-time curves
areas under the curves (AUCs) were compared using
Mann-Whitney U-test. The Bonferroni method was
applied in case of multiple comparisons to correct for
repeated testing. Log-rank test was performed for the
comparison of survival curves. Repeated measures
ANOVA followed by followed by Tukey’s multi-
ple comparisons test was performed for analysis of
weight loss. p values <0.05 were considered statisti-
cally significant.

RESULTS

Intracerebral injection of E. coli K1 induced
acute signs of a strong infectious disease in
Tg2576 +/+ and Tg2576 —/— mice

22 Tg2576 +/— mice and 20 Tg2576 —/— mice
received an intracerebral injection of E. coli KI.
Despite antibiotic treatment after 41 h, the overall
mortality of the infection was 21.4%. Mortality did
not differ between transgenic and non-transgenic
mice: 18.2% of Tg2576 +/— mice (4 of 22) and 25%
of Tg2576 —/— mice (5 of 20) died due to the infec-
tion after 2 to 5 days (log-rank test: p =0.64; Fig. 1A).

HE-stainings of the right cerebral hemispheres of
deceased Tg2576 +/— and Tg2576 —/— mice showed
inflammation and/or disruption of the meninges
(Fig. 1B).

In all deceased mice, bacterial concentrations in
cerebellum and spleen were determined by quanti-
tative plating. In mice which died before beginning
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of the antibiotic therapy, E. coli concentrations were
>10® CFU/ml in cerebellum and >10* CFU/ml in
spleen, demonstrating the growth of bacteria in the
CNS and their systemic spreading. In both cerebellum
and spleen, bacterial concentrations decreased after
initiation of antibiotic treatment. As more Tg2576
+/— mice than Tg2576 —/— mice died before the first
antibiotic administration, slightly higher bacterial
titers were observed in deceased Tg2576 +/— mice
compared to Tg2576 —/— mice. However, bacterial
concentrations did not differ significantly between
deceased Tg2576 +/— and Tg2576 —/— mice in
cerebellum (2.25 x 10° (9.75 x 103/3 x 10%) ver-
sus 4 x 10° (2.5 x 10%/1.5 x 10°) CFU/ml; p=0.11)
and spleen (6.5 x 10* (2.6 x 10%/3 x 10°) versus
1.7 x 10° (<1 x103/7.5 x 10*) CFU/ml; p=0.22;
Fig. 1C).

Mice surviving the infection showed a signifi-
cant weight loss during the acute disease phase as a
clinical sign of infection (Tg2576 +/—: p <0.05 com-
pared to weight before infection (day 0) on days
2 to 5 pi. / Tg2576 —/—: p<0.05 compared to
weight before infection on days 2 to 5 p.i.). Mini-
mum weight in both groups was reached on day 3 p.i.
(Tg2576 +/—: 26.9 3.1 g before infection (day 0)
versus 24.8 3.7 g on day 3 p.i.; p<0.001 / Tg2576
—/—: 30.9 4.8 g before infection (day 0) versus
28.8£5.8 g on day 3 p..; p<0.001). This weight
loss was transient, weight at the end of the experi-
ment did not differ significantly from weight before
infection (Tg2576+/—: 25.9+£3.6 g on day 31 p.i;
p>0.05/Tg2576 —/—: 29.6 £5.2 g on day 31 p.i.;
p>0.05).

Non-infected mice that were intracerebrally
injected with NaCl 0.9% showed neither significant
weight loss during the period of antibiotic treat-
ment nor at the end of the experiment (Tg2576 +/—:
26.5+35g on day 0; 262+3.5g on day 3,
259+3.8¢g on day 31, p>0.05, respectively /
Tg2576 —/—:32.9+4.5gonday 0; 32.1 =4.4gon
day 3;31.9 £ 4.0 gon day 31; p>0.05, respectively).
A slight reduction of weight from the start until the
end of the experiment was seen in all groups, most
probably due to the increased physical activity during
the monitoring tests.

Intracerebral infection with E. coli did not lead
to persistent deficits of motor functions of
Tg2576 +/— and Tg2576 —/— mice

Motor functions of all mice were assessed regu-
larly throughout the experiment (day -1, 2, 9, 16, 23,
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Fig. 2. Motor function of Tg2576 +/— and Tg2576 —/— mice
after surviving an intracerebral E. coli infection. A) Performance
of surviving infected Tg2576 +/— mice (rn = 18) in the rotarod test
did not differ from that of uninfected Tg2576 +/— mice (n=14)
up to 4 weeks after intracerebral E. coli infection (comparison of
AUCs, Mann-Whitney U-test, p=0.61). B) Performance of sur-
viving infected Tg2576 —/— mice (n=15) in the rotarod test did
not differ from that of uninfected Tg2576 —/— mice (n=17) up to
4 weeks after intracerebral E. coli infection (comparison of AUCs,
Mann-Whitney U-test, p =0.19). Medians (25./75. percentiles) of
times that mice remained on the rotarod are presented (minimum
0, maximum 300 s).

and 28) using the rotarod test. Intracerebral infection
with E. coli did not affect performance of Tg2576 +/—
mice (Fig. 2A) and Tg2676 —/— mice (Fig. 2B) in the
rotarod test (AUC (seconds x days) infected versus
non-infected Tg2576 +/— mice: 7574 (6169/7865)
versus 7795 (6174/8684), p=0.61; AUC (seconds
x days) infected versus non-infected Tg2576 —/—
mice: 5654 (4025/7745) versus 7340 (5546/8178),
p=0.19). As water maze results are dependent on
the ability of mice to swim, a stable motor function
after infection was essential for the reliable analysis
of spatial memory and spatial learning based on the
performance of mice in the Morris water maze.

Intracerebral infection with E. coli impaired
spatial learning in Tg2576 +/— mice, but did not
influence spatial memory

36 Tg2576 +/— mice and 37 Tg2576 —/— mice
learned the location of a hidden platform in three
water maze sessions three, two and one day before
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Fig. 3. Spatial memory and spatial learning of Tg2576 +/— and Tg2576 —/— mice after intracerebral E. coli infection. A-C) Water maze
performances of surviving infected Tg2576 +/— mice (n = 18) and uninfected Tg2576 +/— mice (n = 14) assessed by the latencies to find the
hidden platform. A) The ability to learn the location of the platform did not differ between Tg2576 +/— mice allocated to the infection-group
and the non-infection-group. B) The ability to remember the location of the hidden platform, assessed once a week during four weeks after
infection, did not differ significantly between infected and non-infected Tg2576 +/— mice. C) Four weeks after infection, the ability of
infected Tg2576 +/— mice to learn the new location of the platform was impaired compared to non-infected Tg2576 +/—. D-F) Water maze
performances of surviving infected Tg2576 —/— mice (n=15) and uninfected Tg2576 —/— mice (n=17) assessed by the latencies to find
the hidden platform. There were no differences between Tg2576 —/— mice of the infection group and Tg2576 —/— mice of the non-infection
group concerning their ability to learn the location of the platform before infection (D), to remember the location of the platform during
four weeks after infection (E), and to learn the new location of the platform four weeks after infection (F). Medians (25./75. percentiles) of

median times mice needed to find the platform in 3 to 6 water maze runs are presented (maximum 90s).

infection (day -3, -2, and -1). There was no difference
between Tg2576 +/— and Tg2576 —/— mice concern-
ing their ability to learn the location of the platform
prior to infection (AUC (seconds x days): 142.6
(87.0/172.3) versus 137.1 (79.1/165.1), p=0.29).

After this training episode, mice were randomly
allocated to the infection and non-infection groups
considering a similar sex distribution, and intrac-
erebral injections were performed. Mice that died
from the infection were excluded from the follow-
ing analysis shown in Fig. 3. Surviving Tg2576 +/—
(n=32) and Tg2576 —/— mice (n=32) significantly
improved their performance in the Morris water
maze [latency (s)] prior to infection (Tg2576+/—:
91 (64/91) on day -3 versus 69 (23/91) on day -1,
p=0.0066; Tg2576 —/—: 88 (58/91) on day -3 versus
36 (15/79) on day -1, p=0.0006).

Surviving Tg2675 +/— mice allocated to the infec-
tion group (n=18) did not differ from Tg2675
+/— mice allocated to the NaCl 0.9%-treated group
(n=14) concerning their ability to learn the loca-
tion of the hidden platform before infection (AUC
(seconds x days): 115.3 (77.7/158.4) versus 132.3
(80.57/174.7), p=0.56; Fig. 3A). Also, surviving
Tg2675 —/— mice allocated to the infection group
(n=15) did not differ from Tg2675 —/— mice

allocated to the NaCl 0.9%-treated group (n=17)
concerning spatial learning before infection (AUC
(seconds x days): 138.2 (79.2/170.7) versus 106.6
(58.2/145.5), p=0.37; Fig. 3D). Sex ratio was almost
equal in all groups (Tg2576 +/— E. coli: 6 male,
12 female (33.3% male); Tg2576 +/— NaCl 0.9%:
5 male, 9 female (35.7% male); Tg2576 —/— E. coli:
5 male, 10 female (33.3% male); Tg2576 —/— NaCl
0.9%: 6 male, 11 female (35.3% male)).

To assess spatial memory after intracerebral infec-
tion, water maze was performed once per week in
the 4 weeks after infection; the location of the plat-
form was not changed during this period. Spatial
memory was not affected by intracerebral infection
with E. coli in both Tg2576 +/— mice and Tg2576
—/— mice: latency to find the platform did not dif-
fer between infected and non-infected Tg2576 +/—
mice (AUC (seconds x days): 1627 (1118/2028) ver-
sus 1555 (611.3/2141), p =0.78; Fig. 3B) and infected
and non-infected Tg2576 —/— mice (AUC (seconds x
days): 1487 (539.8/2286) versus 845.6 (449.5/2029),
p=0.21; Fig. 3E).

Four weeks after infection, the platform was moved
to the center of the adjacent quadrant, and the abil-
ity to learn the new location of the platform was
assessed in the following three days—similar to



S. Schiitze et al. / Acute E. coli Infection in Transgenic AD Mice 107

the training sessions before infection. Here, infected
Tg2576 +/— mice showed deficits in spatial learn-
ing and were not able to learn the new location of
the platform, whereas non-infected Tg2576 +/— mice
showed no deficits: latencies to find the platform were
significantly higher in infected Tg2576 +/— than in
non-infected Tg2576 +/— mice (AUC (seconds x
days): 168.6 (109/182) versus 112.8 (88.91/142.2),
p=0.049; Fig. 3C). In Tg2576 —/— mice, spatial
learning did not differ between the post-infection and
the NaCl 0.9%-treated group four weeks after infec-
tion (AUC (seconds x days): 163 (62.31/182) versus
139.1 (61.04/182), p=0.91; Fig. 3F).

AB load and phosphoTau levels in brains of
Tg2576 +/— mice were not altered 4 weeks after
intracerebral infection with E. coli

At the end of the experiment, 31 days after infec-
tion, all mice were sacrificed. In Tg2576 +/— mice,
concentrations of soluble and insoluble AB1—40 and
AB1—4p were determined by ELISA. Concentra-
tions of the different AB subforms did not differ
between brains of infected and non-infected Tg2576
+/— mice (Table 1). Amyloid plaques in brains of
Tg2576 +/— mice were stained with thioflavine, and

Table 1
Concentrations of ABj-40 and ABj-42 in brains of Tg2576 +/—
mice after intracerebral infection with E. coli

Soluble AB
E. coli NaCl 0.9% P
AB1-40 (pg/mg brain) 8.35+2.64 7.23+3.10 0.38
AB1—12 (pg/mg brain) 5.22+1.08 533+£2.15 0.88
AB1—42/AB1—40 0.66 £0.17 0.94+0.72 0.23
Insoluble AR
E. coli NaCl 0.9% p
ABi—40 (pg/mg brain) 1.78 £0.28 1.72+0.12 0.51
AB1—42 (pg/mg brain) 6.67+1.91 6.29 £0.40 0.49
AB1—42/AB1—40 1.34£0.49 1.54£1.1 0.58
A B 2000
E 1500
-
g 1000
]
E 500

E. coli

the cumulative plaque area was assessed software-
assisted (Fig. 4A). Cumulative plaque area did not
differ significantly between infected and non-infected
Tg2576 +/— mice (794 (324.5/1612) wm? versus 900
(292.5/1756) wm?, p=0.92; Fig. 4B).

PhosphoTau concentrations in brains of infected
Tg2576 +/— mice (92.1£11.6ng/ml) and non-
infected Tg2576 + /- (82.2 +20.9 ng/ml) were also
not different (p =0.1; Fig. 4C).

Density of necrotic neurons was increased in the
hippocampus of Tg2576 +/— mice 4 weeks after
intracerebral infection with E. coli

At the end of the experiment, 31 days p.i., necrotic
neurons in HE-stainings were assessed by a semi-
quantitative score (Fig. 5A, B). In the majority of
non-infected Tg2576 +/— mice, only few single
necrotic neurons in dentate gyrus and hippocampus
were detected. In the hippocampal areas CA1-4, the
density of necrotic neurons was significantly higher
in infected than in non-infected Tg2576 +/— mice (1
(1/2) versus 0 (0/1), p=0.038; Fig. 5C), whereas the
density of necrotic neurons did not differ in the den-
tate gyrus (1 (0/2) versus 1 (0/1), p=0.76; Fig. 5D). In
neocortex, no necrotic neurons were detected in non-
infected and only few single necrotic neurons were
detected in 2 of 18 infected Tg2576 +/— mice. Den-
sity of necrotic neurons in neocortex did not differ
between infected and non-infected Tg2576 +/— mice
(0 (0/0) versus 0 (0/0), p=0.64).

Axonal damage and density of microglial cells
were not altered in Tg2576 +/— mice 4 weeks
after intracerebral infection with E. coli

Axonal damage was detected by ABPP immuno-
histochemistry (Fig. 6A) and quantified by a semi-
quantitative score. The extent of axonal damage did
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Fig. 4. AP load and phosphoTau concentrations in brains of Tg2576 +/— mice after intracerebral infection with E. coli. A) Example of a
plaque stained with thioflavine (immunofluorescence, left image), and example of thioflavin stained cortical areas automatically detected
using the Definiens software (immunofluorescence, right image). B) Comparison of the plaque area (median, 25th/75th percentile) in brains of
infected and non-infected Tg2576 +/— mice (p =0.92, Mann-Whitney U-test). C) Comparison of phosphoTau concentrations (means &= SD)
in brains of infected and non-infected Tg2576 +/— mice as measured by ELISA (p =0.1, Student’s t-test).



108 S. Schiitze et al. / Acute E. coli Infection in Transgenic AD Mice

*
C —_ D
34 L] o 3
w @
£y s
5o .. 21 eseee o 5% 24 YY) 00
§ £70 2op
<] w5
g8 8% S
284 zE0
0 8= 1{ —eeewmee oooo 25T 11
= °
g g
04 see —soeaeo0— 0+ sscemes 000000
E. coli NaCl 0.9% E. coli NaCl 0.9%

Fig. 5. Necrotic neurons in brains of Tg2576 +/— mice after intracerebral infection with E. coli. A, B) Representative HE stainings with high
numbers of necrotic neurons in the hippocampus regions CA1-4 (score 3; A), and low numbers of necrotic neurons in the hippocampus regions
CA1-4 (score 0; B) [34]. C) Necrotic neurons in the hippocampus regions CA1-4 (median and single values) of infected and non-infected
Tg2576 +/— mice (p=0.038, Mann-Whitney U-test). D) Necrotic neurons in the dentate gyrus (median and single values) of infected and
non-infected Tg2576 +/— mice (p =0.76, Mann-Whitney U-test).
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Fig. 6. Axonal damage and microglia density in brains of Tg2576 +/— mice after intracerebral infection with E. coli. A) Representative
amyloid-3 protein precursor (ABPP) immunohistochemistry showing small lesions of axonal damage (pink) [35]. B) Representative Iba-1
staining showing microglial cells in the hippocampus (brown). C) Representative Iba-1 staining showing microglial cells in the neocortex
(brown). D) Axonal damage quantified by a semiquantitative score (0=no axonal damage, 3 =severe axonal damage) in brains of infected
and non-infected Tg2576 +/— (medians and single values; p =0.074, Mann-Whitney U-test). E) Numbers of microglial cells (means and
single values) in the hippocampus of infected and non-infected Tg2576 +/— mice (p =0.84, Student’s ¢-test). F) Numbers of microglial cells
(means and single values of means of 3 areas) in the neocortex of infected and non-infected Tg2576 +/— mice (p =0.37, Student’s #-test).

not differ between brains of infected and non-infected cells did not differ between infected and non-infected
Tg2576 +/— mice 31 days p.i. (1 (0.5/1.5) versus 0.5 Tg2576 +/— mice in the hippocampus (14.3 £3.8
(0.5/1.125); p=0.074; Fig. 6D). versus 14.6 £4.1; p=0.84; Fig. 6E) and in the neo-

Microglial cells were identified by Iba-1 staining cortex (11.04+2.9 versus 11.8+2.0 (means of 3
(Fig. 6B, C). Density of Iba-1 positive microglial areas); p=0.37; Fig. 6F).
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DISCUSSION

Chronic infections with microbes, e.g., spirochetal
bacteria, Chlamydophila pneumoniae or Helicobac-
ter pylori, have been linked to the pathogenesis of
AD and are associated with cognitive decline (for
reviews, see [5, 40—43]). Both clinical and experi-
mental studies provide evidence for a progression of
neurodegeneration related to an acute infection (for
reviews, see [2, 5, 6]). Current knowledge about this
phenomenon is mainly based on transgenic mouse
models of neurodegenerative diseases in which LPS
injections are used to mimic bacterial infections [21,
44]. For the development of optimized treatment
strategies, there is still need of an animal model in
which a real acute bacterial infection worsens clinical
symptoms of a neurodegenerative disease.

However, it is difficult to induce a genuine sys-
temic infection in mice with live bacteria which
is potent enough and long-lasting enough to cause
measurable changes in the neuropsychological tests
and on the other hand does not kill the animals. In
our previous study, repeated systemic infections with
Streptococcus pneumoniae (S. pneumoniae) that were
antibiotically treated already 12h after infection to
prevent death of the mice did not affect spatial mem-
ory and learning of Tg2576 +/— mice in the Morris
water maze [35]. In the current study, we used the
gram-negative bacterium E. coli which frequently
induces urinary tract infections and sepsis and less
often meningitis especially in elderly and immuno-
compromised persons. To achieve a strong and
uniform infectious stimulus in the CNS, we chose an
intracerebral way of infection with E. coli by directly
injecting the bacteria into the right forebrain. The
infection was left more than 40 h without antibiotic
treatment, resulting in multiplication of bacteria in
the CNS, systemic spreading of bacteria and an over-
all mortality of 20%. Without antibiotic treatment this
infection would have been fatal in almost all animals.
After performance of the same infection protocol,
high levels of the proinflammatory cytokines IL-6
and KC (CXCL1) were observed in cerebellum and
spleen of C57BL/6-N mice 24 h p.i. [33], and cerebel-
lum levels of IL-13, IL-6, KC, and MIP-2 (CXCL2)
strongly correlated with bacterial titers in cerebel-
lum [39]. Antibiotic treatment was performed with
the bacteriolytic antibiotic ceftriaxone resulting in a
rapid release of high amounts of bacterial products
acting as strong stimuli of the innate immune system
in the CNS and the systemic circulation [45]. Using
this protocol, we demonstrate for the first time in an

animal model, that a real acute infection exacerbates
clinical symptoms in a neurodegenerative disease.

Infection was performed when mice were slightly
older than 12 months. At this age, amyloid deposits
are present in Tg2576 +/— mice and deficits of spa-
tial memory have been detected [29]. With our water
maze protocol, we were not able to detect differences
between Tg2576 +/— and Tg2576 —/— mice concern-
ing spatial learning at the beginning of the experiment
before infection. This implies that we performed the
intracerebral E. coli infection at a preclinical or mild
state of AD.

We previously demonstrated that mortality after
intracerebral E. coli infection was increased in aged
mice (24 months) compared to young mice [33]
reflecting the clinical situation in geriatric patients
[28]. Clinical observations suggest that mortality of
intracerebral infections also is higher in subjects with
neurodegenerative diseases. However, in the present
study, mortality after intracerebral infection with
E. coli including antibiotic treatment with ceftriax-
one at a preclinical or mild state of AD did not differ
between Tg2576 +/— mice (18.2%) and Tg2576 —/—
mice (25%;Fig. 1). An intracerebral infection at more
advanced disease stages might have led to differences
in mortality. Motor functions did not differ between
transgenic and non-transgenic mice or infected and
non-infected mice throughout the whole experiment
which is a precondition for the reliable analysis of the
water maze results.

During four weeks after intracerebral infection
with E. coli, spatial memory was assessed once
a week in the water maze. Two and three weeks
after infection, infected Tg2576 +/— mice tended
to need more time to find the hidden platform than
non-infected Tg2576 +/— mice (difference not sig-
nificant). Conversely, water maze performance four
weeks after infection was nearly equal in both groups.
Furthermore, comparison of the AUCs of the water
maze performances over four weeks after infection
showed no significant difference between infected
and non-infected Tg2576 +/— mice suggesting that
spatial memory of Tg2576 +/— mice was not affected
by intracerebral infection with E. coli. Four weeks
after infection, spatial learning was assessed by mov-
ing the platform in the water maze to the center of the
adjacent quadrant. Mice were trained to learn the new
position of the platform at day 29, 30, and 31 after
infection. Here, infected Tg2576 +/— mice were not
able to remember the new position of the platform in
3 x 6 runs, whereas non-infected Tg2576 +/— mice
showed no deficits in the water maze task during these
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three days. Before infection at day -3, -2, and -1,
Tg2576 +/— mice allocated to the infection group
had learned to find the platform at a similar speed
as mice allocated to the non-infection group. These
results clearly show that intracerebral infection with
E. coli caused spatial learning deficits in Tg2576 +/—
mice four weeks p.i..

Several studies have already demonstrated a
detrimental effect of systemic administration of the
bacterial cell wall component LPS on cognition in
animal models of neurodegenerative disease includ-
ing mouse models of AD. Systemic inflammatory
challenge with LPS in mice with prion disease
led to enhanced brain inflammation, increased
neurodegeneration, exacerbated cognitive and motor
symptoms, and accelerated disease progression [44,
46, 47]. Marottoli et al. showed in E4FAD mice,
which express human apolipoprotein E4 (APOE4)
and 5 familial AD mutations (5XxFAD), that nine
intraperitoneal injections of LPS 0.5 mg/kg/week
at a preclinical state of the disease (between 4 and
6 months of age) caused cognitive deficits: LPS
treatment had no effect on spatial memory; however,
it significantly impaired recognition memory [48].
In 3xTg-AD mice, triple-transgenic mice harboring
three mutations of familial AD (PS1(M146V),
APP(Swe), and tau(P301L)), at an age of 12 months,
intraperitoneal injections of LPS 0.5 mg/kg twice
per week for 6 weeks mimicking a chronic bacterial
infection induced learning and memory impairments
[49]. In the same mouse model (3xTg-AD) a single
intraperitoneal injection of LPS 1 mg/kg at an age
of 4 months induced a deficit in spatial memory 2
months later [50].

Our present study and these studies are difficult to
compare, as different mouse models of AD, different
tests for cognitive function, and different paradigms
of administration of the infectious stimulus were
used. However, they all demonstrate inflammation-
induced cognitive decline in models of AD. To our
knowledge, the present study is the first study demon-
strating negative effects of a genuine infection with
live bacteria on cognition in a mouse model of AD.

Studies in wild-type mice and rats also demon-
strated negative effects of systemic LPS adminis-
tration on performance in the water maze [51-53].
Intracerebral infection with S. pneumoniae in young
C57BL/6-mice induced long-term deficits in spatial
learning [36]. The single intracerebral infection with
E. coli performed in our study neither caused deficits
in spatial memory nor deficits in spatial learning
in non-transgenic Tg2576 —/— mice. The exclusive

occurrence of spatial learning deficits in AD mice
supports the presumption of a higher vulnerability
of AD patients for an infection-induced cognitive
decline.

As in brains of patients with AD, in Tg2576 +/—
mice A accumulates in the brains in plaques and
as cerebral amyloid angiopathy in the walls of arter-
ies and arterioles [54, 55]. AP activates microglia,
and microglial cells are able to phagocytose Af3.
The processing of AP plays a significant role in
AD pathogenesis [56]. In brains of wild-type rats,
AP accumulation and Tau phosphorylation were
observed upon systemic inflammation induced by
LPS or cecal ligation and perforation [57, 58]. After
intraperitoneal or intracerebral administration of LPS
to Tg2576 +/— mice, both an increase of A brain
concentrations [59, 60] and a reduction of cerebral
AP levels or cortical plaque burden [61-63] have
been observed. Marottoli et al. found higher extra-
cellular levels of AB1—42 in the cortex of LPS-treated
compared to control E4AFAD mice [48]. In our model,
we did not find differences concerning the Ap load
in brains of infected and non-infected Tg2576 +/—
mice four weeks p.i.: plaques sizes and brain tissue
levels of soluble and insoluble AB1—49 and APR1—42
did not differ. The E. coli infection performed in our
model was of relatively short duration, and the A3
load was assessed after the relatively long period of
four weeks. Possibly we could have detected an alter-
ation in A load earlier after infection. In accordance
with our results, Sy et al. also did not detect any dif-
ferences concerning A3 concentrations and plaques
between LPS-treated and control 3xTg-AD mice in
their study mentioned above [49]. They found ele-
vated levels of phosphoTau as well as a shift of Tau
from the soluble to the insoluble fraction [49], sug-
gesting that the inflammation-mediated changes of
Tau metabolism are more relevant for the impairment
of cognition during infections than A3 pathology. In
the present study, however, levels of phosphoTau in
brains of infected and uninfected Tg2576 +/— mice
did not differ four weeks p.i. (Fig. 4).

Spatial learning and memory deficits have been
linked to lesions in the hippocampal formation which
are regularly observed in animal models of bacterial
meningitis [36, 64—67]. In the present study, the num-
ber of necrotic neurons in the hippocampus regions
CA1-4 was increased in Tg2576 +/— mice 4 weeks
after intracerebral infection with E. coli (Fig. 5).
However, we did not observe differences concerning
axonal damage in brains of infected and non-infected
Tg2576 +/— mice (Fig. 6). The infection-induced
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neuronal damage in the hippocampus most probably
accounts for the spatial learning deficits in Tg2576
+/— mice 4 weeks p.i.

Glia-mediated inflammation is considered to play
a crucial role for progression of neurodegeneration
and clinical symptoms in AD during infections. The
joint activation of microglia by bacterial products
and endogenous proteins such as AP leading to
an additive neuronal damage, which we previously
demonstrated in vitro [68—70], may be an important
link between systemic infections and neurodegener-
ative diseases. Further stimulation of already primed
microglia by infections may drive disease progres-
sion in chronic inflammatory conditions [2, 71]. In
a neurodegenerative mouse model of prion disease,
systemic inflammation induced by LPS or polyi-
nosinic:polycytidylic acid (Poly(I:C)) led to changes
in microglial density and morphology; however, these
changes did not last long [72, 73]. The only tran-
sient changes of microglial cells might explain that
we did not detect differences in microglia density and
morphology in brains of infected and non-infected
Tg2576 +/— mice after the relatively long period of 4
weeks. Nonetheless, transiently activated microglial
cells can induce longer-lasting inflammatory effects
contributing to neurodegeneration. Thus, minimiz-
ing microglial activation by bacteria and bacterial
products, e.g., by an antibiotic regimen aiming at a
reduction of proinflammatory bacterial compounds
[45, 74, 75], appears a promising approach for an
optimized treatment of acute bacterial infections in
patients with neurodegenerative diseases.

Bacterial CNS infections are more frequent in
elderly than in young persons and show a worse
outcome in aged subjects [28] which we could pre-
viously reproduce in our geriatric mouse model of
E. coli meningitis [33]. However, due to their many
times higher incidence, the impact of systemic infec-
tions on the disease progression of AD patients is
of much higher clinical relevance. Despite leading
to a fast systemic spreading of bacteria and a sys-
temic inflammatory response (see Fig. 1C and [33]),
the intracerebral way of E. coli injection used in
our current mouse model does not accurately imitate
systemic infection, particularly regarding bacterial
concentrations in the CNS and the impact of the
peripheral immune system. However, with the intrac-
erebral infection paradigm of the current study, we
proved in principle that a genuine acute bacterial
infection can worsen cognitive functions of AD mice.
Because of the greater clinical relevance of infections
originating outside the CNS, the development of sub-

acute mouse models of systemic infections in AD
mice is urgent. One first approach could be the inoc-
ulation of bacteria into subcutaneously implanted
tissue cages causing a chronic mild infection (e.g.,
[76, 77]). Models simulating common clinically
relevant subacute infections (e.g., catheter-related
infections, osteomyelitis or soft tissue infections)
may be even more suitable for the assessment of anti-
infective treatment options for bacterial infections in
the expanding group of patients suffering from AD.
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