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ARTICLE INFO ABSTRACT

Keywords: Escherichia coli (E. coli) is one of the common pathogenic bacteria in veterinary clinical infection. As an op-
Dogs portunistic microorganism, E. coli normally does not cause diseases. However, it causes infections under certain
Escherichia coli circumstance to domesticated animal and poultry, resulting in severe diarrhea, septicemia, and respiratory in-
Septicemia fections. Although there are increasing reports regarding the infections of E. coli to domestic animals and
Meningoencephalitis

Blood-brain barrier

poultry, the infection of E. coli in dogs is relatively less reported, especially on septicemia and meningoence-
phalitis. Here, we reported the isolation and identification of an E. coli isolate named CEC-GZL17 from dogs
characterized by septicemia and sudden death, and found that CEC-GZL17 is able to cause meningoencephalitis.
Exploration on the potential mechanism underlying meningoencephalitis demonstrated that CEC-GZL17 infec-
tion significantly increases TNF-a expression and inhibits ZO-1 and occludin expressions in brain tissue, in-
dicating that the E coli likely use the mechanism to penetrate the blood-brain barrier via disrupting tight junction
architecture, thus leading to the invasion to brain tissue.

1. Introduction

Escherichia coli (E. coli) is a Gram-negative, rod-shaped and coliform
bacterium that is widely existed in human and animal gut and natural
environment [1]. As one of the most common and important opportu-
nistic microorganisms, E. coli infects many animal species, which poses
a severe threat to public health and the livestock industry. Animals
infected by E. coli normally manifest multiple clinical signs including
severe respiratory infections, diarrhea and sepsis [2-4]. In addition,
E.coli infection also cause the meningoencephalitis in human and ani-
mals, resulting in a relatively high mortality [5,6]. Although E. coli
infection has been reported frequently in a variety of animal species, it
is less reported in dogs, especially on dogs with septicemia and me-
ningoencephalitis [7].

Under physiological conditions, access of pathogens to the central
nervous system (CNS) is restricted by blood-brain barrier. However,
once entering CNS, the pathogens has the ability to cause me-
ningoencephalitis. The structural and functional integrity of blood-
brain barrier depends on the polarized microvascular endothelial cells
that possess tight junction (TJ) with the astrocytes surrounding the

capillary. Previous study showed that abnormal expression of TJ pro-
teins, including down-regulation of ZO-1, is a significant factor con-
tributing to the altered permeability of blood-brain barrier [8,9]. In
addition, increasing evidence suggested that local brain immune re-
sponse to meningoencephalitis is associated with release of cytokines
[10,11], and high expression of pro-inflammatory cytokines increases
the permeability of the blood brain barrier [12]. It has been demon-
strated that nuclear factor-kB (NF-kB) is involved in numerous diseases
via inducing the production of pro-inflammatory cytokines such as
tumor necrosis factor-a (TNF-a) [13,14]. Several studies demonstrated
that activation of NF-xB pathway is also closely related to the perme-
ability of blood brain barrier [15,16]. Although it has been reported
that bacterial meningoencephalitis is associated with the increased
permeability and the dysfunction of the blood-brain barrier, the me-
chanism and the relevant immunological factors involved in CEC-
GZL17 infection remain unclear.

In this study, we reported an E. coli infection in dogs characterized
by septicemia, meningoencephalitis, and sudden death via epidemio-
logical investigation, pathological examination, pathogen isolation and
identification, and found the isolated E. coli bacteria have the capacity
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of penetrating the blood brain barrier and causing meningoencephalitis
through a mechanism of down-regulating the expression of tight junc-
tion molecules. These findings provided the necessary evidence that E.
coli as a pathogen has the capacity of causing meningoencephalitis in
dogs.

2. Materials and methods
2.1. Ethics statement

Mice and the procedures used for this study were following a
standard protocol reviewed and approved by the Institutional Animal
Care and Use Committee (IACUC) of Jilin University (approval no JLU-
20150226), following strict compliance with requirements of the
Animal Ethics Procedures and Guidelines of the People's Republic of
China.

2.2. Mice

Twenty-five mice (Kunming strain) obtained from Changchun
Biological Products Institute were divided randomly into five groups (I
to V) with 5 mice caged in each group. Mice were maintained in the
Laboratory Animal Facility of Jilin University. All mice had free access
to food and water and were kept in a temperature-controlled room
(22 % 0.5°C). The infected mice were euthanized by CO, inhalation
and dislocation after showing clinical signs and dissected in a biosafety
II Cabinet following a standard procedure.

2.3. Electron microscopy observation

Tissue samples from the necrotized dogs including lung, liver,
spleen, brain, kidney and lymph nodes were processed for detection of
potential viral pathogens using Electron Microscopy following the
procedure as previously described [17].

2.4. Isolation and characterization

Potential bacteria were examined by observing the smear slides
prepared from samples of liver, spleen, lung, brain, pericardial fluid,
and blood following a standard sterilized procedure. The slides were
stained with Gram staining method and examined using light micro-
scopy.

Characterization of bacteria was performed following the standard
procedure. Biochemical properties for isolated bacteria were char-
acterized using the kit from Hangzhou Microbiological Reagents
Limited Company (Hangzhou, China) following the manufacturer’s in-
structions.

2.5. Molecular identification for pathogen

PCR was performed to amplify the potential pseudorabies virus
(PRV) and bacteria sequence using PRV conserved primers and bac-
terial 16S rRNA primers listed in Table 1. PCR products were sequenced
by Sangon Biotech Company (Sangon Biotech, Shanghai).

Table 1
primers used for amplification of potential pseudorabies virus and bacteria.

Name Sequence(5’—3’) Expected size
PRV-F AGGAGACCATCCTGGTGTGTGCGAG 589bp

PRV-R CGCGTCAGCACCAGCTGGGCCA

16SrRNA-27F AGAGTTTGATCMTGGCTCAG 1800bp

16SrRNA-1492R TACGGYTACCTTGTTACGACTT
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2.6. Determination of pathogenicity

Mice in group I to IV were intraperitoneally inoculated with bacteria
of 10°, 105, 107 and 108 cfu/0.1 ml, respectively. Mice in group V were
used as control group with each mouse was injected with 0.1 ml
phosphate-buffered saline (PBS). After administration, mice were ob-
served every 4-6h. The minimal lethal dose (MLD) was determined
according to the morbidity and mortality rate of mice in each group.

2.7. Tissue processing and H&E staining

Tissue samples for histopathological analysis were processed fol-
lowing standard procedure as previously reported [18]. Briefly, for-
malin-fixed tissues were dehydrated in a series of increasing con-
centrations of ethanol (70%, 80%, 95% and 100%) before they were
incubated in Xylene (Thermo Fisher Scientific) two times with each
time incubating for 1 h at room temperature, and then infiltrated with
melted paraffin wax in an oven at 65 °C. Paraffin-embedded tissue
blocks were sectioned at 5pum using a microtome. The sections were
loaded to polylysine-coated glass slides, dried overnight at 42 °C, and
stored at room temperature for further use. Hematoxylin and Eosin (H&
E) staining was performed following the standard procedures. Lesions
were visualized and captured using a CCD camera mounted on a Nikon
epifluorescence microscope (Nikon Instruments Co., Ltd, Shanghai).

2.8. TNF-a assay

The brain tissues were weighed and homogenized with PBS (w/v,
1:9) on ice before centrifugation at 12,000 rpm for 15 min at 4 °C. The
supernatant was collected and used for detection of TNF-a expression
using enzyme-linked immunosorbent assay (ELISA) kit per the manu-
facturer’s protocol (BioLegend, Inc., San Diego, CA, USA).

2.9. Western blot assay

Brain samples were collected and homogenized. Total protein was
extracted using T-PER tissue protein extraction reagent kit following
the manufacturer's protocol. Equal amount of total proteins was loaded
and separated in SDS-PAGE gel before transferred onto polyvinylidene
difluoride (PVDF) membrane. The membranes were probed with pri-
mary antibodies after blocking in 5% nonfat milk, and then incubated
with secondary antibody for 1h at room temperature. The signals in
blots were developed using a western blot detection program and
captured using the ECL Plus Western Blotting Detection System
(Amersham Life Science, UK). a-tubulin was used as an internal control.

2.10. Statistical analysis

All experiments were repeated at least three times. Data were ex-
pressed as the mean * standard deviation (SD). Differences between
the mean values of normally distributed data were assessed with the
two-tailed Student’s t-test p values of <0.05 were considered statisti-
cally significant.

3. Results
3.1. Epidemiological investigations and clinical manifestations

The patients (dogs) was reported to show listlessness, anorexia, and
nervous disorder like seizure and epilepsy before the sudden death.
Epidemiological data revealed the patients likely had the opportunity of
contacting to pigs infected by pseudorabies virus on a nearby pig farm.
The patients were brought to the Veterinary Hospital affiliated to the
College of Veterinary Medicine at Jilin University within two hours
after death. Initial examination found they were in a very good nutri-
tion with smooth/shining furs, and the possibility for dogs to contact
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Fig. 1. Representative figure shows the main pathological lesions in dogs.
Autopsy was performed to examine the gross lesions from the dead dog. Liver
swollen with diffused hemorrhage (A). Gastric mucosa swollen and stomach
filled with a large amount of gas and tar-like contents (B). Swollen mucosa in
intestine filled with gas and coal tar-like contents (C). Infarction and hemor-
rhagic spots in spleen (D). Kidney swollen and fragile (E).

rodenticides were also excluded.

3.2. Gross lesions

To determine the potential causes, autopsies were performed for the
patients. As shown in Fig. 1, gross lesions were observed including a
swollen liver with diffused hemorrhage (Fig. 1A). Stomach was filled
with a large amount of gas and coal tar-like contents, with gastric
mucosa swollen (Fig. 1B). Small intestine was also filled with gas and
coal tar-like stuffs with a thick intestinal mucosa (Fig. 1C). Infarction
and hemorrhagic spots were observed in spleen (Fig.1D). Kidney was
swollen and fragile (Fig. 1E). Edema and petechial hemorrhage were
observed in the meninges of brain (data not shown).

3.3. Detection of the potential pathogens

To determine the potential pathogens, tissue samples of liver, lung,
brain, spleen, pericardial fluid, and blood were collected under aseptic
conditions. Smear slides were prepared and stained with Gram-staining.
As shown in Table 2, it is surprising to note that a variety amount of
small rod-shape bacteria were observed in almost all samples, espe-
cially in the brain sample. These results suggested the possibility of the
bacteria involved in this disease, existence of bacteremia, and the
capability of bacteria to penetrate the BBB.

Table 2
Bacterial counts on the smear tissue samples from infected dogs.
Sample Relative bacterial counts
liver ++
lung +
brain +++
spleen ++
pericardial fluids -
blood

- refers to negative; + stands for scattered bacteria; + + stands for
a small number of bacteria; + + + refers to a large quantity of
bacteria.
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Fig. 2. Isolation and identification of potential bacterial pathogen. Large, thick,
greyish white, smooth, moisture colonies grown in LB plates containing 2% FBS
in tissue sample of liver (A-a), brain (A-b), spleen (A-c), and lung (A-d). Gram-
negative, rod-shaped bacillus revealed in colonies isolated from liver (B-a),
brain (B-b), spleen (B-c), and lung (B-d).

3.4. Bacteria isolation

To identify the bacteria, isolation was performed from the samples
mentioned above. As shown in Fig. 2A, bacteria were isolated from
samples of liver, brain, spleen, and lung collected aseptically using the
LB agar plate containing 2% FBS. After streaking and incubating the
plates at 37°C for 14h, many large, thick, greyish white, smooth,
moisture colonies were observed. Further staining the bacterial colonies
with Gram staining showed the isolated bacterial colonies had the same
morphology with the bacteria observed in tissue samples. They were
pure small, straight, Gram-negative rod-shaped bacillus (Fig. 2B).

3.5. Biochemical properties

To characterize the isolate bacteria, biochemical properties were
performed following manufacture’s instruction. The isolates had the
capacity of decomposing indole, methyl red, sorbitol, xylose, lysine,
ornithine. However, they did not decompose citrate, VP, urea, pheny-
lalanine, and hydrogen sulfide.

3.6. The isolated bacteria are E. coli

To determine the bacteria molecularly, the primers for bacterial 16S
rRNA were used to amplify the genome sequence of the isolated bac-
teria. As expected, a fragment with a size of 1.8kb was amplified

M1 2 3 45
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Fig. 3. Amplification of 16S rRNA gene from isolated pathogens. A fragment
was amplified in liver (Lane 1), brain (Lane 2), spleen (Lane 3), lung (Lane 4),
negative control (Lane 5). Lane M stands for a DNA ladder.
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(Fig. 3). Sequencing the fragment showed that the fragment contained
the sequence up to 99% sequence identity with E. coli, suggesting the
isolated bacteria were E. coli. The isolated bacteria were named as CEC-
GZL17.

Since initial epidemiological investigation indicated that the pa-
tients probably contacted the pigs with PRV infection, PRV-specific
primers were used to amplify the potential viruses. No fragments were
amplified from the mixed samples of liver, spleen, kidney, brain and
lung using PCR, ruling out the possibility that PRV was involved in the
disease (data not shown). No virus particles were observed after the
above mixed samples were examined using EM, further excluding the
involvement of viruses in the disease.

3.7. CEC-GZL17 was highly pathogenic

To determine the pathogenicity and minimal lethal dose for CEC-
GZL17, a murine model system was employed. Mice were inoculated
intraperitoneally using different colony forming units (cfu) of CEC-
GZL17 bacteria diluted in PBS, with the control mice inoculated in-
traperitoneally with equal volume of PBS. After inoculation, mice in-
fected with CEC-GZL17 bacteria showed restlessness in early hours, and
had discharge in eyes and manifested conjunctivitis 10-12h post in-
fection. Some mice also showed dyspnea. The mice died in 12-14 h post
infection after inoculation of 1.0 X 10® cfu and 1.0 x 10”cfu/0.1 ml of
log phase CEC-GZL17 bacteria, and became dead in 24-48 h after in-
fection of 1.0 x 10° cfu/0.1 ml of CEC-GZL17 (Fig. 4). Similar to the
mice in the control group, the mice inoculated with 1.0 x 10° cfu/
0.1 ml of CEC-GZL17 were all survived. The minimal lethal dose of CEC-
GZL17 was 1.0 x 10° cfu.

3.8. Recovery of CEC-GZL17 bacteria from the infected mice

To recover the bacteria, tissues from infected mice were collected
and used for detection and isolation of the CEC-GZL17 bacteria. As
shown in Fig. 5, a large number of gram-negative small-rod like bacilli
were observed in the smear slides made from the organs and tissues,
especially from the brain, indicating the bacteria were indeed re-
sponsible for the death of the infected mice. Detection of a large
number of bacteria in the brain tissue suggests that CEC-GZL17 bacteria
have the capability of crossing through the BBB. Further characteriza-
tion of the recovered bacteria from the infected mice showed that they
had the same characters to the bacteria isolated from dogs (data not
shown).

3.9. Pathological lesions in mice

To further define if the mice infected with CEC-GZL17 bacteria
shared the similar pathological characters, autopsy of the mice were

5
~0=10"8/0. 1ml

S 44 ~==10"7/0. Inl
% —+—10"6/0. Inl
% 31 10°5/0. Inl
22

1 o)

0 — —

10 12 14 16 18 20 22 24 48
Hours postinfection

0 2 4 6 8

Fig. 4. Pathogenicity of CEC-GZL17 to mice. Mice were experimentally infected
with different doses of isolated bacteria CEC-GZL17 strain. Morbidity and
mortality were calculated based on the presence or absence of clinical signs,
and death hours post infection, respectively. Axis X and Y present the number of
mice survived and the hours post infection, respectively.
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Fig. 5. Examination of the bacteria from mice infected by CEC-GZL17.
Representative figure showing the Gram-negative bacteria observed in liver (A),
brain (B) and spleen (C) in mice infected by CEC-GZL17.

Fig. 6. Gross lesions in mice infected with CEC-GZL17. Representative figure
showing the pathological lesions in infected mice, with an enlarged and fragile
liver (A), spleen with hemorrhagic spot (B), intestinal gas (C), and cerebral
edema (D).

performed following a standard protocol. As shown in Fig. 6, infected
mice displayed an enlarged and fragile liver (Fig. 6A). Hemorrhagic
spots were observed in spleen (Fig. 6B). Intestines were filled with gas
(Fig. 6C). Edema was observed in the brain (Fig. 6D).

Histopathological examinations revealed necrosis and congestion in
liver (Fig. 7A-B) and spleen (Fig. 7D,E). A large number of inflamma-
tion cells were observed in lung with bronchi filled with the detached
epithelial cells (Fig. 7G,H). Swelling and necrosis were also observed in
kidney, especially for the epithelial cells in distal and proximal con-
voluted tubules (Fig. 7J,K). Intensive edema and necrosis with the
heavily stained condensed nuclei were shown in nerve cells
(Fig. 7M,N).

3.10. Increase of TNF-a and NF-kB P65 expression in mice infected by CEC-
GZL17

To explore the mechanisms for CEC-GZL17 to cross through the
blood-brain barrier, the TNF-a expression in brain tissue was initially
assayed by ELISA. As shown in Fig. 8, TNF-a expression was sig-
nificantly increased after CEC-GZL17 infection in comparison with the
control group. Similarly, phosphorylation of NF-kB P65 was also sig-
nificantly increased (Fig. 9). Those results indicate that NF-xB likely
plays an important role in CEC-GZL17 bacteria-mediated inflammation
and the dysfunction of the blood-brain barrier.

3.11. Decrease of ZO-1 and occludin expression in brain tissue of mice
infected by CEC-GZL17

The blood-brain barrier consists of tight junctions around the ca-
pillaries and acts effectively to protect the brain from circulating pa-
thogens. Loss of tight junction is directly correlated with the blood-
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100 X

Fig. 7. Histopathological lesions in mice infected by CEC-GZL17. Representative figure showing the necrosis and congestion in liver (A, B) and spleen (D, E)
compared with the normal tissues (C, F). A large number of inflammatory cells infiltrated in lung tissue and detached epithelial cells filled in bronchi (G, H). Necrosis
and disruption of tissue structure in kidney (J, K). Intensive edema and necrosis in nerve cells with the heavily stained condensed nuclei (M, N). The normal control

for lung, kidney and brain were shown in Fig I, L and O.

brain barrier dysfunction [19]. To further elucidate the mechanism
underlying the disruption of the blood-brain barrier by CEC-GZL17
infection, the tight junction protein expressions were examined in brain
tissue of the mice infected by CEC-GZL17. As illustrated in Fig. 9, the
Z0O-1land occludin expressions were significantly decreased in mice
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infected by CEC-GZL17 compared with the control group. These find-
ings indicate that the CEC-GZL17 infection results in the degradation of
TJ proteins, thus leading to the disruption of blood-brain barrier and
the invasion of bacteria to brain tissue.
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Fig. 8. Increase of TNF-a expression in brain tissue. TNF-a expression in brain
tissue was measured by ELISA. Values are mean *= SD. “p < 0.05 and
**p < 0.01 vs the control group.
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Fig. 9. Modulation of the expression of NF-kBp65, ZO-1 and occludin in brain
tissue. Protein levels of NF-kB p65, ZO-1 and occludin in brain were analyzed
by western blotting. a-tublin was used as a control (n = 3).

4. Discussion

In this study, we reported the isolation and characterization of the E.
coli bacteria CEC-GZL17 from dogs characterized by septicemia and
nervous system disorder, and demonstrated the isolated E.coli had the
capability of causing septicemia and meningoencephalitis using a
murine model system. We also demonstrated that CEC-GZL17 harbors
the capability of disrupting the blood-brain barrier via down-regulating
the expression of tight junction protein expression.

Infection of E. coli under certain circumstance poses a severe threat
to public health and livestock industry. Although E. coli infection has
been increasingly reported in a variety of animal species [20-22], it is
less reported in dogs, especially on the clinical type characterized by
septicemia and meningoencephalitis. Our results of PCR amplification
and sequencing of 16 rRNA gene showed CEC-GZL17 shared 99%
homology with that of E. coli, suggesting it is an E.coli bacteria. Ex-
perimental infection of mice by the isolated bacteria revealed the pa-
thogenicity of CEC-GZL17. More interestingly, examination of the in-
fected mice tissues revealed a large number of E.coli bacteria in the
samples of liver, lung, spleen and pericardial fluid. It needs to mention
that a huge number of E.coli bacteria were also observed in the brain
tissue. These results clearly demonstrated the pathogenicity and the
capability of CEC-GZL17 to penetrating the blood-brain barrier and
causing the meningoencephalitis in infected mice, and the dogs as well.
Although early studies demonstrated that E. coli was able to invade
different tissues in a variety of animal species [23,24], the case reported
in this study for E.coli bacteria to cause canine septicemia and
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meningoencephalitis was seldomly reported. Our report will broaden
the understanding of E.coli as an important pathogen associated with
septicemia and meningoencephalitis.

The blood-brain barrier is a highly selective semipermeable mem-
brane barrier that separates the circulating blood from the brain and
extracellular fluid in the central nervous system (CNS) and protects the
brain from potential bacteria in the blood [25,26]. To determine the
potential mechanisms of meningoencephalitis underlying CEC-GZL17
infection, the mice model system was employed. Our findings showed
that CEC-GZL17 infection significantly decreased the tight junction
protein ZO-1 and occludin expression. As ZO-1 and occludin tight
junction molecules are crucial for the structural and functional integrity
of the blood-brain barrier in brain tissue, the down-regulation of these
proteins indicates that CEC-GZL17 infection likely enhances the per-
meability of blood-brain barrier and increases CEC-GZL17 across the
blood-brain barrier, thus resulting in meningoencephalitis. In addition,
since TNF-a is the earliest and most important inflammatory mediator
that activates neutrophils and lymphocytes and increases the perme-
ability of vascular endothelial cells in the process of inflammation, the
finding that CEC-GZL17 infection significantly increases TNF-o ex-
pression in brain tissue further indicates that CEC-GZL17-associated
meningoencephalitis is likely due to the increase of TNF-a expression in
brain tissue, this is consistent with the results as reported by other
studies [27-29]. Furthermore, NF-xB is a protein complex involved in
cellular response to many extracellular stimuli including to infection.
Once activated, NF-kB induces the production of pro-inflammatory
cytokines, such as TNF-a [30]. We detected the increased expression of
phosphorylated NF-kB p65, indicating CEC-GZL17-induced me-
ningoencephalitis is probably related to NF-xB signal. Although we did
not know the exact resource where the dogs got infected with the pa-
thogenic CEC-GZL17, the evidence we provided demonstrated that
CEC-GZL17 have the capability of causing septicemia and me-
ningoencephalitis, and penetrating the blood-brain barrier.

In summary, we demonstrated that E. coli strain CEC-GZL17 is the
causative agents associated with the rare canine septicemia and me-
ningoencephalitis, where attention should be paid by veterinary prac-
titioners. Our results demonstrated that CEC-GZL17 likely employs the
mechanism by disruption of the blood-brain barrier through down-
regulating the expression of the tight junction protein in the brain
tissue, thus leading to the meningoencephalitis.
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