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SUMMARY

Weil’s disease, the most severe form of leptospirosis, is characterized by jaundice,

haemorrhage and renal failure. The mechanisms of jaundice caused by pathogenic

Leptospira remain unclear. We therefore aimed to elucidate the mechanisms by inte-

grating histopathological changes with serum biochemical abnormalities during the

development of jaundice in a hamster model of Weil’s disease. In this work, we

obtained three-dimensional images of infected hamster livers using scanning electron

microscope together with freeze-cracking and cross-cutting methods for sample prep-

aration. The images displayed the corkscrew-shaped bacteria, which infiltrated the

Disse’s space, migrated between hepatocytes, detached the intercellular junctions and

disrupted the bile canaliculi. Destruction of bile canaliculi coincided with the eleva-

tion of conjugated bilirubin, aspartate transaminase and alkaline phosphatase levels

in serum, whereas serum alanine transaminase and c-glutamyl transpeptidase levels

increased slightly, but not significantly. We also found in ex vivo experiments that

pathogenic, but not non-pathogenic leptospires, tend to adhere to the perijunctional

region of hepatocyte couplets isolated from hamsters and initiate invasion of the

intercellular junction within 1 h after co-incubation. Our results suggest that patho-

genic leptospires invade the intercellular junctions of host hepatocytes, and this inva-

sion contributes in the disruption of the junction. Subsequently, bile leaks from bile

canaliculi and jaundice occurs immediately. Our findings revealed not only a novel

pathogenicity of leptospires, but also a novel mechanism of jaundice induced by bac-

terial infection.
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Leptospirosis is a zoonotic disease of global importance

caused by pathogenic Leptospira. Weil’s disease is the most

severe form of human leptospirosis, which is characterized

by jaundice, haemorrhage and renal failure (Levett 2001;

Bharti et al. 2003). More than 50,000 cases of severe lepto-

spirosis are reported each year with a case fatality rate

higher than 10% (WHO 1999). Although jaundice has been

one of the well-known symptoms of leptospirosis since its

discovery, its mechanism still remains unknown.

Jaundice refers to the yellow discoloration of the sclerae,

mucous membranes and skin and results from either

enhanced bilirubin production or impaired bilirubin handling

(uptake, conjugation or biliary excretion) by the liver (Roche

& Kobos 2004). As jaundice is caused by dysfunctions at any

steps of bilirubin metabolism, in some cases, it is difficult to

elucidate its main mechanism. Several kinds of bacterial

infection are known to cause jaundice through a variety of

mechanisms (Trauner et al. 1998; Chand & Sanyal 2007).

© 2014 The Authors.
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Leptospira are spiral-shaped, extremely thin bacteria.

They can bore through a gel-like medium in a cork-screw-

like manner (Goldstein & Charon 1988). They are able to

penetrate abraded skin and mucous membrane and migrate

in host tissue (Bharti et al. 2003). Several functional and

histopathological studies on leptospirosis-related jaundice

have been made on human patients (Ramos-Morales et al.

1959; Arean 1962a; Kobayashi 2001; De Brito et al. 2006)

and experimental animals (Arean 1962b; Miller & Wilson

1966; Higgin & Cousineau 1977; Van den Ingh & Hart-

man 1986; Nally et al. 2004). In human autopsies and ani-

mal models of acute Leptospira infection, hepatic cord

disarray and dilation of intercellular space are commonly

reported (Arean 1962a; Miller & Wilson 1966; De Brito

et al. 2006). Degenerative lesions, inflammation and necro-

sis are minimal (Nally et al. 2004; De Brito et al. 2006).

Serum biochemical studies on human patients have demon-

strated that concentrations of aspartate transaminase (AST)

and alanine transaminase (ALT) are moderately increased,

accompanied by minor increase in alkaline phosphatase

(ALP) concentration (Ramos-Morales et al. 1959; Kobay-

ashi 2001). From these findings, most researchers have

reported that impairment of bile excretion, intrahepatic cho-

lestasis, is related to jaundice (Ramos-Morales et al. 1959;

Higgin & Cousineau 1977; Kobayashi 2001; Bharti et al.

2003), but the mechanism is still unclear. Moreover, there

are few reports that correlated histopathological findings of

liver with serum biochemical studies and localization of the

organisms in leptospirosis or that examine the time course

of histopathological changes and its association with lepto-

spiral localization.

In this study, we examined the association between serum

biochemical, histopathological changes and leptospiral locali-

zation during the development of jaundice in a hamster

model of Weil’s disease. Hamsters inoculated with virulent

Leptospira strains are used as animal models because their

clinical manifestations and histopathological changes are sim-

ilar to those of human leptospirosis (Haake 2006; Silva et al.

2008). For scanning electron microscope (SEM) observation,

freeze-cracking and cross-cutting methods were used to

obtain three-dimensional images of the liver. To investigate

direct interactions between hepatocytes and the organism,

hepatocyte couplets isolated from hamsters were co-cultured

with either pathogenic or non-pathogenic leptospires.

Materials and methods

Bacteria and animals

Leptospira interrogans serovar Losbanos strain K37 was iso-

lated from a rat trapped in Metro Manila, Philippines, in

2006 (Villanueva et al. 2010). The organism was passaged

through hamsters to maintain virulence and then subcultured

in Korthof’s media less than three times prior to use in infec-

tion experiments. Leptospira biflexa serovar Patoc strain Pa-

toc I was maintained in our laboratory through continuous

passages in Korthof’s medium. Prior to inoculation, these le-

ptospires were grown at 30 °C to a stationary phase. The

bacterial cell concentration was determined using a Thoma

counting chamber under a dark-field microscope. Male

golden Syrian hamsters were purchased from Japan SLC,

Inc., Shizuoka, Japan. Hamsters were housed in an animal

facility and fed standard hamster chow Labo H Standard

(NOSAN Co., Yokohama, Japan) and water ad libitum.

Animal infection

Three- to five-week-old hamsters were injected subcutane-

ously with 104 of L. interrogans strain K37 in a final volume

of 100 ll. The 50% lethal dose for this animal model was

reported to be 100 (Villanueva et al. 2014). Uninfected con-

trol animals were injected with phosphate-buffered saline

(PBS) alone. For survival assay, animals were monitored daily

for signs of illness including weight loss and mobility loss and

were euthanized when they appeared moribund. For the other

experiments, hamsters were euthanized at the indicated days.

Enumeration of live leptospires in the liver

The number of leptospires present per cm3 of infected liver

was determined by the limiting dilution method. Briefly, we

euthanized the hamsters and obtained their livers at 3, 5

and 7 days postinfection. A lobe of the liver was collected

and homogenized in the same volume of PBS at 4 °C. Five-
fold serial dilutions of the homogenate were made. One

hundred microlitres of these dilutions was mixed with the

same volume of 2 9 Korthof’s media containing STAFF

(sulfamethoxazole, trimethoprim, amphotericin B, fosfomy-

cin and 5-fluorouracil) (Chakraborty et al. 2011) in 96-well

plates. The plates were incubated at 30 °C for 21 days and

examined for growth of leptospires using a dark-field micro-

scope at 4009 magnification.

Ethical Approval

Animal experiments were reviewed and approved by the

Ethics Committee on Animal Experiments at the Faculty of

Medical Sciences, Kyushu University. The experiments were

carried out under the conditions indicated in the Regulations

for Animal Experiments of Kyushu University and law 105

and notification 6 of the Government of Japan.

Serum biochemical analysis

Hamsters were anesthetized with sevoflurane (Maruishi

Pharmaceutical Co., Ltd., Osaka, Japan), and blood was

obtained by cardiac puncture at the indicated time points.

Serum was separated using Microtainer (Becton, Dickinson

and Company, Franklin Lakes, NJ, USA) and stored at

20 °C until analysis. Serum AST, ALT, ALP and c-glutamyl

transpeptidase (c-GTP) levels were determined by Monolis,

Inc., Tokyo, Japan. Serum total and direct bilirubin levels

were measured using Nescoat Bilirubin Kit-K (Alfresa

Pharma Corporation, Osaka, Japan).
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Isolation and culture of hamster hepatocyte couplets

Hepatocyte couplets were isolated from 4-week-old male

Syrian hamsters according to the two-step liver perfusion

method as previously reported (Seglen 1976; Maslansky &

Williams 1982) after modification. Briefly, the hamsters

were anesthetized with sevoflurane. In Step 1 of the perfu-

sion, the liver was washed out with a Ca++- and Mg++-free

Hanks’ balanced salt solution supplemented with 0.5 mM

EGTA and 10 mM HEPES for 8 min at 6 ml/min. The por-

tal vein was cannulated with a 23-gauge butterfly needle for

injection. The subhepatic inferior vena cava was severed to

allow the solution to escape. In Step 2 of the perfusion, a

0.05% type I collagenase (Sigma-Aldrich, St. Louis, MO,

USA) solution in Leibovitz’s L-15 (Gibco, Grand Island,

NY, USA) supplemented with 4 mM CaCl2, MgSO4 and

10 mM HEPES was circulated through the liver for 8 min

at 6 ml/min. At the beginning of this step, the subhepatic

vena cava was clamped and the thoracic vena cava was sev-

ered. All perfused solutions were prewarmed at 37 °C.
Gravity maintained the perfusion flow in both steps.

After the perfusion, the liver was excised and placed in

cold L-15 supplemented with 10 mM HEPES (washing solu-

tion). Using two pairs of forceps, the lobes were torn apart

and shaken in the solution to detach the cells. The cell

suspension was filtered through one- and three-layer gauze

and then centrifuged at 50 g for 2 min. The pellet was

resuspended in 20 ml of the fresh washing solution. This

centrifugation was repeated three times to remove non-

parenchymal hepatocytes. After the final centrifugation, cells

were suspended in L-15 supplemented with 1% newborn

calf serum, 4 mM CaCl2, MgSO4 and 10 mM HEPES (cul-

ture medium). One hundred thousand cells were inoculated

onto glass coverslips in 24-well plates and cultured at

37 °C. After an interval of 2 h, to allow the attachment of

cells on the coverslips, the culture medium containing unat-

tached cells was withdrawn and fresh culture medium was

added. Then, the cells were cultured for 5 h to allow adja-

cent hepatocyte pairs to reorganize cell junctions.

Infection of hepatocyte couplets

For ex vivo infection, the hepatocytes on the coverslips were

washed two times with washing solution. Leptospira interro-

gans strain K37 or L. biflexa strain Patoc I were centrifuged

and suspended to 107 per ml in the washing solution. Five

hundred microlitres of the bacterial suspension was added to

the hepatocytes and incubated at 37 °C for 1 h. Cells were

washed to remove unattached bacteria and fixed with a mix-

ture of 4% paraformaldehyde (PFA) and 0.01% glutaralde-

hyde (GA) at 4 °C. Fixed cells were used for observation in

both SEM and immunofluorescent microscope.

Scanning electron microscopy

For observation of liver tissue, infected hamsters were eutha-

nized at 7 or 8 days postinfection. Food was withdrawn in

the evening before the experiment, and water was available

ad libitum. The liver was perfused from the left ventricle

with 0.5% heparin in PBS and then a mixture of 4% PFA

and 0.1% GA in PBS. After excision, they were cut into

2 9 2 9 10 mm pieces and kept in 2% GA at 4 °C. Prior
to freeze-cracking or cross-cutting procedure, they were

postfixed with 4% osmium tetroxide for 1 h. For the freeze-

cracking method, after washing with PBS, the tissue pieces

were immersed in 50% dimethyl sulfoxide and frozen on a

metal plate chilled with liquid nitrogen. They were then split

into about 2 9 2 9 2 mm pieces using a precooled razor

blade and hammer. Cracked pieces were thawed in cold

PBS. For the cross-cutting method, after washing in PBS, the

tissue pieces were cut into approximately 2 9 2 9 2 mm

pieces with a pair of blades crossed in PBS. The liver pieces

that were processed as mentioned above or fixed hepato-

cytes on the coverslips were dehydrated in a graded series of

acetone, freeze-dried with t-butyl alcohol and coated with

osmium in an osmium-plasma coater HPC-1S (Vacuum

Device Inc., Ibaraki, Japan). The samples were observed

with JEOL JXA8600 M (JEOL, Tokyo, Japan).

Immunofluorescent microscopy of hamster liver tissue

For observation of liver tissue, the liver was obtained from

infected hamsters at 9 days postinfection. After perfusion

with a mixture of 4% PFA and 0.1% GA in PBS, the liver

was cut (3 9 3 9 10 mm) and washed with PBS. The cut

liver was blocked with 3% bovine serum albumin in PBS

(blocking buffer), washed with PBS and incubated with a rab-

bit anti-strain K37 antiserum (1:200) at 4 °C overnight. After

washing with PBS, the piece was incubated with a goat anti-

rabbit Alexa Fluor 488 antibody (1:500; Molecular Probes

Inc., Eugene, OR, USA) for 3 h at room temperature to stain

the bacteria. The stained piece was washed with PBS and

then freeze-cracked as described above. The cracked pieces

were stained with 2 lg/ml 40,6-diamidino-2-phenylindole

(DAPI), mounted on microscopic slides and observed by Con-

focal Microscope A1 (Nikon Corporation, Tokyo, Japan).

Immunofluorescent microscopy of hepatocyte couplets
isolated from hamsters

The fixed hepatocytes on coverslips were washed with PBS

and permeabilized with 0.2% TritonX-100 in PBS for

20 min at room temperature. Then, the cells were blocked

with the blocking buffer, washed with PBS and incubated

with rabbit anti-strain K37 antiserum or rabbit anti-strain

Patoc I antiserum (1:200) for 30 min at room temperature.

After washing with PBS, the cells were incubated with a

mixture of goat anti-rabbit Alexa Fluor 488 antibody

(1:500) and 100 nM Acti-stain 555 phalloidin (Cytoskele-

ton, Inc., Denver, CO, USA) for 30 min at room tempera-

ture. After final washing, the coverslips were mounted on

microscopic slides using Slowfade Gold Antifade Reagent

(Molecular Probes Inc.) with 2 lg/ml DAPI and observed

with Confocal Microscope A1.
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For enumeration of leptospires adhering to the entire sur-

face of each couplet, we observed the couplets on the cover-

slips in 24-well plate under immunofluorescent microscope

IX71 (Olympus Corporation, Tokyo, Japan) changing the

focal plane. We randomly selected 50 couplets that showed

actin accumulation and no bleb formation. The entire sur-

face of a couplet was divided into two distinct regions: total

cell and perijunctional regions as previously reported (Craw-

ford et al. 1991). The perijunctional region was defined as

an ellipse with its long axis overlying the junction of the

two hepatocytes with its transverse axis extending one-third

of the transverse diameter of each cell. The total cell region

included the perijunctional region. The surface area of each

region was estimated from optical microscopic images.

Based on the aforementioned conditions, the area of total

cell region averaged 525 � 97 lm2 and the perijunctional

region constituted 19 � 3% (means � SD) of the total cell

region. The density of adhering leptospires was defined as

[number of adhering leptospires]/[area of region of interest].

Statistical analysis

The data were analysed using Welch’s t-test. P values less

than 5% were considered significant.

Results

Course of infection and progress of jaundice

We used hamsters infected subcutaneously with 104 of

L. interrogans serovar Losbanos strain K37 (Villanueva

et al. 2010) as an animal model of jaundice caused by path-

ogenic leptospires. The hamsters did not show any symptoms

until 7 days postinoculation. After 8 days, loss of activity,

ruffled fur, closing of eyes and weight loss were observed in

the hamsters. By 10 days postinoculation, all hamsters were

moribund (Figure 1a). Autopsy revealed jaundice, spleno-

megaly and haemorrhage in the lung, kidney and intestine

of infected hamsters. Leptospires were recovered from the

(a) (b)

(c)

(d)

Figure 1 Leptospira interrogans strain K37 infection causes sudden onset of jaundice and cholestasis-type abnormality of serum
chemistries. (a) Relative body weight and survival of uninfected hamsters (n = 3, grey) or hamsters subcutaneously infected with
L. interrogans strain K37 (n = 6, black). (b) Serum total bilirubin concentrations of uninfected (n = 6) or infected hamsters at
seventh (n = 4), eighth (n = 8) or ninth (n = 6) day postinoculation. Horizontal dashed line indicates 3 mg/dl to distinguish pre-
icteric and icteric phase. Horizontal bars indicate the mean. (c,d) Serum measurements of uninfected hamsters (n = 6) and infected
hamsters, which were divided into two groups (pre-icteric phase; n = 10 and icteric phase; n = 8) according to serum bilirubin
concentration. (c) Serum concentrations of direct and indirect bilirubin. (d) Serum concentrations of aspartate transaminase (AST),
alanine transaminase (ALT), alkaline phosphatase (ALP) and c-glutamyl transpeptidase (c-GTP). Data are shown as the mean � SD.
Statistical significance is shown by *P < 0.05 as determined by Welch’s t-test.
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blood, kidney, liver and lung. From these data, we con-

firmed that strain K37 caused systemic infection and mori-

bundity in hamsters.

To analyse the progression of jaundice caused by strain

K37 infection, we first measured the serum total bilirubin

levels of the infected hamsters at 7, 8 and 9 days postinfec-

tion (Figure 1b). As a normal control, the serum total biliru-

bin levels of uninfected hamsters were less than 1 mg/dl. At

7 days, the serum total bilirubin levels were the same for

the infected and uninfected hamsters. At 8 days, 25% (2 of

8) of infected hamsters were found to have elevated biliru-

bin levels (>3 mg/dl). At 9 days, the levels increased to

around 10 mg/dl in all hamsters (6/6). These data indicated

that the onset of jaundice caused by strain K37 was sudden

and progressed within a day.

Serum biochemical analysis of Leptospira-induced
jaundice

Hyperbilirubinaemia can result from either increased biliru-

bin production or impaired bilirubin handling (uptake, con-

jugation or biliary excretion) in the liver (Roche & Kobos

2004). To determine the type of Leptospira-induced jaundice

and hepatic disorders, we measured serum direct bilirubin,

AST, ALT, ALP and c-GTP levels (Moseley 1996). Infected

hamsters were divided into two groups according to serum

total bilirubin concentrations (<3 mg/dl: pre-icteric phase

and ≥3 mg/dl: icteric phase; Figure 1b), and they were com-

pared with uninfected controls. In the icteric phase group,

there was a predominant increase in direct bilirubin level

rather than indirect bilirubin (Figure 1c). Serum AST, ALT,

ALP and c-GTP levels in the pre-icteric phase group were the

same as the uninfected group (Figure 1d). In the icteric phase

group, serum AST and ALP levels were significantly

(P < 0.05) elevated in comparison with uninfected and pre-

icteric phase groups. On the other hand, serum ALT and c-
GTP levels were only slightly, but not significantly, elevated

(Figure 1d). These data indicate that elevation of serum

direct bilirubin levels occurred with other serum abnormali-

ties and that jaundice in the hamster model of leptospirosis

closely matched cholestatic jaundice rather than increased

bilirubin load from hemolysis or hepatocellular injury.

Histopathological analysis of the liver

By immunofluorescent staining, we confirmed the presence

of many leptospires surrounding the hepatocytes of icteric

hamsters (Figure 2a). We measured the number of lepto-

spires in liver tissue at 3, 5 and 7 days postinfection. Colo-

nization of the liver by leptospires was highly evident at

5 days. The number of leptospires increased to about 107

per cm3 of liver tissue at 7 days (Figure 2b). We thought

that some structural changes in the liver due to bacterial

load triggered acute jaundice. To examine the possibility,

we studied the ultrastructure of infected and uninfected

hamster livers by SEM (Figure 2d,e). Two different surfaces

of the liver were observed using two methods of preparation:

freeze-cracking and cross-cutting. The freeze-cracking

method can crack the liver parenchyma and expose the flat

fractured surfaces (Iida 1984) showing cross section of sinu-

soids, endothelial cells, Disse’s space, hepatocytes and bile

canaliculi. The cross-cutting method can separate hepato-

cytes along the intercellular junctions and expose the inter-

cellular surfaces (Motta & Fumagalli 1975) showing the

smooth surfaces of hepatocytes, and bile canaliculi running

along the surfaces (Figure 2c). We assessed the morphologi-

cal changes in intercellular contacts between adjoining he-

patocytes using freeze-cracking method. We performed the

cross-cutting method to assess the morphological changes in

hepatocyte surface and bile canaliculi.

In the liver of an uninfected hamster, the flat fractured sur-

face showed sinusoids and hepatic cords that were composed

of hepatocytes tightly attached to each other. Bile canaliculi

were observed at the centre of the attached cell membranes

(Figure 2d, i and ii). Observation of the intercellular surface

showed smooth surface of hepatocytes and bile canaliculi

with microvilli along the surface (Figure 2e, i and ii).

In the liver of a pre-icteric phase hamster, we found a

part of hepatocyte membrane around the sinusoid that was

detached from the adjacent hepatocyte membrane (Fig-

ure 2d, iii and iv). The widened space between the endothe-

lia and hepatocytes, which formed as a result of the

detachment, was observed to be filled with many leptospires.

The other part of intercellular contacts appeared to have

remained attached (Figure 2d, iv). Cross-cutting results

showed that the smooth surfaces were narrower than those

of uninfected hamsters (Figure 2e, iii and iv), suggesting that

the area of intercellular contacts shrunk. The bile canaliculi

were neither tortuous nor dilated, and microvilli on the bile

canaliculi were preserved (Figure 2e, iv).

In the liver of an icteric phase hamster, hepatocytes were

almost completely detached from each other and hepatic cell

cords were disarranged (Figure 2d, v and vi). Many lepto-

spires were observed between the hepatocytes (Figure 2d,

vi). Using the cross-cutting method, we could not distinguish

the sinusoid, the intercellular surface or the bile canaliculi

(Figure 2e, v and vi).

At higher magnification of the infected liver, leptospires

were found not only in the widened space formed by cell

detachment but also between adjoining hepatocytes (Fig-

ure 3). The leptospires seemed to have left grooves on the

smooth surfaces of the hepatocytes, the shapes of which

were similar to the organisms adhering to the membrane

(Figure 3a). Occasionally, leptospires penetrated the hepato-

cyte membrane (Figure 3b). These data suggested that the

development of jaundice is associated with the disruption of

intercellular adhesion of hepatocytes caused by leptospiral

invasion.

Interaction between leptospires and host hepatocytes
ex vivo

Invasion of the intercellular spaces by leptospires is

accompanied by their adhesion to the hepatocyte surface.
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To better understand the mechanisms of the migration of

Leptospira from the bloodstream, we examined the interac-

tions between the leptospires and hepatocyte couplets iso-

lated from hamsters. Tissue culture is useful in the study of

host–parasite interactions because it is independent of host

immunological factors. Isolated hepatocyte couplets have

(a) (d)

(e)

(b)

(c)

Figure 2 Disruption of intercellular adhesion caused by leptospires in the liver triggers jaundice. (a) Representative confocal images
of liver from hamsters infected with Leptospira interrogans strain K37 at eighth day postinoculation showing leptospires stained with
rabbit polyclonal antisera and Alexa Fluor 488 conjugated anti-rabbit monoclonal antibody (green), and nuclei of liver cells stained
with DAPI (blue) Scale bar, 10 lm. (b) Numbers of culturable leptospires in 1 cm3 of hamster livers at third, fifth and seventh day
postinoculation determined by dilution method. Black dashed line represents the limit of detection. Data are the mean � SD. (c)
Schematic diagram of the liver structure exposed by two methods of sample preparation. Freeze-cracking method exposes flat
fractured surface (top image). Cross-cutting method exposes intercellular surface (bottom image). (d,e) Representative scanning
electron microscope images of the livers from uninfected hamsters (i and ii) or infected hamsters in pre-icteric (iii and iv) or icteric
phase (v and vi) using freeze-cracking (d) and cross-cutting methods (e). The framed areas in the top images are enlarged in the
bottom images. The scale bars represent 10 lm for the top images and 2 lm for the bottom images. The arrows show hepatocyte
membrane detached from the adjacent cell. The arrowheads point to hepatocyte membranes that remained attached to the adjoining
cell. Total bilirubin concentration of each hamster is indicated below the images. BC, bile canaliculi; N, nucleus of the hepatocyte;
and S, sinusoid.
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been well characterized in rats (Gautam et al. 1987; Boyer

et al. 1990; Thibault et al. 1992). The couplets retain inter-

cellular junctions and polarities (Boyer et al. 1990).

We isolated hepatocyte from hamsters using the collage-

nase perfusion method (Seglen 1976). After 7-h incubation,

actin filaments gathered between two adjacent hepatocytes

(Figure 4a) as reported in the original rat hepatocyte cou-

plets, suggesting that cell junctions and polarities were reor-

ganized (Gautam et al. 1987; Thibault et al. 1992). We then

co-cultured the hamster hepatocytes with pathogenic (L. in-

terrogans) or non-pathogenic (L. biflexa) leptospires. After

co-incubation for 1 h, pathogenic leptospires were associ-

ated with hepatocyte couplets mainly around intercellular

junctions (Figure 4a,b,d). Scanning electron micrographs

revealed some pathogenic leptospires entering the cell mem-

brane at the cellular junction (Figure 4e). The cell associa-

tion of non-pathogenic leptospires was significantly lower

than that of pathogenic leptospires (Figure 4a,c).

(a) (b)

Figure 3 Leptospira invade liver parenchyma by paracellular
route. (a,b) Representative scanning electron microscope images
of liver from infected hamsters showing intercellular surface of
hepatocytes exposed by cross-cutting method. The black
arrowhead shows the trail formed by a leptospire on the
intercellular surface (a). The black arrows point to penetration
by a leptospire through cell membrane (b). Scale bars, 1 lm.

(a)

(c) (d) (e)

(b)

Figure 4 Attachment and invasion to host hepatocytes are characteristic of pathogenic leptospires. (a) Representative confocal images
of isolated hamster hepatocyte couplets infected with pathogenic (Leptospira interrogans) or non-pathogenic (Leptospira biflexa)
leptospires on coverslips for 1 h showing actin accumulation stained with Acti-stain 555 phalloidin (red), and leptospires stained
with rabbit polyclonal antisera and Alexa Fluor 488 conjugated anti-rabbit monoclonal antibody (green). Nuclei of liver cells were
stained with DAPI (blue). Non-adherent bacteria were washed out. Projections of three-dimensional reconstructions are shown Scale
bar, 10 lm. (b) Schematic diagram of hepatocyte couplet indicating the total cell (grey) and perijunctional (blue striped) regions. The
perijunctional region was defined as an ellipse with its long axis overlying the junction of the two hepatocytes, and its transverse axis
extending over one-third of the transverse diameter of each cell. The total cell region included the perijunctional region. (c,d)
Analysis of the number of pathogenic or non-pathogenic leptospires adhering to the total cell region of a couplet (c) and the number
of adhering pathogenic leptospires per lm2 of total cell or perijunctional regions (d). n = 50 per group. Data are shown as the mean
� SD. Statistical significance is shown by **P < 0.001 as determined by Welch’s t-test. (e) Representative scanning electron
microscope images of isolated hamster hepatocyte couplet infected by L. interrogans strain K37. The framed area in the left image is
enlarged in the right image. The scale bar represents 5 lm for the left image and 1 lm for the right image. The white arrowhead
shows one end of a spirochete entering the intercellular junction (right).
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Discussion

There are some previous studies that focused on the mecha-

nism of jaundice caused by Leptospira infection in guinea

pig (Arean 1962a,b; Higgin & Cousineau 1977) and ham-

ster models (Miller & Wilson 1966; Van den Ingh & Hart-

man 1986). Histopathological changes in liver observed by

optical microscopy or transmission electron microscopy are

mainly shown as hepatic cord disarray (Arean 1962a,b;

Miller & Wilson 1966; Nally et al. 2004; De Brito et al.

2006) and dilation of intercellular space (Miller & Wilson

1966; Van den Ingh & Hartman 1986). Leptospires are

localized in the Disse’s space and the dilated intercellular

space (Miller & Wilson 1966; Van den Ingh & Hartman

1986; Matsunaga et al. 2006). Serum biochemical change is

reported as moderate increase in transaminase (Arean

1962b). These previous studies, however, have been con-

ducted on animals showing developed symptoms, and infor-

mation about serum biochemical and histopathological

changes in the early stage of the infection is limited. In our

study, we analysed infected but pre-icteric hamsters as well

as icteric hamsters. Our study demonstrated that the eleva-

tion of serum bilirubin level coincided with abnormality of

other serum biochemistries and structural changes associated

with Leptospira invasion of the liver. After co-incubation

with hepatocyte couplets isolated from hamsters, pathogenic

leptospires preferentially localized in the intercellular junc-

tion, which was in congruence with histological observa-

tions. These findings yielded important insights into the

mechanism of jaundice caused by Leptospira infection.

On the 7, 8 and 9 days after infection, hamsters with ele-

vated serum bilirubin levels showed only mild elevation of

serum AST and ALP levels. Considering that the conjugated

bilirubin was predominantly elevated, a series of abnormali-

ties in liver function tests matched with a cholestatic pat-

tern, rather than hepatocellular injury or hemolysis (Kamath

1996; Moseley 1996). Although the production of hemoly-

sin by pathogenic leptospires was reported (Zhang et al.

2005), our results suggested that its contribution to jaundice

was minimal. These abnormalities, except for ALP elevation,

were consistent with previous reports on leptospirosis in

human (Ramos-Morales et al. 1959; Kobayashi 2001) and

guinea pigs (Ramos-Morales et al. 1959; Arean 1962b;

Nally et al. 2004). ALP level was reported to be elevated in

infected humans but low in guinea pigs.

Scanning electron microscope observation revealed that

the advanced detachment of hepatocytes coincided with the

elevation of serum bilirubin (Figure 2d,e). Intercellular junc-

tions between hepatocytes are composed of gap, tight and

adherence junctions and desmosomes and play important

roles in hepatic function (Vinken et al. 2006). A tight junc-

tion seals the bile canaliculi and prevents bile from leakage

to the bloodstream (Anderson 1996). Therefore, disruption

of tight junction induces bile leakage and results in hyperbi-

lirubinemia. In our model, partial detachment of the cells

was observed in the pre-icteric phase (Figure 2d, iv), sug-

gesting that structural change precedes bile leakage. This

hepatocyte dissociation extended throughout the junction

within the next 24 h, and the moment it was completed,

jaundice occurred immediately (Figure 2d, vi). The partial

detachments were shown to be initiated around the sinu-

soids with spirochetes (Figure 2d, iv). This indicates that

partial detachment is a local change in membrane affected

by leptospires and that adhesion of the hepatocytes is main-

tained in areas where leptospires are absent. Therefore, the

mechanism of this change is different from necrosis or redis-

tribution of cytoskeletons caused by toxins, as reported in

several pathogenic bacteria (Balkovetz & Katz 2003). It was

reported that Leptospira infection induced apoptosis of

hepatocyte (Merien et al. 1998). We cannot exclude the pos-

sibility that there were some apoptotic cell in infected liver

of our model. This apoptosis might explain the increase of

unconjugated bilirubin. Merien et al. reported that around

5% of hepatocytes were apoptotic at 48 h after infection

with 108 leptospires. However, we found cell junctions of

almost all cells were disrupted. We therefore think that the

main cause of jaundice in our animal model of experimental

leptospirosis was not due to apoptosis of hepatocytes.

The three-dimensional details of the hepatocyte surface

suggests that leptospiral invasion through intercellular junc-

tions is directly involved in cell detachment. Bacterial-shaped

grooves on the cell surface indicated that leptospires bore

their way through the intercellular contacts and widened the

space. Multiple boring through a region of membrane adhe-

sion by numerous leptospires eventually resulted in the

detachment of hepatocytes. Leptospires have a characteristic

spiral shape and corkscrew motion, and these features are

considered to relate with its pathogenicity for host tissue

invasion (Barocchi et al. 2002). Penetration of cells such as

human umbilical vein endothelial cells, Madin-Darby canine

kidney cells, Vero cells and macrophage by leptospires were

reported in in vitro studies (Barocchi et al. 2002; Merien

et al. 1997, Thomas & Higbie 1990). Therefore, we carefully

investigated whether leptospires localized in hepatocytes

using SEM. We could find that some leptospires penetrated

hepatocyte membrane by the cross-cutting method (Fig-

ure 3b), but none of the leptospires localized in hepatocytes

by the freeze-cracking method (Figure 2e). We also found

uptake of leptospires by Kupffer cells as previously reported

(Nally et al. 2004). Our findings suggest that pathogenic le-

ptospires invade host hepatocytes intercellularly rather than

intracellularly. However, the substances attracting the spiro-

chete towards the bile canaliculi are not known.

These histological changes are consistent with serum bio-

chemical abnormalities. As long as the detachments were lim-

ited to the sinusoidal parts, and the tight junctions forming

bile canaliculi were intact, bile is considered to flow through

the canaliculi, and serum bilirubin levels were maintained at

a normal level. Because bacterial invasion caused only mild

damage to the hepatocytes, the serum transaminase level was

also normal. When the detachments were extended to the

bile canaliculi and tight junctions were disrupted, bile must

have initiated leakage into the sinusoids, and serum-conju-

gated bilirubin levels were elevated because bile in the
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canaliculi contains mostly conjugated bilirubin. ALP local-

ized in the bile canaliculi also appeared in the serum.

Previous histopathological studies of the liver on Weil’s

disease were mainly conducted using optical microscope

(Arean 1962a,b; Nally et al. 2004; De Brito et al. 2006) or

transmission electron microscope (Miller & Wilson 1966;

Van den Ingh & Hartman 1986). These two methods,

however, have disadvantages in the pathological analysis of

leptospirosis. The resolution of optical microscopy is too

low to observe the hepatocellular junction or fine spiral bac-

teria, such as Leptospira. Transmission electron microscope

provides only cross-section images; therefore, it is hard to

figure out overall lesion structure as well as distribution of

leptospires. Scanning electron microscope can produce high-

resolution images with a large depth of field. Together with

two kinds of preparation methods, we successfully obtained

three-dimensional images that display structural changes in

the liver and the distribution of spirochetes in a relatively

large field. These methods might be able to also reveal novel

aspects of leptospiral pathogenicity in other organs.

Previous reports have demonstrated that L. interrogans

adhere to host cells and the extracellular matrix and that

pathogenic strains attached, to a greater degree, than non-

pathogenic strains (Tsuchimoto et al. 1984; Ballard et al.

1986; Thomas & Higbie 1990; Martinez-Lopez et al. 2010;

Pinne et al. 2012). We found that L. interrogans, but not

L. biflexa, preferentially adhered to hepatocyte attachment

sites and invaded intercellular junctions of hepatocytes ex

vivo. These results indicate that not only specific attachment

to host hepatocytes, but also invasion into hepatocyte junc-

tion are mechanisms characteristic of pathogenic leptospires.

The molecular mechanism of the interaction between lepto-

spires and the host cells, however, remains to be elucidated.

Recently, it was reported that L. interrogans binds to

chondroitin sulphate B proteoglycans (Breiner et al. 2009)

and cadherin (Evangelista et al. 2014) on the surface of a

mammalian cell. Because they are expressed on hepatocyte

membranes (Toledo & Dietrich 1977; Vinken et al. 2006),

these substances may play a role in Leptospira attachment

to host hepatocytes.

Intrahepatic cholestasis is defined as impairment of bile

formation induced by drugs or infections, and autoimmune,

metabolic or genetic disorders (Trauner et al. 1998). Using

several experimental models, mechanisms of intrahepatic

cholestasis are explained as a functional impairment of

hepatocellular uptake and canalicular excretion of bile con-

stituents, which is associated with disfunction of membrane

transport, decreased integrity of tight junction, loss of mem-

brane fluidity and changes in the cytoskeleton. Increased

paracellular permeability likely results in regurgitation of

bile constituents into plasma (Chand & Sanyal 2007;

Crocenzi et al. 2003; Mottino et al. 2007). In our model,

the destruction of tight junction in the liver parenchyma,

due to Leptospira invasion, causes leakage of bile. There-

fore, the mechanism of Leptospira-induced jaundice is con-

sidered different from that of intrahepatic cholestasis

reported previously. Supporting this consideration, our SEM

observations revealed that bile canaliculi were neither tortu-

ous nor dilated, which are features observed in intrahepatic

cholestasis (Layden et al. 1975; Yoshino 1980). In conclu-

sion, the migration of corkscrew-shaped bacteria with char-

acteristic motility, from sinusoid to bile canaliculi, by

paracellular routes, causes jaundice in Leptospira infected

hamsters and is a novel mechanism of jaundice induced by

Leptospira infection (Figure 5). Although this conclusion is

based only on the hamster model, the similarities in histo-

pathological (Arean 1962a; De Brito et al. 2006) and serum

biochemical (Ramos-Morales et al. 1959; Kobayashi 2001)

observations between our animal model and human patients

support this mechanism of jaundice, and it can be applied to

human Weil’s disease. This is the first report that revealed

three-dimensional structural change of the liver correspond-

ing with abnormal serum chemistries, and leptospiral prefer-

ence to perijunctional regions of hapatocytes.

Figure 5 Schematic representation of jaundice caused by pathogenic Leptospira. In the normal state, a tight junction seals bile
canaliculi and prevents leakage of bile to bloodstream (left). Once pathogenic leptospires reach the liver sinusoids, they have the
property to attach to and invade intercellular junctions of hepatocytes and this invasion contributes to disrupt the junction (middle).
When the tight junction is disrupted, bile leaks from bile canaliculi and this result in jaundice (right).
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