Molecules and Cells

Experimental Applications of /n s/ituLiver
Perfusion Machinery for the Study of

Liver Disease

Won-Mook Choi’, Hyuk Soo Eun?, Young-Sun Lee?, Sun Jun Kim?, Myung-Ho Kim', Jun-Hee Lee’,
Young-Ri Shim', Hee-Hoon Kim', Ye Eun Kim', Hyon-Seung Yi'%*, and Won-Il Jeong"*

'Laboratory of Liver Research, Graduate School of Medical Science and Engineering, KAIST, Daejeon, Korea, “Department of
Internal Medicine, Chungnam National University School of Medicine, Daejeon, Korea, >Department of Internal Medicine, Korea

University College of Medicine, Korea

*Correspondence: jmpbooks@cnuh.co.kr (HSY); wijeong@Kkaist.ac.kr (WLJ)

http://dx.doi.org/10.14348/molcells.2018.0330
www.molcells.org

The liver is involved in a wide range of activities in vertebrates
and some other animals, including metabolism, protein syn-
thesis, detoxification, and the immune system. Until now,
various methods have been devised to study liver diseases;
however, each method has its own limitations. /n situ liver
perfusion machinery, originally developed in rats, has been
successfully adapted to mice, enabling the study of liver dis-
eases. Here we describe the protocol, which is a simple but
widely applicable method for investigating the liver diseases.
The liver is perfused /n situ by cannulation of the portal vein
and suprahepatic inferior vena cava (IVC), with antegrade
closed circuit circulation completed by clamping the infrahe-
patic IVC. /In situ liver perfusion can be utilized to evaluate
immune cell migration and function, hemodynamics and
related cellular reactions in each type of hepatic cells, and the
metabolism of toxic or other compounds by changing the
composition of the circulating media. /7 situ liver perfusion
method maintains liver function and cell viability for up to 2 h.
This study also describes an optional protocol using density-
gradient centrifugation for the separation of different types of
hepatic cells, allowing the determination of changes in each
cell type. In summary, this method of /n situ liver perfusion
will be useful for studying liver diseases as a complement to
other established methods.
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INTRODUCTION

The liver is a pivotal organ in metabolism, coordinating
whole-body energy balance by regulating glucose, lipid, and
protein metabolism. Moreover, the liver plays a critical role in
detoxification, eliminating various toxins and metabolizing
drugs and xenobiotics. Following the isolation of rat (Berry
and Friend, 1969; Seglen, 1976) and human (Bojar et al.,
1976) primary hepatocytes, methods involving isolated pri-
mary hepatocytes cultured /n vitro have been regarded as a
gold standard for research on the liver. However, the com-
plex intercellular interactions of the various cell types present
in the liver have raised fundamental questions about this
methodology.

About 60% of liver cells are hepatocytes, with the other
40% including hepatic stellate cells (HSCs), Kupffer cells
(KCs), liver sinusoidal endothelial cells (LSECs), cholangio-
cytes, and various immune system cells infiltrating the liver
(Blouin et al., 1977). Moreover, the liver has significant im-
munological properties (Gao et al., 2008). Thus, a model
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Fig. 1. Timeline showing the development of methods for liver research.

that includes all cell types in their natural environment is
required to understand the physiology and pathophysiology
of the liver. This understanding would be enhanced by ex-
amining the intracellular reactions that take place in each cell
type after experimental manipulation. Various methods have
therefore been devised and widely applied to study liver
disease, including the precision-cut liver slice model and the
organoid model, some of which are also applicable to hu-
man samples.

Figure 1 briefly depicts the timeline of culture method de-
velopment in liver research. These methods, however, have
limitations, such as the exaggeration of metabolic signaling
pathways, the lack of natural matrix implementation, the
absence of cell-to-cell interactions (especially with immune
cells), and discontinuous hemodynamic considerations in
capturing “real-world” phenomena. This study describes a
simple method, called /n situ liver perfusion machinery,
which can be adapted to study various liver diseases. This
method has been utilized in various murine models of liver
diseases (Kim et al., 2017; Lee et al.,, 2015; 2016; Seo et al.,
2016).

MATERIALS AND METHODS

Mice

All animal protocols were approved by the International
Animal Care and Use Committee of Korea Advanced Insti-
tute of Science and Technology (KAIST, Korea) and conduct-
ed in accordance with relevant guidelines and regulations.
The mice were maintained on a regular 12-hour light/12-
hour dark cycle in a specific pathogen-free animal facility at
KAIST. Male mice aged between 8 to 12 weeks were used in
the experiments.

In situ liver perfusion

The perfusion system was designed as a closed circuit with a
roller pump to provide a constant flow rate (for overview see
Fig. 2). First, the portal vein was cannulated, which was the
most critical step of the method. It was important to pre-
warm the water bath and/or the connecting lines to 37C
before the perfusion. Although puncturing the portal vein of
mice may be technically difficult, /n situ liver perfusion should
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be circulated through the portal vein to mimic physiologic
antegrade circulation. After the portal vein was successfully
cannulated (Fig. 2A), the perfusion setup, including the
connecting lines and the roller pump, was stabilized by fixa-
tion to avoid dislocation of the catheter during circulation.
The pump was started to circulate phosphate buffered saline
(PBS) solution, resulting in conspicuous distension of the
inferior vena cava (IVC) and making the latter easy to cut.
After confirming successful cannulation by observing the
swelling and discoloration of the liver, the chest was opened
to expose the right atrium of the heart (Fig. 2B). The su-
prahepatic IVC was cannulated through the puncture of the
right atrium, with clamping of the infrahepatic IVC causing
the solution to exit through the suprahepatic IVC catheter.
The system was perfused for 5 min with PBS to flush out
blood and prevent clotting of the hepatic vessels (Fig. 2C).
The inlet of the line connected to the portal vein was insert-
ed into experimental medium, based on either DMEM
(Welgene) or RPMI-1640 (Welgene) supplemented with
10% fetal bovine serum (FBS; Welgene) and 1% penicillin-
streptomycin (Gibco). The inlet of the other line connected
to the pump was connected to the suprahepatic IVC cathe-
ter to close the circuit (Fig. 2D). The lines connected to the
portal vein and the suprahepatic IVC should be identical;
otherwise, the flow rate of both lines would be different,
which may cause the perfused liver to swell or shrink. Alter-
natively, a 1 ml syringe body can be connected to a su-
prahepatic IVC catheter to create a flow reservoir. After es-
tablishing the closed circuit, circulation can be maintained
for up to 2 h with media containing various experimental
conditions. The choice of circulating medium and its constit-
uents depended on the aim of the experiment. A minimum
of 25 ml of medium was required to establish the closed
circuit based on our system with the roller pump (Watson-
Marlow) and the connecting lines (cat. no. 14-190-516,
Fisher scientific). However, the optimal volume of perfusion
medium should be individualized based on each laboratory’s
own perfusion system. Circulation for more than 2 h is not
recommended, because cell viability and function decrease
noticeably after 2 h probably due to increased hypoxic stress
(Supplementary Fig. S1).
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Fig. 2. Overview of the /in situ hepatic circulation procedure. (A) The anesthetized mouse is cannulated via the portal vein and the line is
connected. (B) The pump is started, the infrahepatic inferior vena cava (IVQ) is cut off, and the chest of the mouse is opened. (C) The
supraheptic IVC is cannulated via the right atrium and the infrahepatic IVC is clamped. The liver is perfused with PBS to eliminate blood.
(D) The line is connected to the suprahepatic IVC catheter, followed by closed circulation for up to 2 h. The resulting liver samples can be
ground to isolate hepatic immune cells, or further digested with collagenase to isolate each hepatic cell type (e.g. hepatocytes, hepatic
stellate cells (HSCs), Kupffer cells (KCs), and liver sinusoidal endothelial cells (LSECs)). (E) Perfusion of the liver with collagenase solution,
followed by /in vitro digestion and filtering of the cell suspension through a 70-uM mesh. (F) Pelleting of hepatocytes by low-speed cen-
trifugation (50xg for 5 min at RT, twice). Hepatocytes can be further purified by 40% Percoll-gradient centrifugation (1,000xg for 10
min at 4C). Supernatants containing non-parenchymal cells are pelleted by high-speed centrifugation (590xg for 10 min at 4C, twice)
and further separated by density gradient centrifugation (1,600xg for 17 min at 47). HSCs can be further purified by retinoid-based
FACS sorting. KCs and LSECs can be further purified using F4/80+ and CD 146+ MicroBeads, respectively, followed by MACS.

Sample preparation

After the completion of circulation, tissue samples were
prepared by 1) using whole liver tissues, 2) grinding liver
tissues to isolate hepatic immune cells, or 3) subsequently
perfusing the liver tissue with collagenase, followed by den-
sity gradient-based separation of hepatic cell types (i.e.
hepatocytes, HSCs, KCs, and LSECs) (Figs. 2E and 2F). Briefly,
1) whole liver tissue was cut into small pieces and stored at -
80T for future analyses such as western blot and gRT-PCR.
2) To isolate hepatic immune cells, mouse livers were ground
and passed through a 70-um cell strainer. The cell suspen-
sion was suspended in PBS and centrifuged at 50xg for 5
min to remove hepatocytes. The supernatant was collected,
washed with PBS, suspended in 40% Percoll (Merck) in PBS,

and centrifuged at 1,000xg for 30 min at 4C. The cell pellets
were resuspended in red blood cell lysis buffer, incubated at
4 for 5 minutes, washed with PBS, and centrifuged at
650xg for 15 min at 4T to obtain immune cells. 3) For anal-
ysis of each hepatic cell (i.e. hepatocytes, HSCs, KCs, and
LSECs), subsequent perfusion with collagenase and density
gradient-based separation was performed as described, with
some modifications (Mederacke et al., 2015; Werner et al.,
2015). After removing the line connected to the suprahepat-
ic IVC catheter, the inlet of the line connected to the portal
vein was transferred to the collagenase solution of 0.075%
collagenase type | and 0.02% DNase | in HBSS buffer, fol-
lowed by perfusion with this solution for 10 min to digest
liver tissues (Fig. 2E). The liver was then carefully extracted
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and placed in digestion solution (0.009% collagenase type |
and 0.02% DNase | in HBSS). The liver was minced under
sterile conditions, placed in digestion solution, and incubat-
ed for 20 min at 37T with shaking at 90 rpm. The cell sus-
pension was filtered through a 70-um cell strainer to elimi-
nate any undigested tissue remnants. Primary hepatocytes
were separated from non-parenchymal cells (NPCs) by low-
speed centrifugation and further purified by 40% Percoll
density-gradient centrifugation. NPCs in the supernatant
were pelleted by high-speed centrifugation, resuspended in
6 ml density gradient solution (20% Optiprep), followed by
sequential layering of 4 ml 11.5% Optiprep solution and 4
ml HBSS and high-speed centrifugation without braking.
HSCs were located at the interface between the HBSS and
11.5% Optiprep layers and KCs and LSECs were located in
the interface between the 11.5% and 20% Optiprep layers.
LSECs were further purified by MACS with CD146+ Mi-

croBeads according to the manufacturer’'s recommendations.

When required, HSCs were further purified by FACS sorting
with a 405-nm laser for excitation and a 450/50-nm band-
pass filter for detection; and KCs were further purified by
FACS or MACS with F4/80+ MicroBeads. Isolated and puri-
fied HSCs, KCs, and LSECs were cultured or stored at -80C
for future analysis.

Histological analyses

Formalin-fixed paraffin-embedded liver sections were
stained with hematoxylin and eosin (H&E) using standard
protocols. For cytochrome P450 2E1 (CYP2E1) immuno-
histochemistry, paraffin-embedded tissue sections were in-
cubated with 0.03% H,0, for 30 min to block endogenous
peroxidases, followed by incubation with 2.5% normal
horse serum for 1 h to block non-specific binding. The tissue
samples were incubated with primary antibody to CYP2E1
(Merck) for 30 min at room temperature, followed by incu-
bation with the ImmPRESS HRP Anti-Rabbit IgG Polymer
Detection Kit (Vector Laboratories) according to the manu-
facturer’s instructions. Reactions were developed with DAB
peroxidase substrate (Vector Laboratories) according to the
manufacturer’s instructions. The histological features of the
tissue samples were monitored and imaged by light micros-
copy (Olympus).

TUNEL staining

Apoptotic cells were detected using the /in situ Cell Death
Detection Kit (Roche) according to the manufacturer’s in-
structions. Briefly, deparaffinized liver sections were pre-
treated with proteinase K (Sigma-Aldrich) and incubated
with TdT reaction solution in a humidified chamber for 2 h.
Positive cells were stained with FITC-avidin D and counter-
stained with DAPI.

aPCR and western blot analyses

Total RNA was isolated from liver tissues or cells with TRIzol
reagent (Thermo Fisher Scientific) and reverse-transcribed to
¢DNA using amfiRevert Il cDNA Synthesis Master Mix (Gen-
DEPQOT) or ReverTra Ace® gPCR RT Master Mix with gDNA
Remover (Toyobo, Japan) according to the manufacturer’s
instructions. gPCR was performed using SYBR Green
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Realtime PCR Master Mix (Toyobo), with the mRNA levels of
target genes normalized to the level of Actb mRNA in the
same sample. The primer pairs used in this study are listed in
Supplementary Table S1.

For western blot analyses, total protein samples were iso-
lated from frozen liver tissue or isolated cells using RIPA lysis
buffer (30mM Tris, pH 7.5, 150 mM NaCl, 1 mM PMSF, 1
mM Na3Vv04, 10% SDS, 10% glycerol), containing a prote-
ase and phosphatase inhibitor cocktail (Thermo Fisher Scien-
tific). Samples were separated by 10% SDS-polyacrylamide
gel electrophoresis and transferred to nitrocellulose mem-
branes (Thermo Fisher Scientific). After incubating the
membranes with 5% skim milk or 5% BSA for 1 h at room
temperature to block non-specific binding, the membranes
were incubated with primary antibodies overnight at 4¢C
and then with the corresponding secondary antibodies for 1
h at room temperature. All of the primary antibodies were
diluted 1:1000. Primary antibodies to CYP2E1 and B-actin
were purchased from Merck and Sigma-Aldrich, respectively,
whereas primary antibodies to other proteins such as HIF-1¢,
cleaved caspase 3, pSTAT1, STAT1, pJNK, JNK, peNOS, and
eNOS were from Cell Signaling Technology. Secondary anti-
bodies used for western blot analyses were HRP-linked anti-
rabbit IgG (Cell Signaling Technology) and HRP-linked anti-
mouse IgG (H+L) (Thermo Fisher Scientific), both diluted
1:2000. Immunoreactive bands were detected using the ECL
detection system with a Phosphorimager (GE Healthcare).
Protein expression levels were normalized to the levels in the
same samples of B-actin, which was used as a loading con-
trol.

Clinical chemistry measurements

Liver injury was evaluated by measuring alanine aminotrans-
ferase (ALT) in the perfusate (circulated media) using a Vet-
Test Chemistry analyzer (IDEXX Laboratories) according to
the manufacturer’s instructions.

FACS analysis

Cells were labeled with fluorescence tagged antibodies;
using anti-mouse CD16/CD32 (mouse Fc blocker, Clone
2.4G2) (BD Pharmingen) and the Live/Dead fixable aqua
dead cell stain kit with detection at 405 nm (Thermo Fisher
Scientific). Infiltrating macrophages (CD11b", F4/80°") and
Kupffer cells (CD11b*, F4/80™") were gated using eFlour
450-conjugated anti-mouse CD45 (Clone 30-F11), PE-F4/80
(Clone BM8) (eBioscience), anti-mouse APC, APC-Cy7, or
V500-CD11b (Clone M1/70) (BD Pharmingen), as well as
with anti-mouse FITC, PerCP-Cy5.5 or APC-Cy7-Ly-6C (Clone
AL-21) and anti-mouse APC or PE-CCR2 (Clone #475301)
(R&D Systems). LSECs (CD11b’, CD146") were also analyzed
using eFlour 450-conjugated anti-mouse CD45 (Clone 30-
F11) and anti-mouse PE-CD146 (Clone ME-9F1) (BD
Pharmingen). Cells were read with FACS LSRII (BD Bioscienc-
es), and data were analyzed with FlowJo software (FlowJo
LLC).

Calculation of shear stress
To evaluate hepatic hemodynamics and relevant functions of
LSECs, the flow rate was adjusted as described (Ballermann



et al., 1998), with the estimated shear stress calculated as:

)
mR3

where t = shear stress (dyn/cm?); m = viscosity (dyne-sec/
cm?); Q = fluid flow rate (ml/sec); R = internal radius (cm).

In this system, the viscosity of the cell culture medium con-
taining 10% FBS was approximately 0.008 dyne-sec/cm?’
and the internal radius of the inserted catheter was 0.09 cm.
As the mouse portal vein has an internal radius of about
0.12 ¢m and a physiological blood flow rate of 1.6-2.3
ml/min (Xie et al., 2014), the flow rate of 1 ml/min in this
system provides a shear stress similar to the actual physiolog-
ic shear stress. In our system, the roller pump speed of 6 rpm
was well corresponded to 1 ml/min. The optimal pump
speed should be set individually for each laboratory condi-
tion to 1 ml/min. To assess shear stress-induced LSEC stimu-
lation, the flow rate was increased to 3 ml/min.

Statistical analysis
All statistical analyses were performed using Prism version
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7.0 (GraphPad Software). Data are presented as the mean +
sem. Differences between two groups were evaluated using
unpaired Student’s ¢ tests, with a P value <0.05 considered
statistically significant.

RESULTS

In situ liver perfusion maintains cell viability and metabolic
function

To show that the circulation of culture medium maintains
liver cell viability and related metabolic functions, mice were
sacrificed and left for 2 h with or without /n situ liver perfu-
sion. While the parenchyma was dissolved and the hepato-
cytes were singularized in the control group, the structure of
the liver parenchyma remained relatively intact in the mice
that underwent i situ liver perfusion even compared to the
fresh liver (Fig. 3A). Moreover, cell viability, as assessed by
TUNEL staining, was significantly higher in mice that under-
went /in situ liver perfusion than in control mice (Figs. 3A and
3B). Hepatic function, as determined by the levels of expres-
sion of genes encoding albumin, CYP2E1, and glucose-6-
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Fig. 3. /n situ liver perfusion maintains cell viability and function. (A-C) Mice were sacrificed and perfused /n situ with DMEM containing
10% FBS and 1% penicillin-streptomycin or not perfused. (A) Representative H&E and TUNEL staining. Scale bars = 50 um. (B) Num-
bers of apoptotic cells assessed by TUNEL staining. (C) Levels of hepatic Alb, Cyplel, and G6pc mRNAs. (D-G) Mouse livers were per-
fused /n situ with medium with (EtOH) or without (Ctrl) 100 mM ethanol for 2 h. (D) ALT levels in the medium. (E) Immunoblot assays
for CYP2E1. Full-length blots are presented in Supplementary Fig. S2. (F) gRT-PCR assays for Cyp2el, Adh7, and Adh5. (G) Representa-
tive CYP2E1 immunohistochemical staining. Scale bars = 50 um. Gene expression was normalized relative to that of Actb. Data are
shown as mean £ sem. *£<0.05, **P<0.01, **xP<0.001 versus the corresponding control.
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phosphatase, was also significantly higher in the mice that
underwent /7 situ liver perfusion (Fig. 3C). Moreover, the
gene expressions of albumin and CYP2E1 from the liver of
mice after /n situ perfusion was also comparable to those
from the fresh liver (Fig. 3C). The gene expression of Gépc
encoding glucose-6-phosphatase was even higher in the
liver of mice with /i situ perfusion than the fresh liver (Fig.
3C), probably due to high glucose content (4.5 g/l) in circu-
lating medium which paradoxically increases Gépc gene
expression as shown in the previous studies (Gautier-Stein et
al., 2012; Massillon et al., 1996).

The hepatocellular function and viability remained nearly
stable during the perfusion period up to 2 h; however, the
function and viability were remarkably decreased after 2 h
of in situ liver perfusion as assessed by the gene expres-
sions of albumin and CYP2E1 and TUNEL staining, respec-
tively (Supplementary Fig. S1). Increased hypoxic stress is
presumed to be responsible for tissue damage and in-
creased apoptosis, indicated by elevated LDH in circulated
medium and HIF-1o and cleaved caspase 3 expressions in
the liver after 2 h of /in situ liver perfusion (Lee et al,
2018)(Supplementary Fig. S1).

To assess the actual effects of in situ liver perfusion on me-
tabolism and toxicology, mice were perfused for 2 h with
medium that did or did not contain 100 mM ethanol. Acute
liver injury, as indicated by the elevation of ALT (Fig. 3D),
was observed following perfusion with medium containing
ethanol. In addition, /7 situ liver perfusion with ethanol in-
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creased the expression of CYP2E1 protein (Fig. 3E), which
induces alcoholic liver injury (Lu et al., 2008). However, there
were no differences in the expression of genes encoding
other alcohol metabolizing enzymes such as Aadh7 and Adh5
(Fig. 3F). Immunohistochemical staining also showed that
perfusion with medium containing ethanol induced the ex-
pression of CYP2E1 around the central vein (Fig. 3G), an
indicator of the pathology of /n vivo mouse models of alco-
holic liver injury and of alcoholic patients. Collectively, these
results suggested that /n situ liver perfusion with ethanol for
2 h was sufficient to induce CYP2E1 activity and promote
acute alcoholic liver injury.

In situ liver perfusion with a particular ligand is suitable to
evaluate the downstream pathway in the liver

To investigate whether /n situ liver perfusion can assess the
downstream effect of particular ligands, mouse livers were
perfused /n situ with medium containing various ligands,
such as IFN-y and polyinosinic-polycytidylic acid (poly I:C) (Fig.
4A). IFN-y binding to its receptor leads to the downstream
tyrosine phosphorylation of STAT1; with STAT1 homodimers
translocating into the nucleus and binding to IFN-y-activated
sites (GAS), thereby inducing the expression of IFN-y target
genes (Aaronson and Horvath, 2002). Immunoblotting of
liver tissues after /n situ liver perfusion with IFN-y showed
significant increases in phosphorylated STAT1 (Fig. 4B) and
the expression of IFN-y target genes, such as /77, Socs7, and
Nos2 (Fig. 40).

Fig. 4. In situ liver perfusion with ligand
activates the downstream pathway in
the liver. (A) Schematic figure of the
experiments. (B-C) /n situ liver perfu-
sion with medium with or without IFN-
v (5 ng/ml) for 1 h. (B) Immunoblot
assays for pSTAT1 and STAT1. Full-

> 4 . length blots are presented in Supple-
S mentary Fig. S3. (C) Expression of /7,
f 2 Socs1, and Mos2 mRNAs in whole liver
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hepatic immune cells. (E) Flow cy-

tometric analyses of isolated hepatic
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Poly I:C is structurally similar to double-stranded RNA,
which can activate toll-like receptor 3 in various types of
immune cells (Seo et al., 2016). Perfusion with medium con-
taining poly I:C significantly increased the expression of
genes encoding pro-inflammatory cytokines, such as /176, //6,
/l17a, and /fng, in hepatic immune cells (Fig. 4D). Moreover,
perfusion with poly I:C increased the expression of C-C
chemokine receptor type 2 (CCR2) in Kupffer cells (CD11 b*,
F4/80™") and the percentage of Ly6C" cells among infiltrat-
ed macrophages (CD11b", F4/80°") (Fig. 4F), suggesting
that these immune cell subsets are activated by poly I:C.

Immune cell function can be evaluated by /i situ liver
perfusion

/n vivo adoptive transfer through the tail vein has limitations
in evaluating the migration to the liver of immune cells, es-
pecially minor subsets of immune cells, due to wide tissue
distribution resulting from systemic injection. This limitation
may be overcome by /n situ liver perfusion, because the cir-
culation of immune cells is restricted to the liver. In previous
studies, we successfully adapted the /n situ liver perfusion
machinery to investigate the migration of Tregs (Lee et al.,
2015; 2016), as well as the migration of ¥ T cells following
carbon tetrachloride (CCls)-mediated liver injury (Seo et al.,
2016). In addition to assessing immune cell migration, /n situ
liver perfusion can evaluate immune cell function. Splenic
lymphocytes were isolated from wild type mice and placed in
circulating medium with or without concanavalin A (Con A)
(Fig. 5A), which is widely used to study T cell-mediated hep-
atitis (Tiegs et al., 1992). Following /n situ liver perfusion for
2 h, the expression of pro-inflammatory cytokines such as
/fng and //6 was markedly higher in the Con A-infused splen-
ic lymphocytes than in those non-infused with Con A (Fig.
5B), resulting in increased STAT1 activity in the liver (Fig. 5C).

Con A-stimulated splenic lymphocytes
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Consistent with these findings, the expression of 77fand of
Ccl2, a chemokine that recruits monocytes, T cells and den-
dritic cells (Carr et al., 1994), was significantly higher in the
presence than in the absence of Con A (Fig. 5D). As a result,
hepatic damage, as indicated by ALT concentration and
apoptotic cell death, was greater in Con A-treated than in
control livers (Figs. 5E-5G).

In situ liver perfusion machinery can regulate shear stress
to stimulate LSECs

One of the great advantages of this method of /n situ liver
perfusion machinery was the ability to evaluate hemody-
namic change related reactions of LSECs. Mouse portal veins
are approximately 1.2 mm in diameter and have a physiolog-
ical blood flow rate of 1.6-2.3 ml/min (Xie et al., 2014). If
other variables are identical, shear stress is proportional to
fluid flow rate (Fig. 6A). Thus, shear stress to the liver during
/n situ liver perfusion can be adjusted by controlling its flow
rate, with the relationship between estimated shear stress
and flow rate being derived from the formula by which
shear stress is based on the diameter and branch number of
the portal vein (Figs. 6A and 6B). In general, leukocyte re-
cruitment is followed by a multistep adhesion cascade, in-
cluding chemokine-mediated chemotaxis (Ley et al., 2007).
In the liver, most leukocyte recruitment occurs within the
low shear hepatic sinusoids, which are lined by a unigue
population of LSECs. These cells are separated from hepato-
cytes by the space of Disse and are the first cells to contact
circulating leukocytes. These LSECs express various chemo-
kines and adhesion molecules; thereby playing a critical role
in maintaining immune homeostasis in both physiologic and
pathologic conditions (Shetty et al., 2018). Shear stress-
induced monocyte chemoattractant protein-1 (MCP-1; also
known as C-C motif chemokine ligand 2, CCL2) has been

Fig. 5. /n situ liver perfusion with Con A-
induced activated lymphocytes damages the
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(1 x 106 cells) ConA — + ConA - + (A) Schematic figure of the experiment. (B)

C Liver tissues circulated with lymphocytes

Expression of /fng and /6 mRNAs by isolat-
ed splenic lymphocytes. (C) Immunoblot
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Vehicle ConA tissues after perfusion. Full-length blots are
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§ < s Vehicle : expression was normalized relative to that
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Fig. 6. Stimulation of liver sinusoidal endothelial cells (LSECs) by /n situ liver perfusion-induced shear stress. Livers were perfused in situ
with medium at flow rates of 1 ml/min (low) and 3 ml/min (high). (A-B) Formula for calculating shear stress and its dependence on
vessel diameter and vessel branch number. (C) Expression of Ccl2, Cxc/7, and Nos3 mRNAs by isolated LSECs. (D) Immunoblot analysis
of peNOS, eNOS, pJNK and JNK by isolated LSECs. Full-length blots are presented in Supplementary Fig. S5. (E) FACS assessment of
CCR2 expression in isolated CD11b*F4/80™" infiltrated monocytes. Data are presented as mean + sem. *£<0.05, **P<0.01 versus the

corresponding control.

shown to play a critical role in the pathogenesis of athero-
sclerosis by recruiting CCR2" monocytes to the vascular wall
(Gu et al,, 1998; Maus et al, 2002). In particular, shear
stress-induced MCP-1 expression in endothelial cells is medi-
ated through activator protein-1 (AP-1), which is phosphory-
lated through activation of the INK pathway (Azuma et al.,
2000; Braddock et al., 1998). To assess this phenomenon in
the liver, livers were perfused /n situ for 2 h at low (1 ml/min)
and high (3 ml/min) circulation rates. Then, LSECs were iso-
lated and subsequently purified by MACS, which yielded a
purity >90 % (data not shown). As expected, the expression
of genes encoding Ccl2, Cxc/7, and endothelial nitric oxide
synthase (Mos3) were significantly higher in LSECs following
circulation at 3 ml/min than at 1 ml/min (Fig. 6C), a finding
paralleled by the activation of endothelial nitric oxide syn-
thase and the JNK pathway (Fig. 6D). In addition, infiltrated
monocytes (CD11b", F4/80°" cells) exhibited higher expres-
sion of CCR2, the receptor for CCL2 at the higher rate of
circulation than at the low rate of circulation (Fig. 6E). Col-
lectively, these findings suggest that /i situ liver perfusion
provides a feasible model for studying mechanical stress-
induced functional changes and activation of LSECs.

DISCUSSION

Various methods are currently used to study liver diseases,
including the isolation and culture of primary cells, the preci-
sion-cut liver slice model, and the organoid model. As de-
picted in Fig. 1, isolating technique of rat hepatocytes was

first developed in 1969 by Berry and Friend (Berry and Friend,

1969), and then further modified by Seglen (Seglen, 1976).
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Later in 1976, the isolation of human hepatocytes was in-
troduced by Bojar (Bojar et al., 1976). At present, isolation
of non-parenchymal cells as well as hepatocytes using differ-
ential and gradient centrifugation is widely used both in
human and mouse (Mohar et al., 2015; Werner et al., 2015).
These conventional /n vitro primary cell culture models are
useful in studying the intracellular pathways of each cell type,
with co-culture of different cell types being useful in study-
ing intercellular crosstalk. These approaches, however, have
important drawbacks in modeling actual /n vivo cellular
events. For example, isolated cells lose their anatomical po-
larity and natural matrix, altering their original characteristics.
Moreover, these approaches are unable to reproduce the
complex /n vivo environments of these cells. Immortalized
cell lines derived from human (HepG2, Hep-3B, etc.) and
mouse (Hepa 1-6, Hepa-1c1c7, etc.) livers are also available.
Although these cell lines have some advantages over primary
cells, in that they are easy to obtain and maintain, they ex-
press lower levels of metabolizing enzymes and their intrinsic
characteristics differ from those of primary cell cultures.

The precision-cut liver slice model was developed to over-
come the drawbacks of conventional cell culture models (De
Graaf et al., 2010). In this method, fresh slices of liver tissues,
including from mice and humans, are cut reproducibly and
cultured. Although this model can mimic the actual /n vivo
environment as much as possible, it also has key drawbacks.
For example, it requires special equipment such as a tissue
slicer, and it does not allow full penetration of compounds
under some conditions, particularly lipophilic compounds
that are rapidly metabolized by the outer cell layers of these
slices (Worboys et al., 1997). Moreover, this method does



not allow for the study of the role of hepatic immune cells or
hepatic hemodynamics.

Another novel technique is organoid culture, which ena-
bles the long-term expansion and genetic manipulation of
adult livers in 3D culture systems (Broutier et al., 2016). Or-
ganoid cultures provide an extracellular matrix environment,
along with a mixture of growth factors that are vital during
liver development and regeneration (such as HGF, EGF, FGF,
and R-spondin-1) (Duncan et al., 2009; Huch et al., 2013;
Zaret and Grompe, 2008). A recent study provided a de-
tailed protocol for growing adult mouse and human liver
organoids, from cell isolation and long-term expansion to
genetic manipulation /n vitro (Broutier et al., 2016). This
technique provides an opportunity to create cellular models
of human diseases. Furthermore, organoid culture can easily
be manipulated genetically, using retroviruses or CRISPR/Cas
endonuclease systems. However, this culture system also has
limitations, including the long time (1-4 weeks) required to
generate organoids. Moreover, although liver buds derived
from hiPSCs and co-cultured with mesenchymal and endo-
thelial cells generated liver buds containing both mesenchy-
mal and epithelial cells (Wang et al., 2014), most of these
cultures result only in the expansion of the adult epithelial
compartment. In addition, these cultures are limited in inter-
actions with immune cells and in assessing hepatic hemody-
namics and the stem-cell niche, limiting their ability to assess
actual /n vivo environments. Thus, despite the advantages of
organoid culture model, a new methodology was required
to compensate for these limitations.

This study describes a protocol for in situ perfusion of
mouse livers. The method is very simple and can be used to
complement rather than replace the above-described meth-
ods in a variety of applications. The /n situ liver perfusion
method, originally called the isolated perfused rat liver (IPRL)
model, was developed initially in rats (Gores et al., 1986)
and, after some modifications, widely used to investigate the
physiology and pathophysiology of the rat liver. The IPRL
model has been used to investigate ischemia-reperfusion
injury; the metabolism of compounds, ammonium, and
amino acids (Hiussinger, 1987), protein synthesis (Lindell et
al., 1994; Tavill, 1972), oxygen consumption (Dahn et al.,
1999), and LSEC function using hyaluronic acid uptake
(Reinders et al., 1996). This model is useful in evaluating
specific aspects of liver function /n situ in the absence of
systemic effects (Gores et al., 1986; Tygstrup, 1975).

As the use of mice rather than rats has many advantages,
including lower maintenance costs and the availability of a
wide range of genetic models, the rat model in studying liver
disease has shifted largely to the mouse model in recent
years. In keeping with this trend, /n situ liver perfusion ma-
chinery has subsequently been adapted to mice in our labor-
atory. In addition, mouse livers are smaller in size than rat
livers, resulting in better oxygenation of the liver parenchyma
in the former. In previous studies from our laboratory, we
adapted the isolated liver perfusion model in mice to various
experimental conditions, allowing investigations of the mi-
gration of Tregs (Lee et al., 2015; 2016), the migration of ¥
T cells in CClgs-mediated injured livers (Seo et al., 2016), and
the palmitate-induced generation of reactive oxygen species
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in immune cells of the livers of various knockout mice (Kim
et al., 2017). This study expands the applications of this
method, showing that /7 sitv liver perfusion can be used to
assess the metabolism of toxic materials such as ethanol, the
direct effects of various ligands on the liver, immune cell
function, and shear stress-induced LSEC stimulation.

One of the critical drawbacks of the /n situ liver perfusion
method is the insufficient oxygenation of the liver paren-
chyma. This may be circumvented by increasing the infusate
flow rate, enhancing oxygen supply to the parenchyma.
However, increased flow rate may induce shear-stress-
induced injury to LSECs. Alternatively, an oxygenator can be
applied to increase dissolved oxygen concentration in the
circulating media; or oxygen carriers such as perfluorcarbons
or erythrocytes can be added to the circulating media to aid
oxygen transfer to the liver parenchyma during perfusion
(Bessems et al., 2006). Another drawback is the maximum
circulation time, which is only 2 h. At longer times, cell viabil-
ity and function dramatically deteriorate (Supplementary Fig.
S1). This limitation must be considered when analyzing long-
term rather than immediate-early responses of the liver.
Considering this point, it may be more useful to apply /7 situ
liver perfusion method to see the liver-specific response sec-
ondarily after disease development in mice such as CCls-
induced liver fibrosis or high fat diet-induced nonalcoholic
fatty liver disease. Further research is required to increase the
total circulating time. Although one of the advantages of the
/in situ liver perfusion method is the ability to evaluate liver-
specific responses, by excluding the effect of other organs, in
other words, various interorgan interactions that occur /n
vivo cannot be assessed.

This /in situ liver perfusion method may provide a simple
but widely applicable method. /n situ liver perfusion can be
performed sequentially after /n vivo disease modeling, such
as CClg-induced liver fibrosis or high fat diet-induced nonal-
coholic fatty liver disease. Moreover, in situ liver perfusion
may provide a greater understanding of the mechanism of
liver diseases by isolating each cell type and exploring its cellu-
lar reactions. This /n situ liver perfusion machinery may there-
fore provide a more comprehensive understanding of liver
pathogenesis and the mechanistic pathways in liver diseases.

Note: Supplementary information is available on the Mole-
cules and Cells website (www.molcells.org).
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