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Abstract
AIM: To develop a method of labeling and micro-
dissecting mouse Kupffer cells within an extraordinarily 
short period of time using laser capture microdissection 
(LCM).

METHODS: Tissues are complex structures comprised 
of a heterogeneous population of interconnected cells. 
LCM offers a method of isolating a single cell type from 
specific regions of a tissue section. LCM is an essential 
approach used in conjunction with molecular analysis 
to study the functional interaction of cells in their 
native tissue environment. The process of labeling and 
acquiring cells by LCM prior to mRNA isolation can be 
elaborate, thereby subjecting the RNA to considerable 
degradation. Kupffer cell labeling is achieved by 

injecting India ink intravenously, thus circumventing 
the need for in vitro  staining. The significance of this 
novel approach was validated using a cholestatic liver 
injury model.

RESULTS: mRNA extracted from the microdissected 
cell population displayed marked increases in colony-
stimulating factor-1 receptor and Kupffer cell receptor 
message expression, which demonstrated Kupffer 
cell enrichment. Gene expression by Kupffer cells 
derived from bile-duct-ligated, versus  sham-operated, 
mice was compared. Microarray analysis revealed 
a significant (2.5-fold, q  value < 10) change in 493 
genes. Based on this fold-change and a standardized 
PubMed search, 10 genes were identified that were 
relevant to the ability of Kupffer cells to suppress liver 
injury.

CONCLUSION: The methodology outlined herein 
provides an approach to isolating high quality RNA 
from Kupffer cells, without altering the tissue integrity.
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INTRODUCTION
Kupffer cells, resident tissue macrophages that line 
the liver sinusoids, play a key role in modulating 
inflammation in a number of  experimental models 
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of  liver injury[1]. Since Kupffer cells represent only a 
small portion of  the entire liver cell population, greatly 
outnumbered by the parenchymal cells, Kupffer cell 
isolation faces major technical obstacles. Initial Kupffer 
cell preparations were heavily contaminated with other 
cell types or, if  sufficiently purified, were only a small 
fraction of  the total cell number and therefore not truly 
representative. Preparation improved drastically with the 
introduction of  techniques that involved perfusion of  
the liver with collagenase and pronase[2].

After enzymatic digestion of  the liver, the non-
parenchymal liver cells are purified by density gradient 
centrifugation or centrifugal elutriation[3]. Neither of  
these methods is able to separate Kupffer cells from 
other non-parenchymal cell types since cell size and 
density exhibit considerable overlap[4]. Furthermore, 
Kupffer cell purification can be achieved by adherence 
to plastic[5], or positive selection using specific antibodies 
and magnetic beads[6].

Laser capture microdissection (LCM) circumvents 
many of  the limitations inherent in conventional 
isolation methods. LCM was created at the National 
Institutes of  Health, Bethesda, MD, USA and further 
developed by Arcturus Engineering, Inc., Mountain 
View, CA, USA[7]. The principals of  LCM entail 
overlaying the tissue section with a transparent ethylene 
vinylacetate thermoplastic film. At the point of  interest, 
the film is melted onto the tissue surface with a laser 
integrated with the microscope optics and then removed, 
capturing sample areas as small as 3-5 µm from intact 
tissue sections[8].

For the analysis of  gene expression, an important 
challenge for LCM remains the specific and rapid 
labeling of  the target cell population, thus minimizing 
the degradation of  RNA. In this regard, classic 
immunohistochemical staining methods for visualizing 
Kupffer cells are not generally applicable. In the present 
study, a well-established and efficient method using 
India ink to label Kupffer cells in vivo was described[9]. 
Kupffer cells are mainly located in the periportal 
areas, where they have ready access to pathogens and 
particulate antigens entering the liver with portal-venous 
blood[10,11]. In contrast to liver sinusoidal endothelial 
cells (LSECs), which mainly ingest soluble materials via 
pinocytosis, Kupffer cells take up particulate material 
via phagocytosis[12]. It is relevant to note, therefore, that 
while colloidal gold ≤ 100 nm diameter particle size 
is internalized almost exclusively by LSECs, colloidal 
carbon is taken up primarily by Kupffer cells. This 
apparent contradiction is explained by the fact that blood 
platelets bind carbon and the platelet-carbon complexes 
are subsequently phagocytosed by Kupffer cells[9]. 
Importantly, the phagocytic capacity of  Kupffer cells is 
not altered by the ingestion of  these complexes[13].

The abil ity to isolate carbon-labeled Kupffer 
cells from intact tissue sections using LCM offers an 
attractive approach to studying gene expression under 
diverse conditions. The aim of  this study was to validate 
this approach and to apply it to an animal model of  
cholestatic liver injury.

MATERIALS AND METHODS
Animals
Wild-type female, C57BL/6J mice were purchased from 
The Jackson Laboratories (Bar Harbor, ME, USA) and 
used at 8-12 wk of  age. The animals were treated in 
accordance with NIH publications entitled “Principles 
for Use of  Animals” and “Guide for the Care and 
Use of  Laboratory Animals.” The mice were housed 
in well‑ventilated rooms maintained at 22℃ and an 
alternating 12-h light and dark cycle; food and water 
were provided ad libitum.

Common bile duct ligation
Ligation of  the common bile duct was performed as 
previously described[6]. The abdomen of  mice under 
deep anesthesia was disinfected with 70% ethanol. A 
midline upper abdominal incision was made and the 
abdominal wall was retracted. The common bile duct 
was identified, isolated and double-ligated with #4-0 
braided silk sutures and divided in between. The fascia 
and skin of  the midline abdominal incision were closed 
with #6-0 braided silk sutures. Control mice underwent 
sham operations in which the common bile duct was 
exposed, but not ligated.

Kupffer cell staining
Frozen, 6-µm thick liver sections were cut with a cryostat 
(Leica, Wetzlar, Germany). Slides were warmed to room 
temperature for 30 min, fixed by immersion in ice cold 
acetone (4℃) for 5 min, and air dried for 30 min. After 
rinsing the slides three times in PBS to remove the 
tissue freezing matrix, non-specific binding was blocked 
with 5% normal rabbit serum and 1% BSA for 60 min. 
This step was followed by 15 min of  avidin blocking 
and 15 min of  biotin blocking (Vector Laboratories, 
Burlingame, CA, USA). After each step, the slides were 
rinsed in PBS. The slides were stained first with a 1/10 
dilution of  rat IgG2a anti-mouse F4/80 (a pan-specific 
macrophage marker; eBioscience, San Diego, CA, 
USA) monoclonal antibody for 60 min. Subsequently, 
the slides were washed three times for 10 min with 
PBS and then incubated for 45 min on a shaker with a 
1/50 dilution of  biotinylated goat anti-rat polyclonal 
antibody (Vector Laboratories). After rinsing the slides, 
pre-diluted streptavidin-Cy3 (Invitrogen, Carlsbad, CA, 
USA) was applied to the tissue sections and incubated 
for 30 min; the slides were then dried and mounted 
with Fluoromount-G (SouthernBiotech, Birmingham, 
AL, USA). All the steps were performed at room 
temperature.

Processing of the liver tissue and LCM
Mice were inoculated iv via the tail vein with 200 µL 
India ink diluted 1:100 in saline 1 d prior to surgery. 
Immediately following euthanasia, the livers were 
perfused in situ with 20 mL Hank’s buffered salt solution 
to eliminate blood cells, and dissected. Tissue wedges 
were flash frozen in Tissue-Tek® Optimum Cutting 
Temperature™ (OCT) compound and stored at -80℃. 
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Cryostat sections (6 mm) were prepared under RNase-
free conditions at -20℃, fixed immediately in acetone for 
2 min at 4℃, dehydrated by sequential immersion for 30 s 
in 75%, 95% and 100% ethanol, immersed for 2 min in 
xylene, and then air dried. For each cutting session, new 
blades, single use staining jars, and fresh (RNAse free) 
solutions were used.

LCM was performed using an AutoPix Automated 

Laser Capture Microdissection System equipped with 
an infrared diode laser according to the protocols and 
methods provided by the manufacturer (Arcturus 
Engineering, Santa Clara, CA, USA). Air-dried slides 
were placed under the microscope of  the LCM system 
and one drop of  xylene was applied to visualize the 
carbon-containing Kupffer cells (Figure 1). A static 
image was taken and, after the xylene evaporated, 

Figure 1  India-ink-positive 
cells revealed in tissue section 
overlaid with xylene. A non-
stained liver section derived from 
a mouse inoculated iv with India 
ink was not mounted (A), or was 
overlaid with xylene (B).

Addition of xylene

A B

Figure 2  Carbon particles co-
localize with ingested fluorescent 
latex beads and macrophages 
stained immunohistochemically. 
A-C: Kupffer cells lining the liver 
sinusoids were identified by the 
presence of carbon particles in 
mice inoculated iv with India ink. 
Fluorescent latex beads mixed 
with India ink co-localized with the 
carbon particles. D-F: A carbon-
particle-containing liver section 
was stained sequential ly with 
st reptavid in-conjugated ant i -
pan macrophage marker F4/80 
and biotin-Cy3, and visualized 
by fluorescence microscopy. An 
accumulation of carbon particles 
stained intensely with F4/80 (white 
arrows), whereas single carbon 
spots (black arrows) were not 
stained with F4/80.

A B

C D

E F
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the liver sections were overlaid with thermoplastic 
membranes mounted on transparent, CapSure Macro 
LCM Caps (Arcturus). The carbon-labeled (Kupffer) 
cells were captured by laser activation (12-15 µm laser 
spot size, 60-80 mW power, 3.0 ms duration) and 
focal melting of  the membrane. At least 300 cells were 
captured on each cap, and three different caps (equivalent 
to approximately 1000 cells) were prepared for each 
sample.

RNA extraction and purification 
Cells captured on thermoplastic membranes were 
immersed in Lysis Buffer (RLT) (Qiagen Inc., Valencia, 
CA, USA). Subsequently, the RNA was extracted, 
purified using an RNeasy Micro Kit (Qiagen), and 
quantified using Lab-on-Chip technology (Agilent 
Technologies, Palo Alto, CA, USA). Intact 18S and 28S 
rRNA confirmed the integrity of  the RNA extracted. 
RNA representative of  cells constituting the whole liver 
was extracted from an entire (scraped) tissue section.

RNA amplification and cRNA labeling
Purified total RNA obtained from the microdissected 
cells was subjected to 1.5 rounds of  linear amplification 
using T7 bacteriophage RNA-polymerase-driven in vitro 
transcription, with materials and protocol provided in 
the RiboAmp™ HS RNA Amplification Kit (KIT0205; 
Arcturus). The final amplification and labeling of  
dsDNA product was performed using the Enzo 
BioArray HighYield RNA Transcript Labeling Kit (Enzo 
Life Sciences, Framingdale, NY, USA).

Microarray hybridization 
Microarray analysis was performed using the GeneChip 
Mouse Genome® 430 2.0 array and the recommended 
instruments (GeneChip Scanner 3000), with reagents and 
protocols provided by the supplier (Affymetrix, Santa Clara, 
CA, USA). This GeneChip covers the transcribed mouse 
genome on a single array with 45 000 probe sets that 
analyze the expression level of  over 39 000 transcripts.

Bioinformatics and data mining 
Each group consisted of  three samples; each sample 
was pooled from three sets of  captured material derived 
from individual, sham-operated or bile-duct-ligated 
mice. The expression signals were normalized using 
the standardization and normalization of  microarray 
data (SNOMAD) program[14]. Concordantly absent 
expression signals were removed from analysis. A t test 
was used to perform paired comparisons of  the gene 
expression levels between sham-operated and bile-
duct-ligated animals. A 5% false discovery rate (FDR) 
correction controlled for multiple comparisons. The 
q value of  a test measured the minimum FDR rate 
incurred when calling that test significant. q values 
were computed from the unadjusted P values, using the 
Q-VALUE program written by Storey and Tibshirani[15]. 
Significant, differentially expressed genes were grouped 
into functional categories using the GenMAPP 2 
(http ://www.GenMAPP.org) and MAPPFinder 

programs by integrating the annotations of  the Gene 
Ontology Project (ftp://ftp.geneontology.org/go/gene-
associations)[16,17].

Quantitative real-time reverse-transcriptase polymerase 
chain reaction (RT-PCR) 
Purified RNA extracted from microdissected Kupffer 
cells was treated with DNase (10 U DNase I/µg total 
RNA) and reverse transcribed with Sensiscript Reverse 
Transcriptase according to the protocols provided by 
the supplier (Qiagen). Quantitative gene expression 
analysis was performed using the MX4000 Multiplex 
Quantitation QPLR System (Stratagene, La Jolla, CA, 
USA) and SYBR green technology. QuantiTect SYBR 
Green PCR Master Mix (12.5 µL; Qiagen) was mixed in 
96-well optical plates with an equal volume of  RNase-
free water that contained 0.6 µmol/L of  the forward 
and reverse primers, and cDNA corresponding to 70 ng 
of  total RNA input. The plates were heated for 2 min at 
50℃, and then 15 min at 95℃ to activate the HotStart 
Taq DNA polymerase. Subsequently, 45 cycles consisting 
of  30 s at 95℃ followed by 1 min at 55℃ and 30 s at 
72℃ were run. To verify the generation of  single PCR 
products, melting curves were constructed by heating 
the samples to 95℃ with a ramp time of  20 min at the 
end of  the run. 18S rRNA was used as the housekeeping 
standard. The threshold cycle (i.e. the number of  PCR 
cycles required in order for the fluorescent signal to 
reach a fixed intensity) was determined and the number 
of  RNA copies was calculated from standard curves. 
The mean mRNA copies/105 18S rRNA copies ± SD 
for samples derived from three mice treated comparably 
was reported. The PCR primers listed in Table 1 were 
designed using Primer3 software (Whitehead Institute, 
Cambridge, MA, USA) and purchased from Qiagen.

Statistical analysis
The results were analyzed using the SigmaStat statistics 
program (Jandel Scientific, San Rafael, CA, USA). 
Individual means were compared using a non-paired 
Student’s t test or a Mann-Whitney rank sum test. Data 
derived from three or more groups were compared 
by one-way analysis of  variance (ANOVA) followed 
by a Tukey test, to identify the groups that differed 
significantly (P < 0.05).

RESULTS
Carbon particles co-localize with fluorescent latex beads 
and anti-F4/80 staining
LCM and analysis of  the genes expressed by a specific 
cell type in a heterogeneous population (i.e. Kupffer cells 
among other hepatic cells in the study reported here) 
depends upon the rapid identification of  those cells. The 
intravenous inoculation of  India ink and subsequent 
ingestion of  carbon particles by Kupffer cells provides 
a well-documented means of  rapidly labeling Kupffer 
cells in vivo for laser capture. At 18 h or more post-
inoculation of  India ink, the livers were perfused in situ 
with a balanced salt solution, dissected, and frozen at 
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-80℃, and 6-µm liver sections were prepared from 
representative tissue wedges. The carbon particles were 
visualized microscopically by overlaying the sections 
with xylene (Figure 1). To ensure the particles were 
phagocytosed by Kupffer cells, mice were injected 
simultaneously with India ink and fluorescent latex beads 
(Sigma-Aldrich Chemical Co., St. Louis, MO, USA), 
which are often used to track and label Kupffer cells 
in vivo. Using conventional light and UV light to visualize 
fluorescent emissions, two images were made with a 
confocal microscope, and both images were merged 
using Adobe Photoshop. As shown in Figure 2A-C, the 
carbon particles and fluorescent latex beads co-localized. 
The liver sections were also stained with a streptavidin-
conjugated antibody specific for F4/80, a surface marker 
expressed by macrophages including Kupffer cells, and 
biotinylated Cy3 was used to visualize antibody binding. 
Confocal images of  the carbon particles and bound 
antibody were merged and found to co-localize as well 
(Figure 2D-F). Notably, areas with an accumulation of  
carbon particles stained intensely with F4/80 (white 
arrows), whereas single carbon spots (black arrows) were 
not stained with F4/80. This observation was considered 
when selecting areas for LCM.

LCM of carbon-positive areas enriches for Kupffer cell 
receptor (KCR) and colony-stimulating factor-1 receptor 
(CSF-1R) mRNA
Labeling Kupffer cells with India ink in vivo prior to liver 
dissection negates in vitro staining prior to LCM. This 
drastically reduced the time between tissue sectioning 
and actually capturing the cells (approximately 15 min 
elapsed time) (Figure 3). To ascertain that material was 
captured, tissue sections and caps were examined by 
conventional microscopy. A liver section with carbon 
particles overlaid with xylene is shown in Figure 4A; 
the red-crossed-through circles show the location of  
carbon-positive areas on the static image obtained 
with the LCM system. After microdissection, the same 
section displayed gaps where the captured areas were 
removed (Figure 4B). Captured material on caps before 
RNA extraction with lysis buffer is shown in Figure 4C. 
Overlaying the cap with water revealed carbon particles 
associated with this material (Figure 4D).

The RNA was extracted from the captured material 

on caps, and the quality and quantity were assessed using 
a bioanalyzer and Lab-on-Chip technology (Agilent 
Technologies). Degradation appeared only slight relative 
to the RNA extracted from an entire tissue section 
scraped from a slide (Figure 5). Indeed, the quality 
of  RNA obtained by LCM proved to be high and the 
quantity sufficient for subsequent analyses by real-time 
RT-PCR and microarray analysis. The amount of  RNA 
isolated ranged from 100 to 1000 pg per 1000 Kupffer 
cells captured.

The carbon-labeled material obtained by LCM 
was significantly enriched in KCRs and CSF-1R RNA 
transcripts relative to the transcripts determined in the 

Sham surgery

Surgery

Bile duct ligation

6 h

1 d

Injection of india ink (1/100)

Embedding of perfused liver in OCT
(Tissue-Tek®), immediate freezing 

on dry ice and storage at -80℃

Cryostat sectioning at -18℃
(thickness about 6 mm)

Fixation in ice cold acetone (1 min)

Dehydration in increasing 
concentrations of ethanol 

(30 s each step)

Final bath in xylene (2 min)

Laser capture microdissection (LCM) of the 
carbon labeled spots

Liver perfusion with 20 mL
hanks balanced salt solution Duration

5 min

6 min

Figure 3  Experimental timeline. Schematic outline of the experimental 
approach used to isolate Kupffer cells labeled in vivo with carbon. Notably, the 
elapsed time between liver dissection, sectioning and LCM of carbon-labeled 
Kupffer cells was only about 11 min.

Table 1  PCR primers

Gene GenBank accession size Orientation Primer sequence Amplicon size

KCR D88577        Forward aaatgacctcagctcccaga 103
       Reverse ttcaccagccctttccatac

CSF-1 receptor (CD115) X06368        Forward tggccttccttgcttctaaa 114
       Reverse atgtccctagccagtccaa

HMGCS1 NM_145942        Forward gcggctagaagttggaacag 196
       Reverse agcatatcgtccatcccaag

Lipocalin 2 NM_008491        Forward ccagttcgccatggtatttt 169
       Reverse ggtggggacagagaagatga

Hck BC010478        Forward gcctcaaaaacagagccaag 150
       Reverse gtacagtgcgaccacaatgg

18S rRNA XR_000144        Forward AATGGTGCTACCGGTCATTCC 192
       Reverse ACCTCTCTTACCCGCTCTC
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tissue scrape (Figure 6). This further substantiates the 
association of  carbon with and preferential dissection of  
Kupffer cells by LCM in accordance with our previous 
findings[6].

Comparison of microarray data generated from Kupffer 
cells dissected from sham-operated and from bile-duct-
ligated mice
Kupffer cells play a vital role in suppressing tissue 
damage that occurs in a mouse model of  cholestatic liver 
injury. To identify the genes involved, groups of  mice 
inoculated iv with India ink 18 h previously underwent 
bile-duct ligation or sham operation. The livers were 
dissected at 6 h post-surgery and sectioned; the carbon-
labeled cells were obtained by LCM; the RNA was 
extracted, purified and amplified; and DNA microarray 
analysis was performed using the GeneChip Mouse 
Genome® 430 2.0 array. A total of  493 genes were 
found to be more than 2.5-fold up- or down-regulated 
(q value < 10) when the microarray data from bile-duct-
ligated and sham-operated animals were compared. 
Interestingly, most of  the genes that exhibited significant 
change were involved in cell growth and maintenance 
(Table 2: Gene ontology). Sixteen of  the genes identified 
were highly up-regulated or down-regulated (> 5-fold 
change with a q value < 0.5), and the focus of  further 
analyses. Our primary interest in evaluating these genes 
was to ascertain their role in maintaining the integrity of  
the liver during periods of  cholestasis. Therefore, the 16 
highly up- or down-regulated genes were subjected to 
a standardized PubMed search (http://www.ncbi.nlm.
nih.gov/sites/entrez) with terms related to our model 
(Table 3). Abstracts dating back 15 years were reviewed 
and the publications relevant to our model were selected 

(articles of  interest). Based upon this search algorithm, 
the number of  genes of  interest was further reduced 
to 10 (Table 4). Three of  these genes, i.e. 3-hydroxy-
3-methylglutaryl-coenzyme A synthase 1 (HM GCS1), 
lipocalin 2, and hemopoietic cell kinase (Hck), were of  
particular interest in light of  the role of  Kupffer cells in 
abrogating cholestatic liver injury.

DISCUSSION
Non-specific phagocytosis of  particles taken up in the 
liver is mediated primarily by Kupffer cells. Kupffer cells 
constitute 20%-30% of  the non-parenchymal cells of  

A B

C D

F i g u r e  4   I m a g e s 
d o c u m e n t i n g  L C M  o f 
carbon-labeled Kupffer 
cells.  A: Static image of 
carbon-labeled liver section 
overlaid with xylene (10 × 
magnif icat ion);  B: Same 
t issue sec t ion  a f te r  the 
evaporation of xylene and 
capture of carbon-labeled 
cells (10 ×); C: Captured cells 
visualized on the CapSure 
LCM cap (20 ×); D: Same 
cap mounted with water and 
a coverslip showing carbon 
within microdissected cells 
(arrows, 40 ×).

Table 2  Significantly up- or down-regulated genes ontology

Number Percentage (%)

Cytoplasm 105 16.7
Cell growth and/or maintenance   87 13.8
Integral to membrane   85 13.5
Nucleus   57   9.0
Nucleoside and nucleic acid metabolism   54   8.6
Protein metabolism   54   8.6
Biosynthesis   34   5.4
Purine nucleotide binding   33   5.2
DNA binding   30   4.8
Signal transduction   26   4.1
Response to external stimulus   24   3.8
Transferase activity, transferring 
phosphorus containing groups

  24   3.8

Lipid metabolism   23   3.7
Plasma membrane   19   3.0
Catabolism   18   2.9
Immune response   18   2.9
Phosphorus metabolism   18   2.9
Peptidase activity   16   2.5
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the liver, where they reside within the sinusoidal vascular 
space, predominantly in the periportal area. Here, they 

are perfectly situated to clear endotoxins from the blood, 
and to phagocytose microorganisms and debris. For 

Table 3  Standardized Pubmed search with terms relevant to Kupffer cells abrogating liver injury during cholestasis: Each gene 
up- or down-regulated > 5-fold

Gene Fold 
change

Search terms Articles of 
interest*Gene* Kupffer 

cells
Cholestasis Apoptosis Cell 

death
Survival Inflammation Liver Liver 

repair

Acetyl-coenzyme A 
synthetase 2 

   9.61   179  -  -  -   1   2 -   19  -   2

Hydroxysteroid (17-β) 
dehydrogenase 2

   8.26   668  -  -   4   2 10   3   70  -   1

RIKEN cDNA 
1110025G12

   7.61  -  -  -  -  -  - -  -  -  -

HM GCS1    5.81   181  -  -   6   6   2 -   67  -   3
RBP 4    5.76 1044 2 2 10 10 25 42 195 2   3
RIKEN cDNA 
1200011D03 gene

   5.75  -  -  -  -  -  - -  -  -  -

Inter-alpha trypsin 
inhibitor, heavy chain 2

   5.46   113 2  -   1  -   3 19   63  -   5

Lipocalin 2    5.35   375  - 1 24 25 15 48   17 1 15
Hck   -5.67       4 -  -  - - - - - -   3
Hypothetical protein 
5930431H10

  -6.15  -  -  -  -  -  - -  -  - -

Leucine-rich repeat-
containing 5

  -6.26     22  -  -   1   1  - - 1 -   2

SAM domain and HD 
domain, 1 (SAMHD1)

  -6.81       5  -  -  -  -  - -  -  -  -

Myristoylated alanine 
rich protein kinase C 
substrate

  -7.14   458  -  -   5   7 10   5   11  -   3

Heterogeneous nuclear 
ribonucleoprotein A/B

  -7.94     50  -  -   2   2   2 -     5  -   3

(SCAN-KRAB-) zinc 
finger gene 1

  -9.05       6  -  -   1 -   1 -  - -   1

Inactive X specific 
transcripts

-12.21       3  -  - - - - - -  - -

Table 4  Overview of function, source and involvement of the 10 genes identified by Pubmed-search: Degree of up- or down-
regulation

Gene Fold change Biological function Primary cell source Involvement Reference

Acetyl-Coenzyme A 
synthetase 2

 9.61 Mitochondrial matrix enzyme 
involved in CoA ligation  

Mitochondrial matrix Activation during fasting [50,51]

HM GCS1  5.81 Cholesterol biosynthesis Inhibition induces apoptosis, up-
regulation involved in liver regeneration

[25,26]

RBP4  5.76 An a2-globulin that transports 
vitamin A from the liver

Parenchymal liver cells, 
little in Kupffer cells

Known marker for 
hepatocellular necrosis

[22,23]

Inter-alpha trypsin 
inhibitor, heavy chain 2

 5.46 Plasma protease inhibitor Kupffer cells Endothelial growth factor [27-29]

Lipocalin 2  5.35 Iron-siderophore-binding 
protein

Macrophages, neutrophils Suppression of inflammation, 
tissue involution, apoptosis, 

differentiation of myeloid cells

[31-40]

Hck -5.67 Protein-tyrosine kinase Granulocytes, monocytes Mitogenesis, differentiation, 
survival, migration

[41-44]

Leucine-rich repeat-
containing 5

-6.26 Interaction with cellular 
G-proteins

Enzyme inhibition, cell adhesion, cellular 
trafficking, proliferation and activation 

of lymphocytes and monocytes

[45,52]

Myristoylated alanine 
rich protein kinase C 
substrate

-7.14 Substrate of protein kinase C Intracellular signaling, brain 
development, cellular migration 

and adhesion, phagocyte activation, 
phagocytosis

[46,47,53-55]

Heterogeneous nuclear 
ribonucleoprotein A/B

-7.94 Chromatin-associated RNA-
binding protein

Ubiquitious RNA handling, proliferation arrest [56,57]

(SCAN-KRAB-) zinc 
finger gene 1

-9.05 Protein interaction domain Ubiquitious Cell survival, differentiation [48,49]
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example, latex particles inoculated iv distinguish a latex-
labeled Kupffer cell population that does not change 
over a 3-mo period, substantiating the relatively long 
life span of  these resident tissue macrophages[18]. While 
endothelial cells lining the blood vessels internalize 
soluble materials via pinocytosis, Kupffer cells generally 
ingest particulate matter, e.g. colloidal carbon, via 
phagocytosis. The restricted ability to internalize carbon 
particles was used herein to label and subsequently 
dissect Kupffer cells by LCM. The specificity of  

this approach is demonstrated by co-localization of  
the particles with fluorescent latex beads inoculated 
simultaneously iv, and with anti-F4/80-stained hepatic 
macrophages (Figure 2). The specificity is further 
documented by the elevated levels of  macrophage-
associated RNA transcripts (i.e. CSF-1R and KCR 
messages) extracted from the carbon-labeled material 
obtained by LCM, relative to those levels extracted from 
whole liver sections.

Unlike the majority of  cells that constitute the 
mononuclear phagocyte system, Kupffer cells synthesize 
interleukin (IL)-10 (an anti-inflammatory cytokine) 
when exposed to lipopolysaccharide (LPS), rather 
than proinflammatory cytokines such as IL-12 and 
IL-18[19]. This finding suggests that Kupffer cells, which 
are continuously exposed to LPS derived from the 
intestines via the hepatic portal vein, generally impose an 
immunosuppressive effect on the hepatic environment. 
In this regard, it is relevant to note that the ingestion 
of  endotoxin and debris occurs coincidentally with the 
ability of  Kupffer cells to induce tolerance[20]. Moreover, 
in addition to tolerance, our studies involving a mouse 
model of  cholestasis indicate that Kupffer cells play 
a general role in suppressing inflammation and liver 
injury[6].

Differentiating Kupffer cells from non-resident 
macrophages, which infiltrate the liver during periods of  
chronic inflammation, and which may or may not display 
similar effector functions, represents a major challenge 
in characterizing the activity of  Kupffer cells. The 
relatively short time period between bile-duct ligation 
and liver dissection enabled the specific identification 
and isolation of  carbon-labeled Kupffer cells in the 
study reported here. Whether this approach permits 
the differentiation of  Kupffer cells from inflammatory 
macrophages recruited to cholestatic livers 2-3 d after 
biliary obstruction is a matter of  ongoing investigations 
in our laboratory.

LCM allows the isolation of  tissue sections as small 
as 8-10 µm[8] and avoids procedures such as collagenase 
digestion that, conceivably, can alter the gene expression 
profile of  Kupffer cells. Since no staining is necessary, 
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Figure 6  Kupffer-cell-specific mRNA transcripts are enriched in the laser-
captured material. Carbon-labelled cells or total liver section scrapes were 
obtained from three mice; Kupffer cell receptor and CSF-1 receptor mRNA 
transcripts were quantified by real-time RT-PCR. aSignificantly more than 
extracted from total tissue scrapes (P < 0.005; non-paired Student t test).

Figure 5  High quality RNA is extracted from material obtained by LCM. RNA size and quality were analyzed with the Agilent 2100 Bioanalyzer. A, B: Profiles of 
total RNA extracted from scrapes of the entire liver section (A) and from laser-captured cells (B); C: Electrophoresis gel of the same RNA.
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sections derived from the livers of  sham-operated 
and bile-duct-ligated mice could be processed and 
subsequently dissected within an extremely short period 
of  time. Moreover, while the effects of  histological 
staining on the integrity of  RNA are well documented[21], 
the quality of  RNA obtained using our approach 
proved to be high and the quantity sufficient enough for 
subsequent analyses (Figure 5).

Microarray analysis comparing Kupffer cells derived 
from bile-duct-ligated versus sham-operated mice 
revealed a total of  493 genes that were differentially 
expressed (2.5-fold, q value < 10). In an effort to restrict 
further analysis to genes specifically relevant to Kupffer 
cells and their response to cholestasis, those genes that 
were up- or down-regulated more than five-fold were 
subjected to a standardized PubMed search (Table 3), 
and 10 genes of  interest were selected (Table 4). Notably, 
the expression of  four of  these genes [retinol binding 
protein 4 (RBP4), inter-alpha trypsin inhibitor heavy 
chain 2, lipocalin 2, and Hck] was previously described 
in Kupffer cells or cells of  the mononuclear phagocyte 
lineage. Of  these, only RBP4 appears more common 
in hepatocytes than in Kupffer cells[22]. RBP4 is often 
up-regulated in response to hepatocellular necrosis[23] 
and thus, its expression in Kupffer cells may derive 
readily from the ingestion of  apoptotic hepatocytes[24]. 
Two of  the other up-regulated genes are involved in 
tissue regeneration: HMGCS1 is critical for hepatocyte 
regeneration after partial hepatectomy[25,26]; and inter-
alpha trypsin inhibitor, a plasma protease inhibitor, 
promotes endothelial cell growth[27-29].

In addition to promoting tissue regeneration and 
cell growth, Kupffer cells may induce apoptosis by 
infiltrating inflammatory cells (e.g. neutrophils) and thus, 
suppress their contribution to cholestatic liver injury[30]. 
In this regard, lipocalin 2, the product of  one of  the up-
regulated genes expressed by Kupffer cells present in 
cholestatic livers induces apoptosis by leukocytes, but 
not other cell types[31-34]. Moreover, lipocalin has been 
implicated in myeloid cell differentiation and innate host 
defenses to bacterial infections[35-40].

In contrast to the genes discussed immediately above, 
five genes expressed by Kupffer cells were significantly 
down-regulated in response to cholestasis. Hck, a member 
of  the highly conserved sarcoma family of  protein-
tyrosine kinases that is preferentially expressed by cells of  
the myeloid lineage, influences cell migration, adhesion, 
differentiation and survival[41-44]. Secondly, leucine-rich 
repeat containing protein 5 promotes the proliferation 
and/or activation of  lymphocytes and monocytes[45]. 
Thirdly, myristoylated alanine-rich C kinase substrate (a 
substrate of  protein kinase C contained in large amounts 
in macrophages) has been implicated in phagocyte 
activation, endocytosis, exocytosis, phagocytosis, and 
mobility[46,47]. Finally, the SCAN domain is a highly 
conserved motif  found near the N terminus of  C(2)H(2) 
zinc finger transcription factors. Some family members 
play a role in the transcriptional regulation of  genes 
involved in cell differentiation and survival[48,49].

In summary, LCM offers an effective approach to 
analyzing gene expression by Kupffer cells without 
altering liver integrity. Pre-labeling the cells with carbon 
in vivo renders further staining procedures unnecessary 
and allows the isolation of  sufficient amounts of  intact 
RNA. Thus, the contributions of  Kupffer cells to 
various models of  liver injury can be delineated. In this 
regard, using DNA microarray analysis, we identified 16 
genes expressed by Kupffer cells that were highly up- or 
down-regulated following bile-duct ligation in a mouse 
model of  cholestatic liver injury. A standard PubMed 
search conducted using terms relevant to the model 
determined 10 of  these genes to be of  specific interest 
and germane to the role of  Kupffer cells in suppressing 
tissue damage. These genes are the subject of  ongoing 
investigation in our laboratory.
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 COMMENTS
Background
Kupffer cells, resident tissue macrophages that line the liver sinusoids, play a 
key role in modulating intrahepatic inflammation. Since Kupffer cells represent 
only a small portion of the entire liver cell population, greatly outnumbered by 
the parenchymal cells, Kupffer cell isolation faces major technical obstacles. 
Laser capture microdissection (LCM) offers a method of isolating a single cell 
type from specific regions of a tissue section. LCM is an essential approach 
used in conjunction with molecular analysis to study the functional interaction of 
cells in their native tissue environment. 
Research frontiers
LCM circumvents many of the limitations inherent in conventional isolation 
methods. LCM was created at the National Institutes of Health (Bethesda, MD, 
USA) and further developed by Arcturus Engineering (Mountain View, CA USA). 
The principles of LCM entail overlaying the tissue section with a transparent 
ethylene vinylacetate thermoplastic film. At the point of interest, the film is 
melted onto the tissue surface with a laser integrated with the microscope 
optics and then removed, capturing sample areas as small as 3-5 µm from 
intact tissue sections.
Innovations and breakthroughs
Described herein is a method of labeling and microdissecting mouse Kupffer 
cells within an extraordinarily short period of time. Kupffer cell labeling is 
achieved by injecting India ink intravenously, thus circumventing the need for in 
vitro staining. This method provides an approach to isolating high quality RNA 
from Kupffer cells without altering the tissue integrity.
Applications
The ability to isolate carbon-labeled Kupffer cells from intact tissue sections 
using LCM offers an attractive approach to studying gene expression under 
diverse conditions. Thus, the specific contributions of Kupffer cells to various 
models of liver injury can be delineated. 
Terminology
LCM permits under direct microscopic visualization rapid isolation of selected 
cell populations from a tissue section. A transparent thermoplastic film is applied 
to the surface of the tissue section, and a laser pulse then specifically activates 
the film above the cells of interest. The film is melted onto the tissue surface 
and then removed, capturing the pre-selected cells. Kupffer cells are resident 
tissue macrophages that line the liver sinusoids. Here, they are perfectly 
situated to clear endotoxins from the blood, and to phagocytose microorganisms 
and debris. Kupffer cells play a key role in modulating inflammation in the liver.
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Peer review
In the current study, a new method of isolating Kupffer cells is presented based 
upon labeling the cells with India ink inoculated iv and microdissection of the 
carbon-labeled cells by laser capture. The study is well-controlled with regard to 
the specificity of staining of Kupffer cells with India ink. The method was further 
validated in a model of cholestasis.
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