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RFA is used in treatment of patients with hepatocellular cancer (HCC); however, tumor location and size often limit
therapeutic efficacy. The absence of a realistic animal model and a radiofrequency ablation (RFA) suitable for small
animals presents significant obstacles in developing new strategies. To establish a realistic RFA platform that allows the
development of effective RFA-integrated treatment in an orthotopic murine model of HCC, a human cardiac
radiofrequency generator was modified for murine use. Parameters were optimized and RFA was then performed in
normal murine livers and HCCs. The effects of RFA were monitored by measuring the ablation zone and transaminases.
The survival of tumor-bearing mice with and without RFA was monitored, ablated normal liver and HCCs were
evaluated macroscopically and histologically. We demonstrated that tissue-mimicking media was able to optimize RFA
parameters. Utilizing this information we performed RFA in normal and HCC-bearing mice. RFA was applied to hepatic
parenchyma and completely destroyed small tumors and part of large tumors. Localized healing of the ablation and
normalization of transaminases occurred within 7 days post RFA. RFA treatment extended the survival of small tumor-
bearing mice. They survived at least 5 months longer than the controls; however, mice with larger tumors only had a
slight therapeutic effect after RFA. Collectively, we performed RFA in murine HCCs and observed a significant
therapeutic effect in small tumor-bearing mice. The quick recovery of tumor-bearing mice receiving RFA mimics
observations in human subjects. This platform provides us a unique opportunity to study RFA in HCC treatment.

Introduction

Hepatocellular carcinoma (HCC) is the third leading cause of
cancer death worldwide and continues to increase in the west,
particularly the United States.1,2 Annually it results in approxi-
mately 700,000 deaths worldwide.3,4 Current treatments for
HCC have demonstrated limited benefit as survival is poor even
for patients with localized disease.5 Surgical resection or ablation
offers a small chance for cure.6 Unfortunately, most patients are
not candidates for surgical resection or even ablation due to asso-
ciated liver disease.7 Liver transplantation is an effective treat-
ment for cirrhosis and early tumors, but as recurrence is common
in advanced disease and organs are scarce, most patients are not
able to receive transplantation.8 In 2008, the receptor tyrosine
kinase inhibitor, sorafenib, became the first and only drug

approved by the Food and Drug Administration (FDA) to treat
unresectable HCC, after it was shown to increase the median
overall survival of patients from 7.9 to 10.7 months.9 This small
but statistically significant therapeutic effect highlights the chal-
lenge in treating this devastating disease. Thus, it is imperative to
develop new and efficient therapeutic approaches.

Radiofrequency ablation (RFA)10 is a minimally invasive
treatment utilized in the treatment of isolated malignancies
including HCC. RFA can be an effective treatment for primary
liver cancer and for cancers that have spread to the liver when the
patients are not suitable candidates for surgical resection. How-
ever, only small volumes of tumors can be successfully treated by
RFA due to limitations with the current technology. In addition,
disease progression and recurrence is often due to micrometasta-
ses that cannot be detected or eliminated by RFA. Therefore, it is
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extremely important to develop strategies to overcome these limi-
tations for improving RFA efficacy in HCC treatment.

RFA may often be administered percutaneously or by laparo-
scopic approach. These relatively quick procedures allow for
rapid patient recovery and enable the prompt resumption of
other treatment strategies in patients post RFA.11 Unfortunately,
to date, strategies combining RFA with other modes of therapy
have not translated into improved outcomes in patients. A major
obstacle to the development of combinational strategies with
RFA is the absence of clinically relevant orthotoptic animal mod-
els and an appropriate RFA generator for use in small animals.

Due to the aggressive nature of HCC and its tendency to arise
in the setting of inflammation and liver fibrosis, establishing a
clinically faithful model has been challenging.12,13 We recently
used an innovative approach to generate an orthotopic murine
model of HCC in wild type mice.14,15 To establish this model,
histologically-normal tumorigenic hepatocytes are isolated from
the MTD2 transgenic mouse line in which expression of the
oncogenic SV40 T antigen (Tag) is driven by an androgen stimu-
lated hybrid major urinary protein promoter. The androgen
stimulation of the promoter occurs at the time of puberty in the
mouse. These hepatocytes are transferred into the livers of prepu-
bertal, male, syngeneic C57BL/6 mice by intrasplenic (ISPL)
injection. The inoculated hepatocytes traffic and incorporate into
the recipient liver through the portal vein.14 Malignant transfor-
mation occurs gradually with stimulation of androgen and is lim-
ited to the subpopulation of transplanted MTD2 hepatocytes;
this is in contrast to the MTD2 mice, which develop tumors
throughout their entire liver parenchyma. Orthotopic hepatic
tumors develop in 100% of the recipient mice. The developing
HCC tumors can be detected and monitored for growth and
treatment response with magnetic resonance imaging (MRI) 4
weeks after inoculation of MTD2 hepatocytes.

The use of radiofrequency (RF) energy to produce thermal tis-
sue destruction has been the focus of increasing research and
practice in cancer treatment for the past several years.16 During
the application of RF energy, a high frequency alternating current
moves from the tip of an electrode into the tissue surrounding
that electrode. This high frequency alternating current drives
ions within the tissue to move and generate frictional heating. As
the temperature within the tissue becomes elevated beyond
60�C, intracellular proteins are denatured and cells begin to die,
resulting in a region of necrosis surrounding the electrode.17 The
decrease in tissue heating with increasing distance away from the
electrode results in cylindrically shaped zones of coagulative
necrosis of tissue when using monopolar simple needle electro-
des. The size of the ablation is directly related to the time and
temperature of the RFA.18

In this study, a RFA generator suitable for human therapeutic
use is modified to successfully conduct liver ablation in a murine
model. RFA conditions were optimized using tissue-mimicking
media, and these parameters were applied to the hepatic paren-
chyma in wild type C57BL/6 mice. This resulted in a complete
ablation of the targeted liver parenchyma in these mice. This
optimized RFA technique has also been successfully translated
into tumor-bearing mice, furthermore; the quick recovery of

normal and tumor-bearing mice receiving RFA treatment mimics
the clinical scenario that is observed in human subjects. This clini-
cally relevant model of HCC in combination with successful appli-
cation of RFA provides an ideal platform to expand our
understanding of RFA’s effect on HCC and explore potential
RFA-integrated therapies for improving HCC treatment strategies.

Materials and Methods

Mice
Male C57BL/6 mice were purchased from the Jackson Labora-

tory (Bar Harbor, ME). Line MTD2 transgenic mice were kept by
us that express full-length SV40 Tag driven by the major urinary
protein (MUP) promoter have been previously described.19,20 All
experiments with mice were performed under a protocol approved
by the Institutional Animal Care and Use Committee (IACUC)
at the Medical University of South Carolina. All mice received
humane care according to the criteria outlined in the “Guide for
the Care and Use of Laboratory Animals.”

Tissue-mimicking media for coagulation temperature
measurement

A tissue-mimicking media with similar thermal and electrical
properties as tissue has been developed for use with thermal ther-
apy devices and techniques. This media was composed of 0.25%
NaCl solution and 5% Agar.21 An EPT-1000 XPTM cardiac
radiofrequency generator (EPT Technologies) was used together
with a 4 mm cardiac ablation catheter (7F/2.33 mm diameter),22

with 2 additional conductors used as ground electrodes. After
placing the electrodes on the gel, the gel was heated with target
temperatures of 55�C – 85�C for 60 sec. During heating, surface
temperature maps were obtained by an infrared imaging camera
(Mikron M7500), assuming emissivity of 0.9 of the gel media.

Preparation of orthotopic murine model of HCC
An orthotopic murine model of HCC was made as

described.14 Briefly, histologically normal hepatocytes were iso-
lated from young male Tag-transgenic MTD2 mice and seeded
into the livers of male C57BL/6 mice by ISPL injection.14

Magnetic resonance imaging (MRI)
Tumor surveillance was conducted with MRI. All MRI scans

were obtained on a 7.0 T system (Bruker Biospin, Billerica, MA,
USA) with in-plan resolution 0.1 mm and slice thickness 1 mm.14

Radiofrequency ablation
After animals are anesthetized with inhalational isoflurane, an

EPT-1000 XPTM cardiac radiofrequency generator (Boston Sci-
entific,) equipped with a 4 mm cardiac ablation probe (7F/
2.33 mm diameter) is used to perform RFA.22 To perform RFA
in murine hepatic parenchyma, two additional conductors are
used as ground electrodes and placed on either side of the open
abdomen. The probe is then placed on the liver surface to con-
duct radiofrequency ablation with defined conditions: a power
output of 10 W for a duration of 60 seconds.
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Preparation and hematoxylin and eosin (H & E) staining of
frozen tissue section

Liver or tumor biopsies were freshly harvested from normal
and tumor-bearing mice and frozen immediately by keeping
tissue jar in a beaker of 2-methylbutane in dry ice. The frozen
tissues were initially stored at ¡80�C, and transferred to
¡20�C on the day before sectioning on a cryostat (MICRON,
HM 525, Thermo Scientific). The tissues were subjected to
cryosectioning at a thickness of 10 mm and then placed on
Superfrost plus slides (VWR International). Tissue sections
were processed and stained with H&E as standard method.
Briefly, the sections on Superfrost plus slides were stained as
follows: wash in water, Richard Allan hematoxylin (VWR
International) in aqueous solution for 60 s, wash in water, 1%
acid alcohol for 1 dip, wash in water, 1% ammonia alcohol
for 10 dips, wash in water, eosin (VWR International) for
10 s, followed by dehydration with 95%, 100% ethanol for
10 s, respectively, and xylene for 10 s.

Alanine aminotransferase
(ALT) and aspartate amino-
transferase (AST) measurement

Blood was collected from ani-
mals and serum was separated via
centrifugation. ALT and AST were
measured using an ACE Alera
Blood Chemistry Analyzer (Alfa
Wassermann). All calibrations and
bi-level controls were performed
according to instrument-specific
SOPs.

Lifespan analysis and statistics
Mice were monitored for the

development of ascites, impairment
of gait and breathing indicative of
endstage liver tumors. Survival
curves were constructed by the
Kaplan-Meier method using
GraphPad Prism software. Paired
data were analyzed using a 2-tailed
paired Student’s t test. A P value of
less than 0.05 was considered
significant.

Results

A tissue-mimicking media to
visualize 3-dimensional coagulation
temperature distribution during
RFA

To optimize the use of RF
energy in liver ablation procedures,
we used a human-use EPT-1000
XPTM cardiac radiofrequency

generator with one probe and 2 ground conductors which are
modified to be utilized in mice (Fig. 1A) in liver-tissue-mimick-
ing media to measure temperature distribution during RFA with
different parameters. The temperature map at the end of a 60 sec
RFA application at 65 �C target temperature shows heat immedi-
ately surrounding the probes with cooling as distance is increased
from the probe (Fig 1B). We performed this test at varying target
temperatures to verify similar results were obtained (Fig. 1C).
Assuming that cancer cells are killed above 50�C,23 we can
estimate the diameter of the generated ablation zone to be 5 mm
at 65�C, 6 mm at 75�C, and 8 mm at 85�C. Due to blood per-
fusion mediated cooling, we can expect the ablation zones to be
slightly smaller in vivo.

Successful focused liver destruction in normal mice with
RFA

To test the effect of liver ablation with the modified
RFA equipment and defined parameters generated by tissue-
mimicking media, RFA with distinct temperatures for 60 s are

Figure 1. A tissue-mimicking media for optimizing RFA conditions. (A) A EPT-1000 XPTM cardiac RFA
generator (left panel) together with a cardiac ablation electrode (4 mm length, 2.33 mm diameter; right
panel) were used in this study. Two additional conductors served as ground electrodes (right panel). (B) Tis-
sue-mimicking media was used to develop a temperature map after RF heating at a 65�C target tempera-
ture for 60 s (left panel). Radial temperature profile after 60 s heating varied with target temperature, with
higher temperatures resulting in larger ablation zones (right panel).
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performed in the liver of normal
C57BL/6 mice. As predicted, RFA
application at 85�C for 60 s in the
liver resulted in an area of tissue
destruction slightly smaller than
the observed zone of ablation that
was achieved in the tissue mimick-
ing media (Fig. 2A, lower panel).
The zone of liver ablation was
assessed by measuring the diameter
of the thermally damaged hepatic
parenchyma with calipers. The
accumulated results from 3 animals
at each timepoint were shown in
Figure 2B. The results suggest that
RFA performed at 85�C for 60 s
results in uniform and predictable
liver damage in an area of approxi-
mately 50 mm2 and at a depth of
about 3 mm.

Typical features of the ablated
liver and elevated level of ALT
and AST in blood of normal mice
receiving RFA treatment

To further define the typical
features of the ablated area, con-
ventional H&E staining is used
for histologic assessment. As
shown in Figure 3A, demarcation
between viable and nonviable tis-
sue is evident in the livers from
RFA-treated mice.

ALT and AST are both
“leakage” enzymes and are released
with hepatocyte damage (either
sublethal or overt necrosis). Serum
levels depend on the number of
cells damaged or the severity of
injury. The extent of murine
hepatic damage from RFA is evi-
dent histologically (Fig. 3A) and
correlates with elevated levels of
ALT and AST. As shown in
Figure 3B-C, the peak value of
ALT and AST in the serum of the
RFA-treated mice was detected
one day after RFA. This value was
significantly higher than that in
mice prior to RFA treatment
(baseline). Seven days later, levels
of ALT and AST were observed to
return baseline. In contrast, no sig-
nificant difference in the level of
ALT and AST was detected over
time in mice with sham treatment.

Figure 2. Liver ablation of normal mice with RFA. 10 week-old of C57BL/6 mice were given inhalational
isoflurane to induce adequate anesthesia, then the abdomen was opened to expose the liver. Two grounding
conductors were placed on either side of the opened abdomen. The RFA probe was placed on the liver sur-
face to perform RFA with defined conditions: A power output of maximal 10 W for 60 s was utilized. The tem-
perature of the probe tip was set at 85�C. (A) Representative macroscopic pictures of mice which underwent
sham and RFA treatment with recovery over time. Mice in the upper panel received laparotomy without RFA
treatment were used for sham control. Mice in the lower panel represent animals receiving RFA. (B) Accumu-
lated results showed the damaged liver area post RFA. nD3, *p<0.05, error bars represent mean§SDs.

Figure 3. H& E staining of liver tissue and the levels of ALT and AST in the blood of RFA-treated mice.
10 week-old of C57BL/6 mice received RFA treatment as described. Liver tissue was harvested from each
mouse to make slides for H & E staining. Serum was collected for ALT and AST measurements. (A) Represen-
tative H & E staining showed RFA-generated liver damage. (B) The level of ALT in the serum from mice with
or without RFA treatment. (C) The level of AST in the serum from mice with or without RFA treatment. nD3,
*p<0.05, error bars represent mean§SDs.
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Tumor damage by RFA in small and large tumor-bearingmice
Recently, we established a successful MRI protocol to monitor

tumor progression and size in wild type mice which received
ISPL inoculation of oncogenic hepatocytes from MTD2 mice.14

Tumor-bearing mice with both small (<120 mm3) and large
tumors (>120 mm3) were treated with the optimized RFA con-
ditions that were established in wild-type non-tumor bearing
mice (Fig. 4A). The tumor destruction was assessed through
measurement of the damaged areas (Fig. 4B). The results suggest
that RFA with 85�C for 60 s resulted in successful complete abla-
tion of small tumors; however, the size of the large tumors
exceeded the volume of tissue destruction obtained by RFA at
85�C for 60s. Importantly, no bleeding was generated in either
small tumors or large tumors with RFA treatment. In addition,
MRI was successfully used to monitor tumor ablation on Day 14
after RFA treatment (Fig. 4C).

Typical features of the ablated tumors and elevated level of ALT
and AST in blood of tumor-bearingmice receiving RFA treatment

To further define the typical features of tumors prior to and
post RFA ablation, histologic assessment with conventional H &

E staining is performed. H & E staining showed the prominent
demarcation between tumor tissue and normal liver tissue. RFA
treatment resulted in necrosis of tumor tissue with evident
demarcation between viable tumor tissue and RFA-induced non-
viable tumor tissue in histologic sections (Fig. 5).

The basal level of ALT and AST in the blood of large tumor-
bearing mice is 300 u/L, which is markedly higher than that in
normal and small tumor-bearing mice (<100 u/L) (Fig. 5B-C).
RFA treatment induced further elevated levels of ALT and AST in
the serum of small and large tumor-bearing mice in comparison to
large tumor-bearing mice without RFA treatment. As shown in
Figure 5B-C, the peak value of ALT and AST in the serum was
detected one day after RFA treatment in mice with small and large
tumors. Seven days later, levels of ALT and AST returned to
baseline.

Therapeutic efficacy of RFA on tumor-bearing mice
We investigated the therapeutic efficacy of RFA in mice

bearing small and large tumors. Tumor size in tumor-bearing
mice was determined by MRI. Cohorts of mice bearing small
tumors of equivalent size were randomly divided into 2

groups which received RFA
treatment or sham treatment,
and mice with large tumors of
similar size were grouped and
treated in a similar fashion.
Survival analysis revealed 100%
mortality in large tumor-bear-
ing mice within 4 months post
sham treatment (Fig. 6). A par-
allel cohort of large tumor-bear-
ing mice which received RFA
treatment didn’t result in signif-
icantly increased survival
(p<0.05). All mice in this
cohort were euthanized within
5 months post-RFA treatment,
as the tumor burden exceeded
pre-set limits. In contrast, a
60% survival rate was achieved
in small tumor-bearing mice at
10 months post-RFA treatment,
at which point the study was
terminated. Endpoints were
reached within 6 months in
small-tumor bearing animals
receiving sham treatment.

Discussion
In this study, we have estab-

lished a successful RFA platform
for the treatment of HCC in a
relevant, orthotopic murine
model. Successful RFA is demon-
strated to significantly extend
overall survival of small tumor-

Figure 4. RFA treatment for destroying small and large tumors. Orthotopic murine HCCs were established,
and the tumor size was measured with MRI. Mice with small and large tumors were selected to perform RFA
with parameters that were previously defined in normal mice. A power output of 10 W for 60 s was utilized in
tumor ablation. The temperature of the probe tip was set at 85�C. (A) Representative macroscopic pictures
showed tumor ablation after RFA treatment. (B) Accumulated results demonstrate the damaged liver area
post-RFA application. nD3, *p<0.05, error bars represent mean §SDs. (C) Representative MRI scans to moni-
tor tumor and RFA-generated tumor damage.
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bearing mice, but only marginally increase overall survival of
large tumor-bearing mice (Fig. 6). This in vivo system provides a
unique opportunity to study RFA in murine models, allowing
for development of more efficient therapeutic approaches and

overcome the limitations of current RFA treatments in patients
with HCC.

An important contribution of the present study is the suc-
cessful application of RFA in mice bearing either small or large
tumors.24 This treatment mimics human clinical scenarios of
both complete and incomplete ablation, as ablation was more
effective in small tumors when compared to the effects of abla-
tion on larger tumors (Fig. 4).24 The damage produced is
dependent on both the temperature achieved within the tissue
and the length of exposure to the heating process (Fig. 1).
Despite the lack of a dedicated RF generator designed for
murine applications, an EPT-1000 XPTM cardiac radiofre-
quency generator equipped with a 4 mm cardiac ablation
probe (7F/2.33 mm diameter) was modified to perform suc-
cessful liver or tumor ablations in mice after 2 ground conduc-
tors were separated and placed either side of open abdomen.
We demonstrate that targeted temperatures from 55�C to
85�C with a 60 s exposure time resulted in successful tumor
damage with zones of ablation that increased corresponding to
the increase in the temperature applied. Only a one time RFA
performed at 85�C for 60 s resulted in complete small tumor
ablation. In contrast, a one time RFA treatment only induced
partial damage to large tumors and was ineffective in prevent-
ing tumor progression.

The utilization of a clinically relevant murine model of HCC
and successful RFA treatment provide a unique opportunity to
develop new and effective RFA-integrated immunotherapeutic
approaches.25 RFA monotherapy is only clinically applicable to
patients with small tumors and limited disease; furthermore, local
ablation strategies may result in local tumor recurrence and do
not address distant recurrences. Recently, combinational strate-
gies incorporating RFA with immunotherapies (vaccination26 or
the administration of IL-227) have demonstrated improvements
in the treatment of HCC. In the present study, ISPL inoculation
of histologically normal oncogenic hepatocytes into

Figure 6. The monotherapeutic efficacy of RFA on small and large
tumor-bearing mice. Mice bearing small and large tumors of equivalent
size were divided into 2 groups which received RFA treatment or control
sham treatment. The survival of mice bearing small tumors (A) and large
tumors (B) post-RFA treatment was observed over time.

Figure 5. Characteristics of tumor damage induced by RFA treatment. Mice bearing small and large tumors of equivalent size received RFA treatment
or sham treatment. Tumor tissue was harvested from each mouse from the respective treatment groups at distinct set time periods and slides were pre-
pared for H & E staining. Simultaneously, serum was collected for ALT and AST measurements. (A) Representative H & E staining showed RFA-generated
tumor damage in mice bearing small and large tumors. (B) The level of ALT and AST in the serum from small tumor-bearing mice receiving RFA and con-
trol sham treatment. (C) The level of ALT and AST in the serum from large tumor-bearing mice receiving RFA and control sham treatment. nD3, *p<0.05,
error bars represent mean§SDs.

www.tandfonline.com 1817Cancer Biology & Therapy



immunocompetent mice is used to induce spontaneous tumor
growth in wild type mice with intact immune systems. We have
demonstrated that immune tolerance occurs in large tumor-bear-
ing mice. Furthermore, we have observed that tolerance is accom-
panied with a pronounced and enhanced expression of cytotoxic
T-lymphocyte-associated antigen-4 (CTLA-4) and programmed
death-1 (PD-1) in tumor-infiltrating CD4 and CD8 T cells
(unpublished data). Recent advances in the treatment of meta-
static melanoma have been achieved by blocking immune check-
points. Ipilimumab, an anti-CTLA-4 monoclonal antibody,28

and nivolumab, an anti-PD-1 monoclonal antibody,29,30 are
approved by the FDA on the basis of improvement in overall sur-
vival among patients with advanced melanoma. In addition, a
recent phase I/II nivolumab trial demonstrated anti-tumor activ-
ity in patients with HCC. We are hopeful that the combination
of RFA and blockade of immune checkpoints may overcome the
limitations of either monotherapy and generate a more powerful
therapeutic strategy in HCC.31 The successful RFA platform
established in the present study provides our team with a unique
opportunity to test this hypothesis.

We demonstrated that RFA induces acute liver or tumor dam-
age and results in a quick elevation of ALT and AST in the blood
of the treated mice. The elevated ALT and AST speedily return
to baseline levels indicating that there is no further tissue damage
after the initial insult. Thus, monitoring levels of ALT and AST
may provide a useful guide to optimize the timing of subsequent
treatment post-RFA.

We also demonstrated that tissue-mimicking media is clini-
cally useful to define parameters for RFA treatment. In this study,
we utilized a tissue-mimicking media to evaluate the ablation

zone at varying temperatures, and provide guidelines for treat-
ment based on optimal treatment parameters (temperature,
time). The optimized RFA parameters resulted in zones of abla-
tion which were slightly smaller when applied to tumors in our
orthotopic murine tumor model.

In summary, the creation of an experimental RFA platform
with our orthotopic murine model and a readily available human
RF generator provides an opportunity to advance the study of
RFA in HCC. Utilization of an orthotopic murine model with
immunocompotent wild-type mice and specific tumor antigens
445 uniquely positions us to develop more powerful RFA-inte-
grated approaches in combination with other treatments, includ-
ing immunotherapies.
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