
ORIGINAL RESEARCH

Evaluation of YO-PRO-1 as an early marker of apoptosis
following radiofrequency ablation of colon cancer liver
metastases

Sho Fujisawa • Yevgeniy Romin • Afsar Barlas • Lydia M. Petrovic •

Mesruh Turkekul • Ning Fan • Ke Xu • Alessandra R. Garcia • Sebastien Monette •

David S. Klimstra • Joseph P. Erinjeri • Stephen B. Solomon • Katia Manova-Todorova •

Constantinos T. Sofocleous

Received: 13 September 2012 / Accepted: 10 April 2013 / Published online: 25 September 2013

� Springer Science+Business Media Dordrecht 2013

Abstract Radiofrequency (RF) ablation (RFA) is a

minimally invasive treatment for colorectal-cancer

liver metastases (CLM) in selected nonsurgical

patients. Unlike surgical resection, RFA is not fol-

lowed by routine pathological examination of the

target tumor and the surrounding liver tissue. The aim

of this study was the evaluation of apoptotic events

after RFA. Specifically, we evaluated YO-PRO-1

(YP1), a green fluorescent DNA marker for cells with

compromised plasma membrane, as a potential, early

marker of cell death. YP1 was applied on liver tissue

adherent on the RF electrode used for CLM ablation, as

well as on biopsy samples from the center and the

margin of the ablation zone as depicted by dynamic CT

immediately after RFA. Normal pig and mouse liver

tissues were used for comparison. The same samples

were also immunostained for fragmented DNA (TUN-

EL assay) and for active mitochondria (anti-OxPhos

antibody). YP1 was also used simultaneously with

propidium iodine (PI) to stain mouse liver and samples

from ablated CLM. Following RFA of human CLM,

more than 90 % of cells were positive for YP1. In

nonablated, dissected pig and mouse liver however, we

found similar YP1 signals (93.1 % and 65 %, respec-

tively). In samples of intact mouse liver parenchyma,

there was a significantly smaller proportion of YP1

positive cells (22.7 %). YP1 and PI staining was

similar for ablated CLM. However in dissected normal

mouse liver there was initial YP1 positivity and

complete absence of the PI signal and only later there

was PI signal. Conclusion: This is the first time that

YP1 was applied in liver parenchymal tissue (rather

than cell culture). The results suggest that YP1 is a very

sensitive marker of early cellular events reflecting an

early and widespread plasma membrane injury that

allows YP1 penetration into the cells.
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Introduction

Colorectal-cancer liver metastasis (CLM) is one of the

most common liver malignancies (Sutherland et al.

2006). Liver tumor resection remains the most effec-

tive treatment, but only a minority of patients are

amenable to surgery (Chiappa et al. 2009; Hanna

2004; Lupinacci et al. 2007; Misiakos et al. 2011).

Radio-frequency ablation (RFA) has evolved as a

minimally invasive alternative to surgery for selected

patients. During RFA, an electrode is inserted into the

tumor and pulses of high-frequency current deposit

thermal energy locally, destroying the tumor and

surrounding margin of normal liver tissue (Gillams

2005). RFA may be as effective as surgical therapy for

solitary tumors of 3 cm or smaller (Abitabile et al.

2007; Amersi et al. 2006; Gwak et al. 2011; Kim et al.

2011; Kingham et al. 2012; Siperstein et al. 2007). The

5-year overall survival rate for RFA-treated patients

with CLM varies widely between 14.3 % and 55.4 %

(Gwak et al. 2011; Hur et al. 2009; Kim et al. 2011).

However, local tumor progression (LTP) remains a

significant limitation of ablation (Mulier et al. 2008;

Sofocleous et al. 2011). LTP occurrence following

RFA can be as high as 60 % (Abitabile et al. 2007;

Amersi et al. 2006; Kingham et al. 2012; Kuvshinoff

and Ota 2002; Sofocleous et al. 2008, 2011) and has

been attributed to residual tumor cells at the ablation

site (Pulvirenti et al. 2001).

Unlike surgical resection, where a pathological

examination is routinely performed and can unequiv-

ocally demonstrate that the margins are free of residual

tumor cells, there is no standardized histological

confirmation of complete ablation with tumor-free

margins. PET and CT scans may be able to detect the

presence of residual tumors (Liu et al. 2009), but the

resolution achieved with each of these modalities is

such that it is not possible to detect individual tumor

cells that may survive the ablation. At present imaging

modalities are unable to detect residual or recurrent

tumor until weeks or months following the ablation

procedure. In addition, very little is known about the

histopathologic and intracellular changes in the sur-

rounding liver tissue. Previous studies have examined

tissues adherent to the electrode used for ablation

(Sofocleous et al. 2004), and processed them for

Hematoxylin and Eosin (H&E) and other cell viability

and proliferation assays (Snoeren et al. 2009, 2011;

Sofocleous et al. 2008, 2012). The techniques

described require tissue fixation and processing and/

or staining that cannot be completed in an expedited

fashion. Therefore, this approach cannot be used as an

intra-procedural indicator of complete ablation with

sufficient margins creation (Wang et al. 2013). The

main goal of the current study was to evaluate rapid

tissue examination techniques that would permit an

immediate assessment of cellular death caused by the

RFA treatment. Such techniques may help signifi-

cantly improve the outcomes of tumor ablation and

reduce the incidence of local tumor recurrence.

YO-PRO-1 (YP1) is a nuclear marker that binds to

the DNA of dying cells (Idziorek et al. 1995). Its

relatively large size (630 Da) prevents this dye from

penetrating the intact plasma membrane of living

cells. However apoptotic processes jeopardize mem-

brane integrity allowing YP1 to enter the cells. The

mechanism involved incorporates the release of ATP

and UTP molecules into the extracellular space,

leading to the activation of P2X7 receptors (Virginio

et al. 1999). The opening of cation channels follows,

allowing entry of YP1, as well as other large

molecules (Chekeni et al. 2010; Michel et al. 2000;

Virginio et al. 1999). Functional activity of P2X7

receptors can influence apoptotic pathways (Chow

et al. 1997), and activation of these receptors has been

used to promote cell death in cancer cells (Gorodeski

2009). Recent publications indicated that P2X7

receptor activation and Ca2? overload may act as a

death trigger for native mouse macrophages indepen-

dent of Pannexin 1 and proinflammatory caspase-1 and

TLR signaling (Hanley et al. 2012; Jalilian et al. 2012;

Nishida et al. 2012). YP1 positivity may be an early

indicator of P2X7 receptor activation. This study

focused on early cellular/intracellular changes in the

ablated liver tissue surrounding the target tumor as

well as in ablated normal pig liver (not involved by

tumor) for comparison.

Currently, YP1 is used primarily to stain cells in

culture and rarely in ex vivo or in vivo tissue samples

(Chagnon et al. 2010; Kohler et al. 2010; Santos et al.

2006). However, YP1 can penetrate unsectioned,

whole-mount, live tissue specimens and target dying

cells from the very onset of the apoptotic process

(Boffa et al. 2005). In a prior investigation, YP1 was

used successfully to assess the viability of isolated

pancreatic islets immediately after harvesting from

deceased organ donors (Boffa et al. 2005). In addition,

at least 2 prior studies have used YP1 in hepatocyte
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spheroids grown in culture (Castañeda and Kinne

2000; Higashiyama et al. 2003) and have demon-

strated that this dye can be used in liver cells. Based on

these findings, we postulated that YP1 could also be

used in human liver tissues obtained after RFA, and

would thus allow an early assessment of apoptosis

leading to cellular death. In the current study, we

obtained tissues adherent to the electrodes used in the

RFA procedure, as previously described (Snoeren

et al. 2009, 2011; Sofocleous et al. 2004, 2008, 2011).

Further, we performed needle biopsies from central

and marginal regions of the ablation zone in an effort

to collect additional tumor and surrounding liver tissue

for analysis and to permit us to include cases with no

tissues adherent to the electrode. Our hypothesis was

that YP1 would allow detection of early intracellular

events leading to cell death immediately after CLM

RFA. In order to assess the YP1 expression, we

performed experiments on both ablated and nonablat-

ed swine and mouse liver tissues. Finally we also

performed combined evaluation of YP1 with propidi-

um iodine (PI) in mouse liver tissue and in human

CLM after RFA in an effort to further assess the nature

of the hepatic cellular injury.

Methods

Human tissues

Eight CLM in 7 patients were treated with percutane-

ous CT-guided RFA, as previously described (Gillams

2005; Livraghi et al. 2003; Sofocleous et al. 2008,

2011; Solbiati et al. 2001). Briefly, an electrode of

appropriate size was inserted to provide complete

ablation with clear margins (at least 5 mm) all around

the target CLM (Wang et al. 2013). All tissue

fragments adherent to the electrodes following abla-

tion were collected by washing the electrodes with

warmed medium (described below). Immediately

following RFA, areas of the center and marginal

regions of the ablation zone were targeted using CT

imaging. Core biopsy samples from these regions were

collected using 18–20 gauge needles. All specimens

collected were maintained live in warmed culture

medium [Dulbecco’s Modified Eagle’s (DME) med-

ium with 15 mM HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) buffer and 10 % fetal

bovine serum (FBS); (all materials from Fisher

Scientific, Pittsburg PA, USA)] and were stained with

YP1 as described below.

Pig liver tissues

All procedures were performed in accordance with a

protocol approved by our Institutional Animal Care

and Use Committee (IACUC). Livers from 2 pigs were

ablated using the same technique as for human CLM.

Within 30 min after ablation, animals were euthanized

by barbiturate overdose; liver tissues at the ablation

site as well as those from a nonablated lobe were

dissected out within 15 min of euthanasia and stained

immediately with YP1 and Hoechst 33342, as

described below.

Mouse liver tissues

All procedures were performed in accordance with a

protocol approved by our IACUC. Mice were eutha-

nized by avertin overdose. Liver tissue was dissected

out and immediately stained with YP1 and Hoechst

33342 as described below. The liver lobe was either

sectioned into small pieces before staining (n = 6

animals) or purposefully kept intact throughout the

staining and imaging procedures (n = 4 animals). In

order to evaluate and compare the organ-specificity of

YP1 staining, tissue pieces from lung, intestinal smooth

muscle, and testicular seminiferous tubules were

excised from healthy adult mice (n = 5 animals) and

stained for YP1 and Hoechst 33342 as described below.

Live staining with YO-PRO-1

Collected samples were placed in the staining solution

prewarmed to 37 �C. The solution contained the

following components: DME medium (Fisher Scien-

tific) with a 15 mM HEPES buffer (Fisher Scientific),

10 % fetal bovine serum (FBS, Fisher Scientific),

10 lg/mL of Hoechst 33342 (Sigma, St. Louis, MO,

USA), 0.1 lM YP1 (Invitrogen, Carlsbad, CA, USA),

and the solution was filtered through 0.22 lm filter

(Fisher Scientific). Hoechst 33342 served as a counter-

stain, labeling all nuclei. Samples were incubated in a

cell culture incubator at 37 �C with 5 % CO2 for

30 min. After 3 washes in DME with 10 % FBS, the

samples were mounted for imaging.
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Confocal microscopy

Stained samples were placed in a delta-T dish (Fisher

Scientific). Imaging was achieved within an environ-

mental chamber (Tokai Hit, Shizuoka-ken, Japan)

mounted onto a Leica TCS AOBS SP2 with a

DMIRE2 inverted microscope (Leica Microsystems,

Wetzlar, Germany) with a 209/0.7 water immersion

objective with a digital zoom of 1.0–2.0. 405 nm laser

line was used to excite Hoechst 33342 and 488 nm

laser line for YP1. Optical z-stacks were taken with

optimal settings such that non-saturated, nuclear YP1

signals could be detected with minimal background.

Tissue processing and histological staining

The samples were fixed in 4 % paraformaldehyde in

phosphate buffer saline (PBS) for 10 min at 4 �C,

either immediately following tissue collection or after

live staining and imaging. After washing, samples

were paraffin-embedded, sectioned into 5 lm slices,

and processed for a TUNEL assay, as previously

described (Manova et al. 1998). Briefly, the slides with

sections were treated with 20 mg/mL of Proteinase K

(Sigma Aldrich, St. Louis, MO, USA), followed by

overnight incubation in 0.5 mL of biotin-dUTP and

100 units of TdT mixed in 100 mL of TdT buffer (TdT

Staining Kit, Roche Applied Science, Indianapolis,

IN, USA). The signal was visualized using Vectastain

ABC Elite Kit (Vector Laboratory, Burlingame, CA,

USA) and DAB reaction. A subset of tissues was

immunostained with anti-OxPhos antibody (Invitro-

gen, Carlsbad, CA; 2 lg/mL), using a Discovery XT

processor (Ventana Medical Systems, Tucson, AZ,

USA). The stained slides were digitally scanned using

a Mirax Scan (Carl Zeiss, Oberkochen, Germany) with

a 209/0.8 NA objective.

YO-PRO-1 penetration in mouse liver

To determine how quickly liver tissues become

sensitive to YP1 staining, a mouse liver lobe was cut

in half. One half was fixed immediately while the other

half was kept in the incubator for 30 min before fixing.

The samples were then analyzed with a TUNEL assay.

In another experiment, freshly dissected mouse liver

tissue was placed immediately in the environmental

chamber of a confocal microscope. After initial

imaging, YP1 dye was added to the medium and

additional images were obtained.

Organ-specificity of YO-PRO-1 expression

in other mouse tissues

In order to determine the impact of dissection on YP1

penetration in different tissues, we applied YP1

staining on organs other than the liver. The staining

procedure was exactly the same as that used for

mouse, human and pig liver samples.

YO-PRO-1 and propidium iodide experiments

We stained mouse liver tissues, HeLa cells and ablated

CLM samples to compare YP1 with PI, a known

marker of cellular necrosis, similarly to what has been

previously performed in tissue cultures (Gawlitta et al.

2004). YP1 solution was prepared and applied

according to our protocols described above. PI was

used at a concentration of 10 lM in the same medium.

250 nM MitoTracker Red was added to HeLa cell

samples.

HeLa cells and mouse liver samples

The cells and the liver tissues were incubated with

YP1, PI or YP1/PI combined and imaged in 5–10 min

intervals for a total period of 30 min.

Alternatively, HeLa cells and liver tissues were

incubated with the fluorophores for 30 min, washed

and then imaged.

Ablated human liver samples

All ablated human liver samples were incubated for

30 min in YP1 or PI solution, washed and imaged.

Image and statistical analyses

Maximum projection images from the confocal

z-stacks obtained from live samples and scanned

images of histologically stained samples were ana-

lyzed using Metamorph (Molecular Devices, Down-

ingtown, PA, USA) software. The appropriate

threshold was set for each image and the proportion

of YP1-positive cell nuclei was calculated. Standard
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error of the mean and Student’s t test were performed

in Microsoft Excel.

Results

YO-PRO-1 staining in ablated human colon cancer

liver metastases

Figure 1a shows representative images of removed

human liver tissue following ablation, as collected

from an electrode. The tissue was stained and imaged

live for YP1 (green) and Hoechst 33342 (blue). All

cells in the sample were positive for YP1, indicating

changes in plasma membrane permeability. The

thermal injury generated by the ablation has grossly

distorted the morphology of the tissue: most of the

nuclei appeared extremely elongated (Fig. 1a, arrow),

and nuclear and cytoplasmic regions of the cell could

not be well distinguished (Fig. 1a, arrowhead), sug-

gesting that the cells are no longer compartmentalized.

Visually, the tissues appeared brown in color, as

would be expected from the thermal effects of RFA.

YP1 staining as well as morphological examination

demonstrates that the majority of tissue adherent to the

electrode was destroyed by the ablation.

Liver biopsy tissues from the central region of the

ablated area contained cells with large, round nuclei

that were morphologically identified as hepatocytes

(Fig. 1b). The cytoplasm of these cells was intact, as

demonstrated by an unstained area around the

nucleus. A high proportion of Hoechst 33342-stained

nuclei were positive for YP1 (96.0 ± 2.2 %), sug-

gesting that cell membrane permeability occurred in

nearly all cells. However, in this region the thermal

effect on the overall morphology of the cells is not as

apparent. In the marginal region as in the central

region, morphologically intact hepatocytes were

observed. YP1 positivity was detected in 89.8 ± 2.9 %

of Hoechst 33342-stained nuclei in the margin

(Fig. 1c).

We additionally wanted to validate the YP1 data

with a histochemical TUNEL assay, which detects

fragmentation of DNA within apoptotic cells. All

samples from a single patient were fixed and stained

for TUNEL. It was found that in contrast to the YP1

findings the TUNEL assay revealed that samples

from the central area of ablation and those from the

margin contained significantly fewer positive cells

(16.5 ± 2.3 %) (t = 20.38, p \ 0.01, Fig. 1d). In

addition, the tissues collected were immunostained

with anti-OxPhos antibody, which binds to active

mitochondria in viable cells; a representative image

(Fig. 1e) shows that the majority of cells were positive

for the OxPhos antibody, a finding that also raised

questions about the significance of YP1 staining.

Comparisons among the 3 staining experiments

performed on adjacent sections of single tissue

samples indicated that a large proportion of YP1-

positive cells obtained from both the margin and the

center of the ablation zone were negative for TUNEL

and positive for OxPhos. These results suggest that

plasma membranes of liver cells are compromised,

allowing YP1 to enter. However, these cells remained

metabolically active and without fragmentation of

their DNA.

YO-PRO-1 staining in ablated and nonablated pig

liver

In order to better understand the specific effect of RFA

on liver cell membrane integrity in relation to YP1

positivity, we obtained tissue from both the ablated

(Fig. 1f) and nonablated lobes (Fig. 1g) of swine

livers. Both RFA and staining procedures were exactly

the same as those used for human samples. YP1 was

present in 93.5 ± 1.9 % of cells from the ablated lobe

and 93.1 ± 1.9 % of cells from nonablated lobe

(t = 0.17, p = 0.9). The high YP1 positivity in

nonablated swine liver showed that ubiquitous YP1

expression can be caused by interventions other than

RFA.

YO-PRO-1 staining in healthy adult mouse liver

tissue

To further analyze the ubiquitous YP1 staining in liver

tissues, we studied healthy, nonablated adult mouse

liver tissues. Mouse organs could be more easily

obtained as well as manipulated than swine livers. As

seen in Fig. 2a, mouse samples produced results

remarkably similar to those obtained with pig liver,

as there was YP1 positivity in the majority of cells

(65 ± 7.2 %). Closer inspection showed that live cells

identified morphologically as not being hepatocytes

were often void of the YP1 signal (Fig. 2b, arrows).

Large, round nuclei of hepatocytes were more likely to
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Fig. 1 Human and pig RFA liver tissues exhibit ubiquitous

YO-PRO-1 staining. Projection images were compiled from

confocal z-stacks of human liver sections stained live with YO-

PRO-1 (green, center panel) and Hoechst 33342 (blue, left

panel). The right panel shows the merged images: a In tissues

adherent to the RFA electrode, we observed a prominent heat

artifact in which some nuclei were unnaturally elongated

(arrows). Distinct nuclear and cytoplasmic regions are not well

discernible, suggesting decompartmentalization of the cells

(arrowhead). b In this sample from the center of an ablated

region, morphologically intact hepatocytes are observed. A high

proportion is YO-PRO-1 positive. c In this sample from the

marginal region, an area in which we expected cell survival, we

also observed high YO-PRO-1 positivity. d, e A subset of the

margin sample was fixed and stained with TUNEL (d) and anti-

OxPhos antibody (e). We observed significantly less TUNEL

signal compared to YO-PRO-1, and abundant OxPhos signal

compared to YO-PRO-1. These findings suggest that despite

YO-PRO-1 positivity, the margin tissue contained metabolically

active cells with intact DNA. f, g YO-PRO-1 staining of ablated

(f) and nonablated (g) pig liver tissues shows that RFA does not

influence the amount of YO-PRO-1 positivity. Scale bars:

a = 25 lm, all others = 100 lm
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be positive for YP1, compared with such smaller cells

as sinusoidal endothelial cells with elongated nuclei

(data not shown). However, a more precise in situ

molecular analysis would be necessary before we

would be able to characterize those cell types that are

exempt from YP1 penetration.

TUNEL staining of mouse liver samples showed

14.9 ± 1.9 % positive cells, a significantly smaller

proportion compared with the finding of YP1 staining.

The signal was confined to regions near the dissected

edges of tissues (Fig. 2c). When TUNEL analysis was

performed within 200 lm of damaged edges, the

proportion of positive cells increased to 21.1 ± 0.8 %.

Farther into the tissues, the result was 8.7 ± 2.2 %

positive for TUNEL, significantly lower than that near

the damaged edges (t = 5.67, p \ 0.01). Similarly

low levels of TUNEL positive cells were observed

near the intact surfaces of liver lobules (Fig. 2c,

asterisks). This is in contrast to YP1 data, where we

observed positive cells more than 200 lm away from

the injured area.

Limited and discrete YO-PRO-1 signal in intact

mouse liver

We then postulated that liver tissue may be extremely

sensitive to mechanical damage caused during dissec-

tion. To test this hypothesis, a lobe of mouse liver was

kept intact during extraction, staining, and imaging.

The whole liver sample exhibited YP1 positivity in a

very small subset of cells, generally those located in

discrete, small clusters (Fig. 2d, e). The proportion of

YP1 positive cells in intact liver was 22.7 ± 4.6 %,

significantly less than data from dissected liver pieces

(t = 2.03, p \ 0.01). It is possible that intact liver

covered by a capsule does not allow the penetration of

YP1. Therefore, we also conducted a TUNEL assay on

fixed and sectioned tissue; and we observed that the

Fig. 2 YO-PRO-1 positivity in adult mouse liver tissue is

influenced by the amount of physical damage inflicted during

dissection. a A section of liver from an adult mouse was stained

with YO-PRO-1 and Hoechst 33342. Exhibiting a general

similarity to what was seen with human samples, a majority of

the liver cells are YO-PRO-1-positive. b A higher magnification

image reveals that nonhepatic cells with elongated nuclei seem

to avoid YO-PRO-1 penetration (arrows). c TUNEL staining of

mouse liver tissue shows that cells near sites of physical damage

are particularly susceptible to apoptosis. We know that this is

not an edge effect since TUNEL positivity is not observed near

intact edge of the tissue (asterisks). d, e An entire lobe of liver

was dissected gently and stained and imaged while intact. The

proportion of YO-PRO-1-positive cells was significantly less

and these cells formed small clusters (arrows). f TUNEL

staining of intact liver lobe shows minimal apoptosis. Scale

bars: a = 100 lm, b = 40 lm, c = 500 lm, 50 lm,

d = 100 lm, e = 50 lm, f = 1 mm, 100 lm

Cytotechnology (2014) 66:259–273 265

123



cell death signal was virtually nonexistent in liver that

had been excised and fixed while intact (1.7 ± 1.1 %,

Fig. 2f).

Rapid increase in YO-PRO-1 sensitivity in unfixed

mouse liver tissues

When liver samples were fixed immediately after

dissection, the TUNEL signal was found to be

minimal (Fig. 3a, left panel). However, if the sample

was kept in medium inside a tissue culture incubator

for 30 min before fixation, prominent TUNEL stain-

ing was observed near the edge of the dissection

(Fig. 3a, right panel). When YP1 dye was added to

dissected liver tissue placed directly on a microscope

stage incubator, we observed that cells near the edges

immediately became positive. During 30 min of

imaging, an increasing number of cells farther and

farther from the edge became YP1 positive (Fig. 3b).

Based on these findings we postulated that not only

mechanical damage but a dissection of an intact lobe

may lead to activation of signals, affecting the normal

functions of the hepatocyte plasma membrane leading

to increase permeability.

The organ-specificity of YO-PRO-1 positivity

in other mouse tissues

We further wanted to determine whether extraction

and dissection can result in YP1 positivity in organs

other than the liver. Experiments on mouse lung,

intestinal smooth muscle, and testicular seminiferous

tubules showed that selective subsets of cells stained

with YP1 (Fig. 4). The proportion of YP1 positive

cells were 72 ± 7.8 %, 52.6 ± 15.1 %, and

41.7 ± 9.1 %, respectively.

Fig. 3 A dissected liver tissue rapidly becomes positive for

TUNEL and YO-PRO-1. When a dissected liver sample was

fixed immediately following dissection, the tissue is void of

TUNEL positivity (a, left panel). However when kept in the

incubator for 30 min prior to fixation, the sample became

positive for TUNEL staining near the cut edge (a, right panel). A

time-lapse experiment in which YO-PRO-1 dye was added

during imaging on confocal microscope showed that within

5 min the majority of cells became YO-PRO-1 positive b. Scale

bars: a = 100 lm for both panels, b = 100 lm for all panels
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YOPRO-1 (YP1) and propidium iodide (PI)

experiments

Mouse liver

After 10min incubation in YP1, we observed positive

cells along the tissue edge and a few others in the

center of the tissue. However, the overall number of

cells permeant to YP1 was limited. Significantly lower

numbers of cells became positive for PI during the

same time periods. Imaging during a 30 min period

showed gradual increase of positive cells for both YP1

and PI and at the end, almost all cells became YP1

positive, while PI penetrated smaller number of cells

(Fig. 5a, b). Similar was the result obtained from liver

tissues, incubated for 30 min, washed and then

imaged. Ablated human liver samples were charac-

terized by ubiquitous YP1 and PI staining indicating

permeability of cellular membranes as a result of the

ablation (Fig. 5c).

HeLa cells

YP1 stained very few cells. Addition of MT red

confirmed that the majority of the cells, impermeable

to YP1 have functional mitochondria (MT red stain-

ing). PI penetrated the nuclei of very few cells. Double

YP1/PI staining gave similar result. Cells stained

either with YP1 or with PI. Double stained cells were

extremely rare.

Ablated human liver samples

YP1 and PI used singly and combined stained all

ablated samples of human hepatocytes.

No tumor could be distinguished morphologically.

Discussion

In the current study, we studied cell death immediately

after RFA. Unlike prior studies that evaluated tissues

extracted on the RFA electrode with immunohisto-

chemical methods that usually require lengthy pro-

cessing (Sofocleous et al. 2004, 2008, 2011, 2012), we

used a green fluorescent dye, in which the incubation

period can be as short as 5 min. With such procedure,

the specimen can be viewed under the microscope

within 30 min from the tissue collection. Such a rapid

evaluation is critical to assess the presence of dead or

viable tissue in the ablation zone depicted by radio-

logical imaging. Lack of cell death or identification of

viable tumor cells in the ablation zone would allow

additional therapy that might improve oncological

outcomes after liver tumor ablation.

We observed high YP1 positivity in ablated as well

as non-ablated tissues from human, pig and mouse

livers. These findings indicated that the YP1 signal

does not represent cellular death resulting specifically

from the ablation. Further, the relatively low levels of

YP1 signal in organs other than liver indicate that there

may be an organ specific penetration of YP1.

Fig. 4 Mouse non-liver tissues show distinct subpopulation of

YO-PRO-1-positive cells that are largely exclusive from

MitoTracker-positive cells. Tissues from lung a, intestinal walls

b and seminiferous tubule c: each exhibit different proportions

of apoptotic YO-PRO-1-positive cells. The results demonstrate

the ability of YO-PRO-1 dye to specifically bind to metabol-

ically inactive dying cells in tissues other than liver. Scale bars:

a = 100 lm, b = 50 lm, c = 100 lm
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The cause of the discordance between cell death

markers (TUNEL) and cell-permeability markers (like

YP1) remains unclear. It is possible that in the liver,

the dye is taken-up non-specifically by both injured

but viable as well as by apoptotic cells. Alternatively,

liver cells may be highly sensitive to any manipulation

(i.e. biopsy, dissection), and undergo apoptosis imme-

diately, as detected by YP1. It appears that YP1 is a

very sensitive marker of early cellular events. It is also

possible that the transient activation of the plasma

membrane can be a death trigger independent of pro-

inflammatory caspase-1 and TLR signaling. Alterna-

tively, liver cells may be highly sensitive to any

manipulation and undergo early cellular changes

(increased plasma membrane permeability) and will

subsequently undergo cell necrosis possibly via

different pathways (Emmett et al. 2008; Xiao et al.

2012). Small deviations from the norm cause fast

responses, executed very efficiently by the hepato-

cytes. YP1 detects early phases of the apoptotic

process in the liver, while TUNEL and cleaved

caspase-3 activation report later phases in the process.

The molecular components needed for propagation of

warning signals and execution of fast responses, such

as P2X receptors and Pannexin 1 are abundant

constituents of the hepatocyte membrane (Emmett

Fig. 5 The penetration of PI is slower than that of YP1 in

healthy mouse liver, as opposed to RFA patient samples. a The

edge of the healthy mouse liver sample shows a large number of

both YP1 positive and PI positive nuclei with YP1 staining

appearing earlier and covering more of the sample after 30 min

of incubation. b Relatively intact healthy mouse liver shows

significantly higher YP1 than PI signal, indicating that

membrane pores allowing YP1 penetration can occur very early

after any manipulation of the hepatocytes even in absence of

mechanical damage to the tissue. c The human RFA patient

sample shows ubiquitous YP1 and PI staining in all cells

regardless of the size or location in the sample. This is most

likely an indication of advanced injury and irreversible

apoptosis due to the ablation treatment
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et al. 2008; Xiao et al. 2012). Coordinated activation

of P2X receptors and Pannexin1 results in diverse

arrays of membrane trafficking events, including

opening of pores in the membrane, allowing large

molecules, such as YP1 to enter cells (Iglesias et al.

2008; Qu et al. 2011; Xiao et al. 2012). This

observation may explain the discordance between cell

death marker TUNEL and cell-permeability marker

YP1 in the current study. The liver cells are highly

sensitive to any manipulation (i.e. biopsy, dissection)

and activate the process of apoptosis immediately, as

detected by YP1 whereas the cells may still be viable

with active mitochondria and no TUNEL activation.

From as early as 1996, YP1 has been used to label

lysed cells in vitro (Gohla et al. 1996), and rarely in

other types of samples. To the authors’ knowledge,

this dye has never been used to detect cell death in

freshly removed liver tissues. Therefore, the validity

and specificity of using YP1 on liver tissues has not

been assessed. Boffa et al. (2005) used YP1 in the

evaluation of apoptosis in pancreatic islets that were

harvested and isolated from human cadaveric organs.

Chagnon et al. (2010) added YP1 directly to lung

tissues within anesthetized mice to study cell survival

following acute lung injury. YP1 staining performed

in gastric glands, pieces of dissected skin, and isolated

retina samples from mice and rats has resulted in the

identification of a clear distinction between live and

apoptotic cells (Ito et al. 2010; Kohler et al. 2010; Liao

and Puro 2006). Other investigators have cultured

hepatocyte spheroids and convincingly determined

apoptotic cells using YP1 (Castañeda and Kinne 2000;

Higashiyama et al. 2003).

In our study, cells positive for YP1 also stained

positive with OxPhos antibody, a marker of metabol-

ically active mitochondria. The result may indicate that

YP1 is taken-up by viable cells, or that YP1 is so

sensitive that it labels cells that are still metabolically

active but that have compromised plasma membranes.

These cells may be destined to die, but have not reached

the stage where the mitochondria are metabolically

inactive. Similarly, TUNEL staining was present, but

not as widespread as YP1. This may suggest that YP1

detects the liver cells in earlier stages of apoptosis; cells

in which DNA fragmentation has not yet occurred.

Prior series have shown that TUNEL positivity was

significantly higher 24–72 h after treatment, compared

to immediately after the ablation (Goldberg et al. 2000;

Morimoto et al. 2002; Rai et al. 2005). It remains

unknown whether cells that allow YP1 permeability

will eventually undergo TUNEL positive cell death, or

whether these cells will manage to recover, avert DNA

fragmentation, and survive the insult.

It is unknown whether the process of dissection

induces P2X7 receptor activation (Michel et al. 2000),

but YP1 enters the hepatocytes with ease upon liver

dissection. The cellular insult triggered by the physical

damage occurs rapidly. When the tissues were kept alive

in the incubator for 30 min prior to fixation, the extent of

YP1 and TUNEL positive cells dramatically increased.

We believe that this is a liver-specific phenomenon, as is

demonstrated by the specific and discrete YP1 staining

that has been achieved in other organ tissues and by

previous studies that have used YP1 to successfully

identify apoptotic cells (Boffa et al. 2005).

Why are liver tissues so vulnerable to physical

damage? One reason may be due to the P2X7 receptors

present in hepatocytes (Emmett et al. 2008; Taylor and

Han 2010). Physical dissection may cause the release

of ATP into the extracellular matrix, resulting in

hyperactivation of P2X7 receptors. However, reports

show that P2X7 receptors are also expressed in the

lung and intestine, but not in seminiferous tubule cells

(Lee et al. 2000; Mishra et al. 2011). It is unclear if

P2X7 receptors in the liver are more sensitive to

activation or if dissection releases extracellular ATP in

greater amounts in liver compared to other organs or if

some other process is responsible for our observations.

As with many other organs, separation from their

natural environment induces apoptosis in liver cells.

Smets et al. (2002) demonstrated in primary mouse

hepatocytes that anoikis, cell death due to detachment,

is a major problem during liver cell transplantation. In

the current study, individual hepatocytes were not

isolated from dissected liver tissue, so only the cells

near the resected edges should undergo anoikis. Our

time-lapse experiments did demonstrate YP1 and

TUNEL signals first appearing along the resection

edges and subsequently spreading into the tissue.

Liver may be extremely sensitive, such that regional

anoikis quickly leads to tissue-wide apoptosis. Anoi-

kis-resistance in cancer metastasis has been investi-

gated (Horbinski et al. 2010), however there is no prior

evidence showing a particular or specific vulnerability

of liver parenchyma to anoikis. This study suggests

that hepatocytes, in particular, may be vulnerable to

dissection, since we detected the nuclei of cells that

may be endothelial cells, to be negative for YP1.
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Our pig liver data are similar to those reported

before by Rai et al. (2005) where liver samples were

collected from pig livers post RFA and biopsies

processed for TUNEL staining. Significant signal was

found only 5 days post ablation, specifically in the

zone close to the necrotic area. Furthermore according

to recent publications P2X7 receptor activation and

Ca2? overload may act as a death trigger for native

mouse macrophages independent of Pannexin 1 and

proinflammatory caspase-1 and TLR signaling (Han-

ley et al. 2012; Jalilian et al. 2012; Nishida et al. 2012).

When evaluating the results of our PI and YP1

experiments it appears that YP1 penetration preceded PI

entry in the hepatocytes despite the similar molecular

weight of PI and YP1 (around 660 Da). The delay in PI

penetration, compared to YP1 in mouse liver following

dissection could indicate a specific permeability of

hepatocellular membranes that may be related to early

apoptosis. YP1 signal related with early apoptosis as a

result of Staurosporine addition to C2C12 cell cultures

has been shown (Gawlitta et al. 2004; McArdle et al.

1999) and it persisted into late apoptosis when procas-

pase activation and TUNEL signal were observed

(McArdle et al. 1999). As a matter of fact, this study

indicated that C2C12 apoptosis, induced by stauro-

sporine, can be monitored by YP1 staining, at least 5–6 h

before definite cell death (defined from PI labeling)

commences. The described dual staining method (YP1

and PI) presented in that study could differentiate

between two consecutive stages of cell death. These

observations can explain our YP1 signal identification

despite absence of TUNEL activity and in the face of

mitochondrial activity. Even if the non-physiological

conditions such as liver dissection cause opening of large

pores (with the presumptive activation of P2X7R and

Panx1), YP1 precedes PI entry. This trend was also

reported for C2C12 murine skeletal muscle fibroblasts

grown in 2D and 3D cultures. Staurosporine induced

apoptosis was detected 2–3 h post treatment by YP1

staining and 8 h later some of the YP1 positive nuclei

acquired PI positive signal signifying a transition from

apoptosis to necrosis (Gawlitta et al. 2004).

The human RFA sample showed predominantly

double (YP1 and PI) positive cells. The RFA procedure

is supposed to create protein denaturation and coagu-

lation necrosis This may be related with increased

membrane permeability and a faster progression from

early apoptosis (YP1 signal) to necrosis (PI signal) and

therefore a higher degree of simultaneous dual staining

than what has been previously described in C2C12 cell

cultures (Gawlitta et al. 2004). It is imperative that

further studies using membrane component specific

markers, blocking reagents, electrophysiogy or Ca2?

imaging are necessary to help unravel the complexity of

the occurring changes. The current study indicates that

YP1 is a very sensitive marker of early cellular pro-

apoptotic events. Some of the early events may be

transient, as part of the yet undefined ‘‘find me’’ signals,

or alternatively they may take different pathways

resulting in cell death. In conjunction with activation

of the P2X7 receptors, as it has been already shown in

melanoma cells (Hanley et al. 2012), for example, one

could postulate that by mediating apoptotic actions of

extracellular nucleotides this may have a potential role

in clinical practice as a novel therapeutic target. It also

appears that the hepatocytes are more sensitive and

susceptible to these early intracellular events leading to

apoptosis.

As part of an effort to develop more specific

biomarkers following local ablation of malignant

tumors, we are currently exploring alternative meth-

ods to assess the success of ablation immediately after

treatment. Such biomarkers may allow the identifica-

tion of subsets of patients in which the therapy is only

partially effective, and those patients would poten-

tially benefit from additional local or systemic treat-

ment. Furthermore, increasing the speed of such

assessment may significantly improve the clinical

outcomes in those patients treated by ablation.

In conclusion, the study demonstrated that YP1 is a

very sensitive indicator of membrane permeability.

Although this cannot be used as a specific surrogate

indicator of cell death due to ablation, it may have a

role in other oncologic applications that require

membrane permeability for the delivery of cytotoxic

therapies to target cancer cells. Further specific

investigation should address whether YP1 may serve

as an indicator of susceptible cells to such therapies.
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