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Sexually Dimorphic Patterns of Episomal rAAV
Genome Persistence in the Adult Mouse Liver
and Correlation With Hepatocellular Proliferation
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Recombinant adeno-associated virus vectors (rAAVs)
show exceptional promise for liver-targeted gene the-
rapy, with phenotype correction in small and large
animal disease models being reported with increasing
frequency. Success in humans, however, remains a con-
siderable challenge that demands greater understanding
of host-vector interactions, notably those governing the
efficiency of initial gene transfer and subsequent long-
term persistence of gene expression. In this study, we
examined long-term enhanced green fluorescent protein
(eGFP) expression and vector genome persistence in the
mouse liver after rAAV2/8-mediated gene transfer in early
adulthood. Two intriguing findings emerged of consider-
able scientific and clinical interest. First, adult female and
male mice showed distinctly different patterns of persis-
tence of eGFP expression across the hepatic lobule after
exhibiting similar patterns initially. Female mice retained a
predominantly perivenous pattern of expression, whereas
male mice underwent inversion of this pattern with pref-
erential loss of perivenous expression and relative reten-
tion of periportal expression. Second, these changing
patterns of expression correlated with sexually dimorphic
patterns of genome persistence that appear linked both
spatially and temporally to underlying hepatocellular pro-
liferation. Observation of the equivalent phenomenon
in man could have significant implications for the long-
term therapeutic efficacy of rAAV-mediated gene transfer,
particularly in the context of correction of liver functions
showing metabolic zonation.
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INTRODUCTION

Vectors based on recombinant adeno-associated virus (rAAV)
show special promise for liver-targeted gene transfer. Therapeutic
benefit has been reported in murine and canine models for a range
of metabolic genetic liver diseases,'” and encouraging evidence
of therapeutic potential demonstrated in humans with factor IX

deficiency.”® In mice, highly efficient liver-wide hepatocyte
transduction is readily achievable following intravenous or intra-
peritoneal delivery of vector,'’"* and increasingly efficient trans-
duction of the human liver can be anticipated as novel liver-tropic
capsids are identified. Success in the clinic, however, will also
require stable long-term transgene expression. Major challenges
include avoidance of anticapsid cytotoxic T lymphocyte responses
capable of destruction of transduced cells, as reported recently in
two separate clinical trials,'** and loss of episomal rAAV genomes
as a consequence of hepatocellular proliferation.’"” This latter
phenomenon poses a particular challenge for the use of rAAV vec-
tors in the growing liver'>'® but is also likely to result in declining
transgene expression in the adult liver over time.

Successful use of rAAV for liver-targeted gene transfer in
humans may be further influenced by the route of administration,
vector genome configuration (self-complimentary versus single-
stranded), promoter selection, and gender of the recipient. Choice
of promoter will not only determine the absolute level of trans-
gene expression achieved and specificity for the liver, but also the
pattern of transduction across individual hepatic lobules, which
are the functional units of the liver (Figure 1). This is of particular
significance given the phenomenon of metabolic zonation.'** For
example, the urea cycle is most active in periportal hepatocytes,*
and optimally efficient gene transfer for urea cycle defects will
require transcriptional targeting of transgene expression to this
region. Although not yet subject to focused analysis, the initial
pattern of transgene expression achieved across the hepatic lob-
ule may be further modified over time by loss of episomal rAAV
genomes as a consequence of ongoing hepatocellular proliferation.
Relatively little is known, however, about hepatocellular prolifera-
tion outside the liver regeneration context.”

In the current study, we set out to examine the persistence of
transgene expression in the adult mouse liver after portal vein injec-
tion of an rAAV2/8 vector expressing eGFP under the transcrip-
tional control of a previously described liver-specific promoter with
a bias toward expression around the central vein (perivenous).”
Mindful of potential gender effects, the treated cohorts contained
equal numbers of male and female mice. As expected, at early time
points, both sexes exhibited a predominantly perivenous pattern
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Figure 1 Structure of the murine hepatic lobule. Schematic diagram
of a hepatic lobule showing a central vein (CV) and portal triads (PT),
which contain branches of the portal vein, hepatic artery, and bile
ducts, in the periphery. The boundary of the lobule is circumscribed by
dotted lines and the perivenous and periportal zones are indicated by
gray shading.

of transgene expression,”® with overall expression being higher
in males, as previously reported.**?® By 6 months postinjection,
there was a falloff in transgene expression in both sexes, but dra-
matically different patterns of persistence across the hepatic lobule.
Female mice maintained a predominantly perivenous pattern of
expression, whereas male mice exhibited a distinct inversion of
this pattern with marked preferential loss of perivenous transgene
expression. This loss of expression correlated with vector genome
clearance rather than transcriptional silencing, suggesting a pos-
sible link with underlying patterns of hepatocellular proliferation.
Collectively, these novel observations have potential clini-
cal and biological significance. If rAAV vectors prove to show
similar sexually dimorphic patterns of transgene persistence
and expression in the human liver, their therapeutic efficacy and
durability may vary substantially between the sexes depending
on the requirement of the therapeutic transgene for expression in
perivenous versus periportal zones of the hepatic lobule. Loss of
rAAV vector genomes in the adult liver may also prove to be a
reliable surrogate marker of hepatocellular proliferation, and, in
the context of the current study, the adult mouse has provided
unexpected insights into hitherto unknown gender difference in
the pattern of hepatocyte proliferation across the hepatic lobule.

RESULTS

Patterns of persistence of rAAV transgene expression
across the hepatic lobule are sexually dimorphic

To establish the stability of transgene expression in the mouse
liver following rAAV2/8-mediated gene transfer, young adult
male and female C57BL/6 mice were injected via the portal vein
with the previously described rAAV2/8-LSP1-eGFP vector.”
Livers were harvested for analysis from groups of three male and
three female mice at 2 weeks, 8 weeks, 6 months, and 12 months
postinjection. Histological analysis of tissue sections by fluores-
cence microscopy at 2 weeks postinjection revealed higher levels
of eGFP expression around the central vein (perivenous) in both
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Figure 2 Transgene expression patterns across the hepatic lobule in
male and female mice over time. Male and female mice were injected
with 1 x 10'"" vector genomes of rAAV2/8-LSP1-eGFP via the portal vein
at 8-10 weeks of age. Liver was harvested at (a) 2 weeks, (b) 8 weeks,
(c) 6 months, or (d) 12 months postinjection, and 5pm frozen sec-
tions were immunostained with anti-glutamine synthetase antibody to
unequivocally identify the central vein (red). Representative photomicro-
graphs (x50 magnification) taken at the same exposure are shown. Bar =
100 pm. Insets in 12-month panels show region immediately adjacent to
a central vein (enlarged 2.5-fold).

male and female mice with lower levels in the periportal regions
of the hepatic lobule (Figure 2a). The only apparent difference
between sexes at this early time point was consistently brighter
eGFP fluorescence in male mice at equivalent photomicrograph
exposures. At 8 weeks, this overall pattern persisted, but with
patchy loss of eGFP expression in small clusters of cells becoming
evident in both sexes, giving histological sections a “moth-eaten”
appearance (Figure 2b). By 6 months postinjection, there was a
reduction in overall levels of eGFP expression in both sexes, with
female mice retaining higher levels of expression in the perivenous
region of the hepatic lobule. In male mice, however, there was a
distinct inversion of the expression pattern observed at 2 weeks,
with marked loss of eGFP expression in the perivenous region
and relative preservation of periportal expression (Figure 2c). At
12 montbhs, the levels and patterns of eGFP expression across the
hepatic lobule appeared to have stabilized, being similar to that
observed at 6 months (Figure 2d).

To more fully characterize this intriguing sexual dimorphism,
we next performed quantitative fluorometry on liver lysates, to
better define eGFP expression levels, and quantitative PCR on low
molecular weight DNA extracted from bulk liver samples to deter-
mine persistence of episomal rAAV vector genomes. Consistent
with visual assessment of histological sections, male mice exhib-
ited substantially higher eGFP expression levels at 2 and 8 weeks
postinjection, but by 6 and 12 months, expression levels had fallen
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Figure 3 Transgene expression levels and vector genome (vg) persistence in the liver of male and female mice over time. Male and female
mice were injected with 1 x 10" vg of rAAV2/8-LSP1-eGFP via the portal vein at 8-10 weeks of age. Livers from three mice of each sex were harvested
at 2 weeks, 8 weeks, 6 months, or 12 months postinjection. Separate pieces of liver from each mouse were used to prepare lysates for (a) fluorometric
quantitation of eGFP expression and (b) for DNA extraction using the Hirt method for Q-PCR quantitation of episomal vg. Background autofluo-
rescence equivalent to 1.6 ug eGFP/mg total protein was subtracted from the fluorescence values presented. Gray and black fill represents means
of female and male mice, respectively, + SEM. *P < 0.05 using a nonparametric Mann-Whitney U-test. eGFP, enhanced green fluorescent protein;

Q-PCR, quantitative PCR.
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Figure 4 Distribution of vector genomes across the hepatic lobule.
Laser capture microscopy (LCM) was used to dissect areas within
~100um of central veins and portal triads from frozen liver sections
prepared from mice described in the legend of Figure 2. Samples were
analyzed for total vector genome content (episomal and integrated) by
quantitative PCR and normalized against glyceraldehyde-3-phosphate
dehydrogenase. Data are presented as the ratio of vector copies
detected around the portal triads (PP) and central veins (PV). Gray and
black fill represents means of female and male mice, respectively, + SEM
(n = 3). Dotted line indicates a ratio of 1. *P < 0.05 using a nonpara-
metric Mann-Whitney test.

substantially and were within the range of values observed in
female mice (Figure 3a). Despite this difference in eGFP expres-
sion at early time points, analysis of episomal vector DNA from
the same livers showed similar levels of vector genome persis-
tence in male and female mice (Figure 3b). Comparison of eGFP
expression and vector genome levels revealed discordance at both
2 and 8 weeks, particularly in males, with rising eGFP expression
levels despite a concurrent decline in vector genome levels. At the
later time points of 6 and 12 months, eGFP expression and vector
genome levels showed direct correlation in both sexes.

Preferential loss of rAAV genomes in perivenous
hepatocytes in male mice correlates with the
appearance of sexually dimorphic transgene
expression patterns

To begin defining the mechanisms underlying the development
of differing eGFP expression patterns across the hepatic lobule
in male and female mice, laser microdissection studies were per-
formed to investigate possible differences in vector genome per-
sistence across the hepatic lobule. At 2 weeks postinjection, there
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was no difference between the sexes in vector genome distribu-
tion, with moderately more vector genomes in perivenous than
in periportal hepatocytes (Figure 4). In female mice, this relative
distribution of vector genomes persisted at 6 and 12 months. In
distinct contrast, male mice showed a marked preferential loss of
vector genomes in perivenous hepatocytes, with relative retention
of vector genomes in periportal hepatocytes. Thus, the sexually
dimorphic transgene expression patterns established by 6 months
of age (Figure 2) correlated directly with the underlying patterns
of vector genome persistence in the same liver samples.

Given the higher levels of eGFP expression observed in male
mice at early time points, we next considered the possibility
that eGFP might be exerting a concentration-dependent hepa-
totoxic effect. To explore this possibility, we measured levels of
the liver enzyme alanine aminotransferase in the blood of vector
and phosphate-buffered saline (PBS)-injected male and female
mice 2 weeks post-treatment. Levels of alanine aminotransferase
in vector-injected male (37 £ 1.7IU/], n = 6) and female (55 *
131U/1, n = 6) mice were the same as those in PBS-treated male
(36 £2.0IU/L, n = 3) and female (52 £ 171U/, n = 3) mice. In addi-
tion, formalin-fixed, hematoxylin and eosin-stained liver sections
from 9 female and 14 male vector-treated mice harvested at inter-
vals ranging from 2 weeks to 12 months after vector exposure were
examined by a qualified histopathologist. Sections from four con-
trol PBS-treated mice were also examined. The occasional cluster
of inflammatory cells was present in five of the 27 mice examined,
four were vector-treated (two male and two female) and one PBS
control, suggesting no correlation with sex or vector exposure.

Male mice show higher rates of hepatocellular
proliferation around the central vein

We next examined hepatocellular proliferation by counting pro-
liferating cell nuclear antigen-positive (PCNA™) cells in multiple
histological sections from vector-treated adult male and female
mice. At 6 and 12 months after vector delivery, approximately 1
in 400 and 1 in 10,000 hepatocytes stained positive for PCNA,
respectively. This is consistent with a marked decline in hepato-
cellular proliferation during the second 6 months of life and cor-
relates temporally with a stabilization of the pattern and levels of
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Figure 5 Detection of proliferating cells using PCNA. Liver sections (n = 3 per mouse) from mice 6 months postinjection were immunostained
with anti-PCNA to identify proliferating cells and anti-glutamine synthetase antibodies to unequivocally identify the location of the central vein of
individual hepatic lobules. (a) A representative image (X20/NAO0.5) of PCNA (red) and glutamine synthetase staining (blue) cells is shown. The total
number of PCNA™ cells per section (76 + 19.5, mean + SEM) and proportion within a 100 um of a central vein in (b) vector-treated and (c) age-
matched control phosphate-buffered saline (PBS)-treated was determined. Gray and black fill represents means of female and male mice, respec-
tively, + SEM. The difference between vector-treated male (n = 3) and female (n = 3) mice was significant by the Student’s t-test (P = 0.034, equal
variances not assumed) and nonparametric Mann-Whitney test (P< 0.05). The difference between age-matched control PBS-treated male (n = 4) and
female (n = 4) mice shows the same trend, but did not achieve statistical significance (P = 0.081 and 0.083 by the Student’s t-test and nonparametric

Mann-Whitney test, respectively). Bar = 100 um. PCNA, proliferating cell nuclear antigen-positive.

transgene expression observed (Figures 2 and 3a). Further analy-
sis of counts obtained at 6 months revealed a trend toward higher
absolute proliferation rates in males, but this did not achieve sta-
tistical significance (data not shown). However, when we exam-
ined the proportion of PCNA™ cells located within 100 um of the
central vein relative to the total number of PCNA cells counted
in individual vector-treated mice, a distinct difference between the
sexes became evident. In male mice, a threefold higher proportion
of PCNA perivenous hepatocytes was detected (Figure 5b). A
similar pattern was observed in age-matched control PBS-treated
male and female mice (Figure 5c¢), although the difference did not
achieve statistical significance. This is the same region where male
mice show preferential loss of vector genomes (Figure 4), suggest-
ing the mechanistic involvement of hepatocellular proliferation in
mediating this effect.

DISCUSSION

In the current study, we examined long-term transgene expres-
sion and vector genome persistence in the mouse liver after rAAV-
mediated gene transfer in early adulthood. Two intriguing findings
emerged of considerable scientific and clinical interest. First, adult
male and female mice show distinctly different patterns of per-
sistence of eGFP transgene expression across the hepatic lobule
after exhibiting a similar pattern initially. Second, these chang-
ing patterns of expression correlated with sexually dimorphic
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patterns of genome persistence that appear linked both spatially
and temporally to underlying hepatocellular proliferation.
Although gender-based differences in transduction perfor-
mance of rAAV in the liver have previously been reported,®***+?’
those described here are entirely novel and have substantially
different implications. These earlier studies report consistently
higher levels of transgene expression in male mice at equiva-
lent vector doses that appear to be largely independent of capsid
pseudoserotype. The underlying mechanisms have not yet been
fully dissected. In the first published study, the livers of male mice
were reported to contain higher levels of vector DNA at equivalent
doses of an rAAV2/2 vector, with intersex differences mediated
through an androgen-dependent pathway.* Male mice also exhib-
ited higher levels of nuclear protein binding to the rAAV inverted
terminal repeats, possibly indicating differences in the intracel-
lular processing and fate of the vector genome. In a subsequent
study using rAAV2/8, vector genome copy number in the liver was
reportedly similar in male and female mice despite higher trans-
gene expression levels in males.® Our own data obtained 2 and 8
weeks following administration of an rAAV2/8 vector is confir-
matory of this latter observation with equivalent levels of vector
DNA in male and female livers despite higher eGFP transgene
expression in males (Figure 3). This discordance, most evident
at 8 weeks, between the amount of vector genome in the liver and
transgene expression levels in males and females, provides further
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evidence for a postcell entry mechanism. More rapid conversion
of input single-stranded vector DNA to transcriptionally active
double-stranded forms in males is a plausible mechanism. This
is made less likely, however, by the recent demonstration that
self-complimentary adeno-associated virus vectors, that become
competent for transcription without the need for conversion to
double-stranded forms, also express more highly in males.”

Our novel observation of sexually dimorphic patterns of vector
genome persistence and expression across the hepatic lobule only
became evident as a consequence of following transgene expres-
sion out to 6 and 12 months after vector delivery. Interestingly, by
this time, there was no substantial difference between the sexes in
the overall levels of transgene expression or corresponding levels
of vector genome persistence. From a gene therapy perspective,
the potential clinical significance of our observations arise from
the fact that a significant number of liver functions show metabolic
zonation across the hepatic lobule.’*? For example, hepatocytes in
the periportal zones are primarily responsible for ureagenesis and
gluconeogenesis, and have a high capacity of amino-acid uptake
and catabolism, whereas hepatocytes in the perivenous region
perform functions such as glycolysis and ketogenesis. Attempts
to repair genetic defects in these metabolic pathways by liver-
targeted gene transfer will require both efficient targeting of trans-
gene expression to the appropriate zones of the hepatic lobule and
stable long-term expression. Assuming humans show similar
sexually dimorphic patterns of expression and genome persis-
tence, the long-term durability of the therapeutic effect may vary
dramatically in a disease-specific and gender-dependent manner,
particularly beyond puberty.

In the current study, we also observed a direct correlation
between the spatial and temporal pattern of vector genome
persistence and transgene expression. This directly implies that
declining transgene expression is predominantly the consequence
of vector genome loss rather than transcriptional silencing. Based
on existing knowledge'>'*"'” and the data presented, we propose
that the predominant mechanism is episomal vector genome deg-
radation occurring in concert with hepatocellular proliferation.
Three lines of evidence support this. First, small discrete clusters
of hepatocytes with loss of transgene expression became evident
by 8 weeks after vector delivery (Figure 2). This was most easily
seen in males because of higher basal levels of transgene (eGFP)
expression and is consistent with individual hepatocytes going
through short bursts of proliferation involving one to several
rounds of cell division. Second, the sexually dimorphic patterns
of genome persistence and expression were fully established by
6 months after vector delivery and then stabilized with little fur-
ther change through to 12 months. This stabilization of expression
corresponds directly with a 25-fold decline in the rate of hepato-
cyte proliferation as judged by PCNA immunostaining. Finally,
vector-treated male mice exhibited a significant threefold higher
rate of hepatocyte proliferation in the region of the hepatic lobule
lying within 100 um of the central vein (perivenous), and age-
matched control PBS-injected mice showed the same trend. This
is the same region showing preferential loss of rAAV genomes
in male mice. To our knowledge, this is the first evidence in the
literature of differing patterns of hepatocellular proliferation in
the male and female liver outside the regeneration context, where
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the overwhelming majority of hepatocyte proliferation studies
have been performed.*

It remains possible that our results may have been influenced
by the use of eGFP as a reporter gene, and it will be important to
explore whether similar sexually dimorphic patterns are recapitu-
lated with other transgenes. The higher levels of eGFP observed
in male mice at early time points, and particularly around the
central vein, combined with reports of GFP toxicity* = render the
latter a plausible contributory mechanism. Against this, we saw
no evidence of overt sex-specific hepatotoxicity as indicated by
normal alanine aminotransferase levels in male and female mice at
the time of highest eGFP expression, and no correlation between
mouse sex and the observation of the occasional cluster of inflam-
matory cells observed in liver sections from a minority of mice.

Collectively, these unexpected data provide a strong impetus
for further, more comprehensive, studies of rAAV vector genome
persistence in male and female mice using additional transgenes
and more powerful strategies to study hepatocellular prolifera-
tion. From a gene therapy perspective, it will also be particularly
important to establish whether similar gender differences occur
in the primate and human liver given the immense value of this
organ as a therapeutic target.

MATERIALS AND METHODS

Vector production and titration. The rAAV2/8-LSP1-eGFP vector used
in the current study was produced by triple transfection of HEK 293 cells
with plasmids pLSP1-eGFP, p5E18-VD2/8, and pXX6, and titer assigned
by real-time quantitative PCR as previously described."” The eGFP trans-
gene in this vector construct is under the transcriptional control of human
al-antitrypsin promoter downstream of two copies of the human apolipo-
protein E enhancer.

Animal studies. All animal care and experimental procedures were
evaluated and approved by an appropriately constituted Animal Care and
Ethics Committee. Male and female C57BL/6 mice at 8-10 weeks of age
were injected with 1 x 10" vector genomes of rAAV2/8-LSP1-eGFP via
the portal vein. Briefly, mice were anesthetized by intraperitoneal injec-
tion with ketamine (100 mg/kg) and xylazine (10 mg/kg) in 0.9% (wt/vol)
NaCl, the portal vein exposed through a ventral midline incision, and 50 ul
of vector or PBS injected using a Hamilton syringe (Hamilton, Reno, NV)
and a 33-gauge needle. After hemostasis was achieved, the abdominal wall
was closed and buprenorphine (0.03 mg/kg) injected subcutaneously for
postoperative pain relief. Mice were subsequently monitored for signs
of ill health and weight loss. For tissue analysis, mice were killed by CO,
asphyxiation or cervical dislocation. The liver was removed and sections
were either frozen directly or fixed in 4% (wt/vol) paraformaldehyde over-
night at 4°C, cryoprotected in 10-30% (wt/vol) sucrose over 3 days, and
then frozen in O.C.T. (Tissue-Tek; Sakura Finetek USA, Torrance, CA) in
isopentane/liquid nitrogen for storage at —80 °C. Alanine aminotransferase
activity in mouse serum was analyzed in a National Association of Testing
Authorities —approved clinical laboratory using the VITROS Fusion 5.1
Chemistry System (Ortho Clinical Diagnostics, Beerse, Belgium).

Fluorometric analysis of eGFP expression. For fluorometric analysis,
0.1-0.2 g of liver tissue was homogenized in lysis buffer (0.5% TritonX,
10mmol/l 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, and pro-
tease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN)), the total
protein content of the lysate measured (DC Protein assay; Bio-Rad,
Hercules, CA), and individual samples adjusted to final concentration of
0.5mg/ml. A standard curve for eGFP concentration was prepared using
recombinant eGFP protein (BioVision Research Products, Mountain

www.moleculartherapy.org vol. 17 no. 9 sep. 2009



© The American Society of Gene & Cell Therapy

View, CA). Equal volumes of samples and standards were loaded into
black plastic 96-well plates (PerkinElmer, Boston, MA) and eGFP fluores-
cence quantitated on a VICTOR® multilabel reader (PerkinElmer) using an
excitation and emission filter set at 485 nm/535nm.

Hirt DNA extraction and detection of vector in liver lysates. Low molecu-
lar Hirt DNA was extracted from liver using modification of a previously
described method.* Briefly, 20-30 mg of liver was homogenized in 600 pl
lysis buffer (10mmol/l Tris-Cl pH 8.0, 10mmol/l EDTA, 1% (wt/vol)
sodium dodecyl sulfate) and incubated at 37 °C for 30 minutes. The sam-
ple was digested with proteinase K (1 mg/ml) at 37°C for 1 hour. NaCl
(5mol/l) was added to a final concentration of 1 mol/l and the suspension
incubated at 4 °C overnight. After centrifugation (13,000 g for 45 minutes),
DNA in the cleared lysate was extracted using standard phenol/chloroform
and ethanol precipitation methods.*® Episomal vector copy number was
determined in 100ng of Hirt DNA by quantitative PCR using previously
described primers and amplification conditions."

Laser capture microscopy and vector genome quantification. Using a
laser microdissection system (P.A.L.M. Microlaser Technologies, Bernried,
Germany), liver cells lying within ~100 um of a central or portal vein were
collected from frozen liver sections (5um). Samples were incubated at
56 °C overnight in digestion buffer (10 mmol/l Tris pH 8.3, 50 mmol/l KCI,
1.5 mmol/lMgClz, 0.5% (vol/vol) Tween 20, and 20 ug/ml proteinase K),
then inactivated at 96°C for 10 minutes. Vector copy number was deter-
mined by quantitative PCR as previously described.”

Immunohistochemistry and detection of transgene expression. For simul-
taneous detection of glutamine synthetase and eGFP, frozen liver sections
(5um) were permeabilized in methanol, blocked in PBS containing 10%
(vol/vol) fetal calf serum and 10% (vol/vol) goat serum, then reacted with
a rabbit polyclonal anti-glutamine synthetase primary antibody (1/150
dilution; Abcam, Cambridge, UK). Bound primary antibody was detected
with an Alexa Fluor 594 goat anti-rabbit IgG secondary antibody (1/1000
dilution; Invitrogen, Carlsbad, CA) and images captured using the x5 Leica
objective on a Leica DM IRB inverted microscope (Leica Microsystems,
Wetzlar, Germany) (filter sets for eGFP excitation BP450-490/emis-
sion LP520 and Alexa Fluor 594 excitation BP515-560/emission LP580)
and captured with a SPOT camera using SPOT software version 4.0.1
(Diagnostic Instruments, Sterling Heights, MI).
Forsimultaneousantibodylabelingof PCNA and glutamine synthetase,
frozen liver sections (5um) were permeabilized in methanol, blocked in
PBS containing 10% (vol/vol) fetal calf serum and 10% (vol/vol) donkey
serum (Sigma-Aldrich, St Louis, MO), reacted with a rabbit polyclonal
anti-glutamine synthetase primary antibody (1/150 dilution; Abcam) for
1 hour, washed and then incubated with 7-amino-4-methylcoumarin-
3-acetic acid-conjugated donkey anti-rabbit IgG secondary antibody
(1/100 dilution; Jackson ImmunoResearch, West Grove, PA) for 1 hour.
After further washing, sections were again blocked with PBS containing
10% (vol/vol) fetal calf serum and 10% (vol/vol) donkey serum before
being reacted with a goat polyclonal anti-PCNA primary antibody (1/150
dilution; Santa Cruz Biotechnology, Santa Cruz, CA). This primary
antibody was detected with a Texas Red conjugated donkey anti-goat IgG
secondary antibody (1/300 dilution; Jackson ImmunoResearch).

Counting PCNA-positive hepatocytes. Three 5um liver sections per
mouse were analyzed for PCNA™ hepatocytes. After immunolabeling
with anti-PCNA and anti-glutamine synthetase antibodies, sections were
analyzed using an Olympus BX51 fluorescent microscope and Olympus
objectives x10/NA 0.3 and x20/NA 0.5 (Olympus, Center Valley, PA).
Images were captured with a SPOT enhanced camera using SPOT software
version 4.0.1. PCNA staining was detected using an HQ560/55 excitation
and HQ645/75 emission filter set (Chroma Technology, Rockingham,
VT), eGFP detected using a D480/30x excitation and D535/40m emission
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filter set (Chroma Technology), and glutamine synthetase detected using a
D350/50x excitation D460/50m emission filter set (Chroma Technology).
The total numbers of PCNA™ hepatocytes, judged morphologically, were
counted across three sections for each of three female and three male
mice at 6 and 12 months postinjection. The proportion of PCNA™ hepa-
tocytes <100 um from a central vein (perivenous) clearly delineated by
anti-glutamine synthetase immunolabeling was also determined. The
number of PCNA™ events per 1,000 hepatocytes was calculated based on
the average number of hepatocytes in three SPOT images of known area
per mouse and the total area of the histological sections from which the
total PCNA™ hepatocyte count was obtained.
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