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Engineered Human tmpk/AZT As a Novel
Enzyme/Prodrug Axis for Suicide Gene Therapy
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Gene therapy and stem cell transplantation safety could
be enhanced by control over the fate of therapeutic
cells. Suicide gene therapy uses enzymes that convert
prodrugs to cytotoxic entities; however, heterologous
moieties with poor kinetics are employed. We describe
a novel enzyme/prodrug combination for selectively
inducing apoptosis in lentiviral vector-transduced cells.
Rationally designed variants of human thymidylate
kinase (tmpk) that effectively phosphorylate 3’-azido-
3’-deoxythymidine '(AZT) were efficiently delivered.
Transduced Jurkat cell lines were eliminated by AZT.
We demonstrate that this schema targeted both divid-
ing and non-dividing cells, with a novel killing mecha-
nism involving apoptosis induction via disruption of the
mitochondrial inner membrane potential and activation
of caspase-3. Primary murine and human T cells were
also transduced and responded to AZT. Furthermore,
low-dose AZT administration to non-obese diabetic/
severe combined immunodeficiency (NOD/SCID) mice
injected with transduced K562 cells suppressed tumor
growth. This novel suicide gene therapy approach can
thus be integrated as a safety switch into therapeutic
vectors.

Received 4 January 2007; accepted 16 fanuary 2007; advance online
publication 20 March 2007. doi:10.1038/mt.sj.6300122

INTRODUCTION

Leukemic transformation in gene therapy patients! has led to con-
cern regarding the safety of integrating viral vectors. Nonetheless,
these vectors offer efficient transduction and long-term gene
expression. Research is directed toward increasing vector safety
and reliability. A promising approach is to establish control over
the fate of transduced cells. Incorporating an effective suicide gene
can ensure that any malignant clones arising from insertion of the
recombinant retroviral vector can be removed. Likewise, such
control could be used for potential complications of embryonic
stem cell transplantations, including therapy for malignant terato-
mas as developed in one recent study.

The success of acyclovir against herpes simplex virus (HSV)
infections® has engendered a strategy to kill tumors by deliver-
ing genes for drug-converting enzymes into malignant cells.*
HSV thymidine kinase (HSV-tk) is involved in converting the
prodrug ganciclovir (GCV) into its tri-phosphorylated form.
GCV-triphosphate (TP) causes DNA chain termination dur-
ing replication, ultimately leading to cell death.’ In recent years,
HSV-tk and mutants have become the most commonly employed
enzymes for suicide gene therapy.5” However, weaknesses of this
strategy are the foreign origin of the transgene and the fact that
overexpression of HSV-tk may simply redirect the rate-limiting
step in the conversion to GCV-TP to the second enzyme in the
pathway: guanylate kinase. Evidence is emerging, in particular
from clinical trials,*’ that immune responses against HSV-tk limit
the persistence of transduced cells. Successful suicide gene ther-
apy, especially as a safety component for long-term correction of
inherited diseases, for example, will thus require the expression
of a non-immunogenic protein, either an overexpressed human
enzyme or a minimally modified variant thereof.

The prodrug 3-azido-3’-deoxythymidine (AZT) is converted
through phosphorylation into AZT-triphosphate (AZT-TP).®
AZT-TP inhibits replication of human immunodeficiency virus
(HIV),''*2 and to a lesser extent DNA replication in eukaryotic
cells." Safety profiles for this compound are well known. The rate-
limiting step in the conversion of AZT to the toxic AZT-TP form
is the phosphorylation of AZT-monophosphate (AZT-MP) to
AZT-diphosphate (AZT-DP). This is catalyzed by cellular thy-
midylate kinase (tmpk), which has a low enzymatic efficiency for
AZT-MP" We predicted that increased AZT-TP concentrations,
achieved by a strategy that accelerates the monophosphate-to-
diphosphate conversion of the prodrug, would yield potent cyto-
toxicity. To improve the processing of AZT-MP to AZT-DP, we
employed minimally modified tmpk mutants (F105Y and R16G-
Large Lid (RI6GLL)) with up to 200-fold enhanced activity for
AZT-MP*'¢ The F105Y variant encompasses a single substitu-
tion of the phenyalanine at position 105 to a tyrosine residue. The
R16GLL variant was generated by exchanging 11 amino acid resi-
dues in the wild-type (WT) sequence with 13 residues from the
Escherichia coli tmpk ortholog.

Correspondence: Jeffrey A. Medin, University Health Network, Roomn 406, 67 College Street, Toronto, Ontario, Canada M5G 2M 1.

E-mail: jmedin@uhnres.utoronto.ca
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The safety aspect of suicide gene therapy relies on efficient
delivery and stable expression of the cytotoxic effector. Lenti-
viral vectors (LVs) can transduce a wide range of dividing and
non-dividing cell types with high efficiency, conferring stable,
long-term transgene expression.'* Reliable suicide gene therapy
also requires that the overwhelming majority of transduced cells
express the suicide gene. This can be ensured by introducing a cell-
surface marker gene."” Transduced cells can be enriched based on
expression of this marker. A cell-surface marker should be inert in
itself, devoid of signaling capacity, and non-immunogenic.?® Pre-
viously we have used a variety of cell-surface markers in this con-
text: human CD24,” murine heat-stable antigen,” human CD25,3
and a truncated form of LNGFR.*

Although human CD25 has been effective for our murine
studies,’s* it is not useful for T-cell applications because endog-
enous expression is up-regulated in that population upon activa-
tion. Overexpression of a truncated fori of LNGFR has promoted
transformation of myeloid cells in an unusual, highly context-
dependent manner.*® Here, we adapt a novel truncated form of
human CD19 (huCD19A) as our marker. CD19 is a 95-kd glyco-
protein of the immunoglobulin superfamily that complexes with
CD21, CD81, and Leu-13, which collectively function to modulate
the activation threshold of the B-cell receptor.” As expression of
CD19 and CD21 is restricted to B-cell lineages,” it is suitable for
use in murine and human T cells. To further decrease signaling
capacity, we have deleted the cytoplasmic tail® of CD19. '

We have evaluated a novel prodrug/enzyme combination for
suicide gene therapy. Catalytically improved variants of human
tmpk along with huCD19A were efficiently delivered by novel bi-
cistronic LVs, and selective clearance of cells in vitro and in vivo
in response to increasing AZT concentrations was evaluated sys-

tematically. We present analysis of AZT sensitivity in transduced
cells and further demonstrate a novel cytotoxic mechanism: that
increased accumulation of intraceliular AZT-TP decreases cell
viability, partly owing to activation of a mitochondria-mediated
apoptosis pathway. This system thus describes a practical choice
for suicide gene therapy that can help to establish the next genera-
tion of safer integrating viral vectors. In addition, this schema can
also be used to endow stem cells destined for utility in clinical
transplantation with a reliable safety control system.

RESULTS

Synthesis of novel suicide LVs expressing modified
tmpks and huCD19A

Figure 1 shows schematics of the recombinant LVs we con-
structed. Jurkat cells were transduced a single time (multiplic-
ity of infection = 10). Five days later, huCD19A expression was
examined. Although no huCD19A expression was observed on
non-transduced (NT) Jurkat cells, more than 95% of transduced
cells showed strong huCD19A expression (data not shown). Indi-
vidual cell clones were isolated by limiting dilution and flow
cytometry. The mean fluorescent intensity of huCD19A expressed
on transduced cell clones showed similar values to each other
(data not shown). Transduced cell clones were also examined by
flow cytometry after intracellular immunostaining with rabbit
anti-human tmpk, Basal expression of tmpk was detected in NT
Jurkat cells. Cells transduced with LVs/tmpks showed increased

n
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tmpk expression, up to five times higher than in controls {data not
shown). Western blots on cell lysates further demonstrated that
expression levels of WT or variant forms of tmpk were similar in
the transduced cell clones (data not shown).

Determination of intraceilular AZT metabolites

in LV/tmpk-transduced cells

To confirm functionality of the tmpk mutants, we measured the
intracellular amounts of AZT metabolites using reverse-phase
high-performance liquid chromatography (HPLC). Cells express-
ing the R16GLL mutant tmpk efficiently converted AZT-MP into
AZT-DP and then, by other kinases, into AZT-TP, whereas the
main metabolite that accumulated in the NT-Jurkat cells was AZT-
MP (Figure 2). Interestingly, we observed no significant increases
in the accumulation of AZT-TP or induction of cell death (see
below) in the cells overexpressing WT tmpk itself (data not shown).
This demonstrates the importance of using engineered enzymes
optimized for AZT-MP phosphorylation. The ratio of AZT-TP
to AZT-MP in each cell population was calculated from the val-
ues of the area under the curve of each chromatogram. Figure 2
shows that overexpression of the R16GLL and F105Y mutants
induced a pronounced increase in the AZT-TP/AZT-MP ratio
compared with controls. Mitochondrial fractions were enriched
from control LV-internal ribosome entry site (IRES) huCD19A
and test LV-R16GLLtmpk-IRES-huCD19A-transduced cell clones
and analyzed using HPLC for levels of AZT metabolites. In the
control cells, AZT-MP, AZT-DP, and AZT-TP were observed at
appreciable levels. In contrast, only AZT-DP and AZT-TP were
observed in the mitochondria of the cells expressing the R16GLL
tmpk mutant (data not shown).

AZT sensitivity of LV/tmpk-transduced cells

By itself, transduction of Jurkat cells with LVs engineering expres-
sion of controls or our modified suicide genes and huCD19A did
not affect proliferation (data not shown). To examine the effect
of exposure to AZT on cell viability, we incubated the tmpk-
expressing cells with increasing concentrations of AZT and after
4 days determined the percentage of living cells (Figure 3). Trans-
duced cells expressing the AZT-MP catalytically-optimized tmpk
mutants F105Y or R16GLL were minimally viable upon addition
of AZT in a dose-dependent manner (P < 0.0001). In contrast,
limited cell killing, even at high doses of AZT up to 1mM, was
observed in the control cells.

As we observed the formation of nuclear apoptotic bod-
ies by 4’-6-diamidino-2-phenylindole staining in the tmpk
mutant-expressing cells treated with prodrug (data not shown),
we speculated that active metabolites of AZT induced cell death
by apoptosis. To confirm this, we stained the AZT-treated tmpk-
expressing cells with Annexin V and performed flow cytometric
analyses. In response to 100puM AZT exposure, early apoptotic
indices of cells expressing the F105Y and the R16GLL tmpk
mutants were significantly increased (P < 0.0001) compared with
those in the absence of AZT treatment (9.5 + 0.8-fold and 8.3 +
0.4—fold increases, respectively).

HSV-tk-mediated cell killing requires cellular proliferation for
the cytotoxic effect, through DNA chain termination mediated
by the anti-metabolites produced® We evaluated whether the

www.moleculartherapy.org
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Figure 1 Schematic diagram of recombinant lentiviral vector (LV) constructs used in these studies. (a) LV-thymidylate kinase-IRES-huCD194,
(b) LV-IRES-huCD194, (¢) LV-enhanced green fluorescent protein. cPPT, central polypurine tract; EF-14, elongation factor 1a promoter; LTR, long ter-
minal repeat; RRE, Rev responsive element; SA, 3 splice acceptor site; SD, 5’ splice donor site; SIN, self-inactivating LTR; WPRE, woodchuck hepatitis
virus post-transcriptional regulatory element; y, human immunodeficiency virus packaging signal.
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Figure 2 Determination of 3'-azido-3"-deoxythymidine (AZT} metabolites in transduced clonal jJurkat celi lines and controis treated for
36 hours with 100uM AZT. Inset: representative chromatograms for the non-transduced cells and the thymidylate kinase R16GLL mutant-expressing
cells. Peaks corresponding to AZT-monophosphate, AZT-diphosphate, and AZT-triphosphate are labeled. Bar graph: comparison of the ratio of the
intracellular AZT-TP to AZT-MP in the AZT-treated cells. Data are mean + standard error of the mean {n = 3). The statistical differences were evalu-
ated by one-way analysis of variance followed by a Bonferroni post hoc test with the level of significance set at P < 0.05. **P < 0.01 versus wild-type

transduced cells.

cytotoxic events of AZT on tmpk-expressing cells were also depen-
dent on cellular proliferation. We cultured transduced cells with or
without 100uM AZT in the presence of indirubin-3’-monoxime
to arrest cell cycle progression. After incubation for 4 days with
5pM indirubin-3"-monoxime, cells were arrested at the G,/M-
phase (data not shown). By treating the cells with 100uM AZT
in the presence of 5uM indirubin-3’-monoxime, the apoptotic
indices of the F105Y- and R16GLL-expressing cells were still sig-
nificantly increased (2.3 + 0.4-fold and 2.2 + 0.2-fold, respectively)
compared with the indices of cells without AZT treatment (P =
0.0011). No significant increases were seen in the apoptotic indi-
ces of control cells (data not shown). This suggests that the induc-
tion of apoptosis by AZT in the tmpk mutant-expressing cells is,
in part, independent of their proliferation status.

Molecular Therapy

Transduction and AZT sensitivity of primary human
and mouse T cells

Next, primary human and mouse T cells were transduced once
with the IV-tmpk constructs (multiplicity of infection = 20). We
did not use the R16GLL mutant as this version contains a bacterial
tmpk sequence, which could eventually be immunogenic in vivo.
In contrast, the F105Y variant contains a single amino acid change
at position 105. After 6days of culture, transduced T cells were
assessed for huCD19A expression. Although nominal NT cells
expressed huCD19A, more than 50% of LV-transduced primary
murine T cells stably expressed the marker (data not shown).
In the same way, more than 60% of transduced human T cells
stably expressed huCD19A (data not shown). These percentages
are considerable given that expression of downstream genes in
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Figure 3 Measurement of 3'-azido-3’-deoxythymidine (AZT) sensitivity of clonally-derived Jurkat ceils transduced with thymidylate kinase-
IRES-huCD 194 and control lentiviral vectors. Cell viability was measured by proliferation assay following 4 days incubation with or without AZT.
The results were determined as a percentage of the A595 nm value from the assay. The negative control values (without AZT) and the values without
cells were deemed to be 100 and 0%, respectively. Data are presented as mean + standard error of the mean (n = 3). The statistical significance of
experimental observation was determined by one-way analysis of variance followed by a Dunnett post hoc test with the fevel of significance set at
P < 0.05 compared with the values of the control group of cells that were not treated with AZT. *P < 0.05 and **P < 0.01 versus cells without AZT

treatment in each group.

bi-cistronic cassettes may be less than 10% that of upstream
genes.” To test AZT sensitivity, transduced human T cells were
exposed to 100 uM AZT for 4 days and induction of apoptosis was
measured by Annexin V staining. Although the early apoptotic
indices of primary NT human T cells were somewhat increased by
AZT exposure at this dose, the apoptotic index of cells expressing
the F105Y tmpk mutant was significantly increased (P < 0.0001)
compared to the index of cells without AZT treatment (4.0 + 0.3-
fold; data not shown).

Novel suicide mechanism utilized by the

tmpk/AZT axis

AZT inhibits HIV replication. Yet HIV-AIDS patients treated with
AZT sometimes develop toxic mitochondrial myopathy through
induction of mitochondrial biochemical dysfunction.’** We
sought to determine whether cellular apoptosis induction in our
study involved this mechanism. We measured the mitochondrial
inner membrane potential in intact LV-tmpk mutant—transduced
cells following AZT treatment. Here we applied a fluorescent probe,
5,5",6,6"-tetrachloro-1,1",3,3’-tetraethylbenzimidazolylcarbocya-
nine iodide (JC-1), and examined living cells by flow cytometry.
The dye JC-1 emits a green fluorescence at low mitochondrial mem-
brane potential * At higher membrane potentials, JC-1 forms red
fluorescence-emitting “J-aggregates” We found that a significant
increase (P < 0.0001) in the loss of mitochondrial inner membrane
potential occurred in both the F105Y- and the R16GLL-expressing
Jurkat cells (Figure 4a) after 4 days of AZT treatment compared
with controls. This effect was clearly present in the variant tmpk-
expressing Jurkat cells but not in the WT-overexpressing cells

from day 1. Indeed, control groups treated with AZT did not
demonstrate a similar loss of membrane potential at any point
(Figure 4a).

Caspase-3 is a key molecule in the cellular apoptosis pathway;
loss of mitochondrial inner membrane potential induces caspase-
3 activation.” We next evaluated caspase-3 activation in trans-
duced cells treated with AZT. F105Y- or R16GLL-expressing cells
treated with AZT showed a significant increase in the percentage
of activated caspase-3-positive cells compared with untreated or
control cells (Figure 4b). Interestingly, tmpk WT-overexpressing
cells treated with AZT showed a slight, but significant, increase in
the percentage of active caspase-3-positive cells. Taken together,
our data demonstrate that apoptosis induction by prodrug in the
tmpk mutant-expressing cells is due to the activation of caspase-3
resulting from the increase in the loss of the mitochondrial mem-
brane potential caused by the accumulation of AZT-TP.

In vivo killing of LV/tmpk-transduced cells mediated
by AZT

We next examined killing of the LV/tmpk mutant-transduced
cells in an in vivo tumor model. K562 erythroid leukemia cells
were transduced with our recombinant LVs. Since transduction
with the F105Y LV was modest (~68% huCD19A-positive cells;
data not shown), these cells were enriched by fluorescence-
activated cell sorting (FACS) using anti-human CD19 conju-
gated to phycoerythrin. Afterward, more than 95% of cells were
huCD19A-positive (data not shown), confirming the auxiliary
utility of this marker for immuno-affinity enrichment. Mini-
mal differences in growth characteristics of the transduced cells
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Figure 4 Analysis of the mechanism of induction of apoptosis by 3'-azido-3'-deoxythymidine (AZT) in the thymidylate kinase (tmpk) mutant-
expressing cells. (a) The tmpk mutant—expressing cells treated with AZT showed an increase in the loss of mitochondrial membrane potential. Fol-
lowing 4 days incubation with or without 100 M AZT, cells were stained with 5,5%,6,6-tetrachloro-1,1",3,3"-tetraethylbenzimidazolylcarbocyanine
iodide for 15 minutes at 37°C and were then analyzed by flow cytometry. To determine the effect of AZT on the increase in the loss of mitochondrial
membrane potential at Day 4, the statistical differences were evaluated by one-way analysis of variance (ANOVA) followed by a Bonferroni post hoc
test with the level of significance set at P < 0.05. ***P < 0.001 (n = 3). (b) Activation of caspase-3 in transduced cells by AZT treatment. Cells were
cultured for 4 days with or without 100uM AZT. To compare the effect of AZT on activation of caspase-3 in each group, measurements of flow
cytometry obtained from the celis treated with AZT were normalized by dividing by the values for cells without AZT, Data are mean + standard error
of the mean (n= 3). The statistical differences were evaluated by one-way ANOVA followed by a Bonferroni post hoc test with the level of significance

set at P < 0.05. **P < 0.01 and ***P < 0.001 versus non-transduced cells.

were observed (data not shown). Next, 2 X 107 transduced K562
cells were injected into non-obese diabetic/severe combined
immunodeficiency (NOD/SCID) mice. Starting 1day after the
cell injection, the mice received daily injections of AZT (2.5mg/
kg/day) or vehicle for 2weeks. Mice were killed when tumors
reached approximately 1.5 cm?; in animals injected with NT K562
cells, this endpoint occurred within 2weeks. Mice not receiv-
ing AZT treatment quickly developed large tumors in a time-
dependent manner (Figure 5). In contrast, the growth of K562
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cells transduced with either of the tmpk mutant LVs (F105Y or
R16GLL) was strongly inhibited by daily AZT injection, and the
effects were sustained over time (Figure 5). This result, using
this low dose of 2.5mg/kg/day of AZT, is even more striking
given safety data for mice treated with AZT at 270 mg/kg/day for
15days, which showed only marginal hematoxicity and no
nephrotoxicity®® This is also well below the Food and Drug
Administration recommended dose of 1,200mg/day acutely
(17.1 mg/kg/day for a 70kg individual) and 500-600 mg/day

w

/O



Engineered Human tmpk/AZT for Suicide Gene Therapy

© The American Society of Gene Therapy

1,800 -
--#-- NT ()
1,600 - ®—NT (+)
--#-- IRES ()
—a— IRES (+)
1,400 | --0-- Tmpk (WT) (-)
—0— Tmpk (WT) (+)
1,200 | --&-- Tmpk (F105Y) (=)
&= —— Tmpk (F105Y) (+)
£ s _
£ 1.0004 -~ Tmpk (R16GLL) (-)
P —0— Tmpk (R16GLL) (+)
>
5 800-
£
=
600 -
400
200 -
0 =

1t 2 3 4 5 6

7 8 9

T 1 T i
10 11 12 13 14

Days post-injection

Figure 5 Daily injection of 3"-azido-3"-deoxythymidine (AZT) prevents growth of K562 cells transduced with fentiviral vector {(LV)-thymidyiate
kinase mutant in non-obese diabetic/severe combined immunodeficiency (NOD/SCID) mice. NOD/SCID mice were subcutaneously injected
into the dorsal right flank with 2 x 107 of either the non-transduced (NT) or the LV-transduced K562 cells. Starting 1 day after the cell injection, the
mice received daily intraperitoneal injections of AZT (2.5 mg/kg/day) for 2weeks and tumor volume was monitored. Data are mean + standard error
of the mean (17 = 5 for each group). Statistical differences in tumor sizes at Day 14 were evaluated by one-way analysis of variance followed by a
Bonferroni post hoc test with the level of significance set at P < 0.05. ***P < 0.001 versus NT without AZT injection.

(7.1-8.6 mg/kg/day for a 70kg individual) for long-term treat-
ment of HIV infection in humans.

DISCUSSION
Suicide gene therapy has a number of manifestations: direct tumor
reduction, clearance of transplanted cells, and as a future safety
component in clinical protocols involving integrating viral vec-
tors. Such a portable safety system could also have benefits in stem
cell transplantation.” Yet, to date, suicide gene therapy has not
been fully effective. Here we have shown that overexpression of
rationally designed mutant forms of human tmpk with improved
kinetics significantly reduces cellular viability following AZT
treatment both in vitro and in vivo. Thus, an otherwise minimally
cytotoxic prodrug can be made highly cytotoxic by virtue of accel-
erating its activation. Overexpression of the WT enzyme alone
was not sufficient; engineered enzymes with improved kinetics
are required. Our results also demonstrate that the mechanism of
AZT-induced apoptosis is associated with loss of mitochondrial
inner mermbrane potential and activation of caspase-3 in the tmpk
mutant-expressing cells. This mechanism differs from most previ-
ous suicide schemas and is likely beneficial, as it allows killing of
non-dividing cells.

Tmpk catalyzes the rate-limiting second phosphorylation step
in the activation of AZT.* AZT was the first effective treatment
for AIDS patients;''? however, long-term use can induce a severe

myopathy characterized by alterations in mitochondria as a result
of accumulation of AZT-MP3¥ Inhibition of the mitochondrial
inner membrane potential has also been found in long-term AZT-
treated rats.”® We observed that accumulation of AZT-TP in the
tmpk mutant-expressing cells abolished the inner membrane
potential of mitochondria (Figure 4a) and increased the apop-
totic index as a result of the activation of caspase-3 (Figure 4b).
Yet the mechanism of this inhibition remains to be addressed in
detail.

The use of huCD19A as a cell-surface marker facilitated an
increase in the ratio of gene-modified cells by immuno-affinity
enrichment. The contribution of the CD19 cytoplasmic domain
to signal transduction has been previously assessed in vitro by
transfecting the cells with a truncated form,* and in vivo using
mice that express truncated human CD19.® These studies
demonstrated that the cytoplasmic domain of CD19 is crucial
for signaling and for the in vivo function of the CD19/CD21/
CD81/Leu-13 complex. This indicates that the huCD19A form
that we have employed is unlikely to signal. However, the effect
of expression of huCD19A in target cells of interest warrants
further examination. Of note, we have recently shown that use
of a co-expressed surface antigen from bi-cistronic LVs allows
clearance of transduced cells by other methods such as specific
toxin-conjugated antibodies, thereby providing a further safety
mechanism (J.A.M, manuscript submitted).
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We have demonstrated that safety issues for integrating gene
transfer can be alleviated using recombinant LVs that lead to
expression of rationally engineered activating enzymes. Fur-
thermore, NOD/SCID mice xenografted with transduced K562
cells (either F105Y or RG16LL expressing) and treated with
AZT showed substantive suppression of tumor growth in vivo
(Figure 5). Indeed, the transduced cancer cells are effectively
eliminated at low systemic concentrations of AZT. This strategy
can prevent cancer-related complications of gene therapy, as our
killing schema involving the mitochondrial death pathway is
robust enough that even immortalized cancer cells die by this
mechanism. This could also lead to novel strategies in cancer
treatment to overcome drug resistance that stems from muta-
tions in cellular enzymes adversely affecting prodrug activation.

Adoptive immunotherapy using T cells is an effective
approach to treat hematological malignancies.”*** Graft-versus-
host disease, however, remains a major problem following
non-T-cell-depleted allogeneic bone marrow transplantation.*
An efficient in vivo safety switch for elimination of gene-modified
T cells in the event of graft-versus-host disease would be useful.
GCV has been used to deplete HSV-tk-expressing allogeneic
lymphocytes following bone marrow transplantation.# Deple-
tion is not always complete, however, and host immune responses
against cells expressing this foreign enzyme can impair their
function and persistence.* In addition, T-cell responses are to
multiple epitopes, suggesting that modification of immunogenic

sequences in HSV-tk would be ineffective in ablating this full -

response.’ The use of human proteins as alternative suicide effec-
tors is less likely to induce an immune response. Furthermore,
most bone marrow transplantation patients are on prophylactic
GCV to minimize cytomegalovirus infections, which decreases
the clinical utility of HSV-tk-based suicide gene therapy. One of
our current efforts seeks to utilize the novel LV-tmpk approach
we have developed for reduction of graft-versus-host disease.
Indeed, to confirm the utility of catalytically improved vari-
ants of human tmpk as an in vivo safety switch, we have already
transduced primary cultured human and murine T cells in high
transduction efficiencies and demonstrated specific killing upon
addition of AZT (see above).

In conclusion, suicide gene therapy using LV-mediated
human tmpk gene delivery combined with AZT as an effective
prodrug has potential to be a potent safety element in control-
ling the fate of gene-modified cells.

MATERIALS AND METHODS

cDNA cloning of human CD19 and construction of LV shuttle vector.
Total RNA was extracted from the human Burkitt’s lymphoma cell line
(Raji) using the TRIZOL reagent (Invitrogen, Carlsbad, CA). cDNA
templates were generated from total RNA by reverse transcription using
oligo-dT primer and Superscript II reverse transcriptase (Invitrogen).
The cDNA of full-length huCD19 was obtained by PCR using platinum
Hifi Taqg DNA polymerase (Invitrogen) and primers CD19 F1 and CD19
R1 (described below). The amplified PCR product was directly ligated
into the TA vector, pPCR-script SK (+) (Stratagene, La Jolla, CA), to
give pPCR-huCD19full. A truncated form of huCD19 (huCD19A) that
has the extracellular and transmembrane domains but lacks the cyto-
plasmic domain was generated by inverse PCR from pPCR-huCD-
19full using primers CD19 F2 and CD19 R2 (described below) to give
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pPCR-huCD19A. The F2 primer has a complementary sequence to the
stop codon just after the end of the transmembrane domain. Follow-
ing sequence confirmation of the cDNA inserts in pPCR-huCD19A4, the
cDNA fragments were then isolated and subcloned into the EcoRlI site of
the shuttle vector pSV-IRES, which has a sequence for an IRES element
from the encephalo-myocarditis virus, to give pSV-IRES-huCD19A. The
primer sequences used for subcloning of the human CD19 ¢cDNA were
as follows: CD19 F1: 5’-atgecacctectegectectettcttee-3” and CD19 Rl:
5’-tcacctggtgetecaggtgeee-3'. The truncated CD19 construct was made
by inverse PCR using the following primers: CD19 F2: 5'-ccgecaccgeg
gtggagctccag-3” and CD19 R2: 5'-ttaaagatgaagaatgcccacaaggg-3'.

Subcloning of human tmpk cDNA and construction of bi-cistronic LVs.
To subclone the cDNA for WT human tmpk, peripheral blood mononu-
clear cells were isolated from heparinized blood obtained from healthy
donors by Ficoll-Hypaque density gradient separations (GE Healthcare
Biosciences, Inc., Freiburg, Germany). The WT human tmpk ¢cDNA
was amplified by PCR using first-strand cDNA generated from periph-
eral blood mononuclear cell RNA by the method above. PCR products
containing the WT tmpk cDNA were subcloned into pPCR-scriptSK (+)
and sequenced. Mutant forms of tmpk, denoted F105Y and R16GLL,
had been generated previously.’>'® The ¢cDNAs for the WT and each
mutant form of tmpk were first subcloned into a shuttle vector (pSV-
IRES-huCD19A) to construct bi-cistronic expression cassettes that allow
simultaneous expression of a single mRNA strand encoding the suicide
gene and huCD19A. Each of the constructs was then subcloned down-
stream of the internal EFla promoter into an HIV-1-based recombinant
LV plasmid, pHR’-cPPT-EF-W-SIN.* As a control for the transduction
experiments, we constructed a pHR'-cPPT-EF-IRES-huCD19A-W-SIN
LV by subcloning the IRES-huCD19A cassette from the pSV-IRES-
huCD19A plasmid into pHR’-cPPT-EF-W-SIN. In addition, we used the
pHR’-cPPT-EF-enGFP-W-SIN LV* containing the enhanced GFP
cDNA.,

Preparation of high-titer LV. Vesicular stomatitis virus glycoprotein-
pseudotyped LVs, including an enhanced GFP-marking vector, were
generated by transient transfection of 293T cells with a three-plasmid
system (the aforementioned pHR’ plasmid constructs, the packaging
plasmid pCMVAR8.91, and the vesicular stomatitis virus glycoprotein
envelope encoding plasmid pMD.G) using CaPO, precipitation.” Viral
supernatants were harvested 48 hours later, passed through a 0.45-um fil-
ter, and suspended in phosphate-buffered saline containing 0.1% (w/v)
bovine serum albumin after ultracentrifugation at 50,000¢ for 2 hours at
4°C. The concentrated viral supernatants were serially diluted and titered
on 293T cells. Transgene expression in transduced cells was assessed
72 hours later using a FACS Calibur (BD Biosciences, San Jose, CA) after
staining of the transduced and control cells with monoclonal mouse anti-
human CD19 conjugated with phycoerythrin (BD Biosciences, San Jose,
CA) or for enhanced GFP expression. Analysis of the data was performed
using Cell Quest software (BD Biosciences). Titers of each of the concen-
trated LV's used were more than 10° productively infectious particles/mL
as measured by functional enhanced GFP and huCD19A expression (data
not shown).

Transduction and analysis of transgene expression by western blot
and flow cytometric analyses. Cells of the human T lymphoma cell
line, Jurkat, and of the human erythro-leukemic cell line, K562, were
maintained in Roswell Park Memorial Institute 1640 medium supple-
mented with 10% fetal bovine serum (CPAA Laboratories, Etobicoke,
ON), 100 U/ml penicillin, and streptomycin to 100 ug/ml (both Sigma,
Oakville, ON). Cells were infected with concentrated virus stocks using
a multiplicity of infection of 10 in the presence of Spg/ml protamine
suifate. Infected cells were then kept in culture for 5 days before evaluat-
ing gene transfer efficiency. Gene transfer efficiencies were measured by
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flow cytometry as described above. Individual clone cell lines were used
for all subsequent experiments. They were derived by limiting dilution
and selected based on comparable huCD19A expression as determined
by flow cytometry (above).

To compare the relative expression levels of tmpk by flow cytom-
etry, the transduced cells were first fixed with 4% buffered formalin
for 15minutes and then permeabilized by treatment with phosphate-
buffered saline containing 0.1% Triton X-100 for 10 minutes. Cells were
incubated with 20% normal goat serum for 30 minutes and then incu-
bated with rabbit anti-human tmpk (diluted 1:500) for 1 hour. The cells
were further incubated with goat anti-rabbit IgG conjugated to Alexad88
(diluted 1:500, Molecular Probes Inc., Eugene, OR) for 1 hour. All incu-
bations were performed at room temperature. For western blots, total
cell lysates were resolved by 12% sodium dodecyl sulfate polyacrylamide
gelelectrophoresis and transferred onto polyvinylidene difluoride filters
(Millipore, Billerica, MA). Filters were blocked with 5% fat-free skim
milk in tris-buffered saline with 0.05% Tween-20. Human tmpk overex-
pression was elucidated using rabbit anti-human tmpk (diluted 1:5,000).
Lysate protein loading amounts in each lane were confirmed with a
murine anti-$-actin antibody (Chemicon, Temeula, CA) diluted 1:5,000.
Blots were probed with appropriate horseradish peroxidase-conjugated
secondary antibodies and proteins were detected using an enhanced che-
miluminescence kit (Perkin Elmer, Norwalk, CT) and Kodak BioMAX
XAR film,

HPLC for AZT metabolites. Cells were cultured in the presence of 100 uM
AZT for 36 hours. A total of 10 cells were homogenized by sonication
in 100 ul of 5% (w/v) trichloroacetic acid. The supernatant was collected
after centrifugation at 10,000 g for 15 minutes at 4 °C. Trichloroacetic acid
was removed by extraction with an equal volume 0f 20% tri-n-octylamine
in pentane. The neutralized aqueous fraction was directly injected iato
the HPLC machine (Waters, Milford, MA). Separation of AZT and its
metabolites was performed on a C18 column (Waters), with a mobile
phase composed of 0.2 M phosphate buffer containing 4 mM tetrabutyl-
ammonium hydrogen sulfate (pH 7.5) and acetonitrile in the ratio of 97:3
(v/v)* at a flow rate of 1.5ml/min. The UV absorbance was monitored
at 270 nm. Standards for each AZT metabolite (AZT-MP, AZT-DP, and
AZT-TP) were purchased from Moravek Biochemicals (Brea, CA). Five
million cell equivalents were injected and analyzed in triplicate. Mito-
chondria-enriched fractions from 10° cells of LV-IRES-huCD19A- and
LV-R16GLLtmpk-IRES-huCD19A-transduced clones treated with
100uM AZT were prepared using a method described elsewhere (AT
Ho and E Zacksenhaus, manuscript submitted). Specifically, cells
were lysed mechanically in a glass grinder in 5ml of ice-cold S100 buf-
fer (20mM HEPES-KOH (pH 7.5), 10mM KCl, 1.5mM MgCl, 1mM
NaEDTA, 1mM Na-EGTA, imM DTT, and 0.1 mM PMSF). Lysate
was then centrifuged at 700g for 20 minutes at 4°C; supernatant was
collected and centrifuged further at 10,000¢ for 30 minutes at 4°C. Next
the supernatant was collected as the cytosol fraction, and the mitochon-
dria-enriched pellet was washed with 1 volume of ice-cold $100 buffer, fol-
lowed by centrifugation at 10,000 ¢ for 30 minutes at 4°C. AZT metabolites
were extracted from the pellet as before and injected into the HPLC in
duplicate.

Determination of AZT sensitivity of tmpk-transduced Jurkat cells.
Transduced Jurkat cells and single-cell clones were seeded in 96-well
plates (2 x 10° cells/well) in 200 ul of the Roswell Park Memorial Institute
medium described above, with increasing concentrations of AZT (0, 0.1,
1,10,100puM, and 1 mM). The medium was changed daily. After 4days of
culture, cell viability was determined using the Cell Titer 96 Aqueous One
Solution Cell Proliferation Assay kit (Promega, Madison, WT).

For evaluation of the induction of apoptosis, treated Jurkat clonal
cells were stained with Annexin V. In brief, cells were seeded in a 24-well
plate (10¢ cells/well) in 1 ml medium with or without 100 uM AZT. After
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4 days of culture, Annexin V staining was performed according to the
manufacturer’s protocol (Annexin V-APC; BD Pharmingen, San Diego,
CA). To test whether AZT-mediated cell killing depends on the cellular
proliferation, indirubin-3"-monoxime (final concentration 5pM;
Sigma-Aldrich, St. Louis, MO) was added simultaneously with 100 uM
AZT to the culture. To simplify comparative studies, a relative apoptotic
index was calculated. Here data obtained were normalized by dividing
results from AZT-treated cells in each condition by the results obtained
without added AZT. Values were reported as fold increases. Statistical
significance between groups was calculated by analysis of variance.

Transduction of primary T cells with LVs and evaluation of induction
of apoptosis after AZT exposure. Human T lymphocytes were isolated
from peripheral blood mononuclear cells contained within heparin-
ized blood obtained from healthy human donors by Ficoll-Hypaque
separations. Mouse T cells were prepared from B-cell-depleted splenocyte
preparations using goat anti-mouse IgG beads (BioMag, Qiagen, Missis-
sauga, ON). T cells were activated using anti-CD3- and anti-CD28-coated
beads*® in a ratio of 1:3 (cells to beads) with 20 1TU/ml recombinant human
interleukin-2 (R&D Systems, Minneapolis, MN) for 3days. Cells were
infected with concentrated virus stocks for 3hours on ice using an indi-
cated multiplicity of infection in the presence of 8pg/ml protamine
sulfate. Infected cells were then kept in culture for 5days before gene
transfer efficiency was evaluated. Gene transfer efficiencies were mea-
sured by flow cytometry using a monoclonal anti-human CD19 antibody
conjugated with phycoerythrin as described above. Induction of apoptosis
following AZT exposure was evaluated by Annexin V staining as above.

Measurement of mitochondrial inner membrane potential and
activation of caspase-3. Transduced cells (10°) were treated with
100puM AZT for 4 days or left untreated. To detect changes in the mito-
chondrial inner membrane potential, the cells were incubated with
5,5’,6,6’—tetrachloro~1,1'.3,3'—tetraethylbenzimidazolylcarbocya-
nine iodide (JC-1, Molecular Probes Inc.) for 30 minutes at 37°C and
were then analyzed using a FACS Calibur. The activation of caspase-
3 in cells was examined using the FACS Calibur after incubation with
a fluoroscence isothiocyanate-labeled caspase-3 inhibitor peptide
(FITC-DEVD-FMK, Calbiochem, San Diego, CA) for 1 hour at 37°C.

Transduced K562 cells in a NOD/SCID xenograft model. Transduced
K562 cells were affinity-purified by MACS using magnetic beads
conjugated with an anti-human CD19 monoclonal antibody (Miltenyi
Biotec Inc.,, Auburn, CA) or by FACS. The purity of the cells follow-
ing isolation was evalnated using the FACS Calibur. NOD/SCID mice
(5-8 weeks old, purchased from Jackson Laboratories, Bar Harbor, ME)
were maintained at the Animal Resource Centre at the Princess Mar-
garet Hospital (Toronto, ON, Canada). The entire animal experimental
procedure followed a protocol approved by the Animal Care Commit-
tee of the University Health Network. Experimental groups consisted
of male and female NOD/SCID mice injected with 2 x 107 K562 cells
(re-suspended in 0.5mL p-phosphate-buffered saline, Oxoid, Basing-
stoke, England) that were either lentivirally transduced (# = 10 animals
for each LV construct) or NT (n = 10). Injections were performed sub-
cutaneously into the dorsal right flanks of recipient mice as previously
described.*” One day after injection of the cells, half of the mice in each
group (n = 5) began receiving daily AZT injections, administered intra-
peritoneally at a dose of 2.5 mg/kg/day for 14 days. Tumor growth was
measured by caliper and calculated as 0.5 x length % width? (in mm?) for
up to 14 days after inoculations.

Statistical analysis. Data are presented as the mean + standard error of the
mean for in vitro experiments and the mean + standard deviation of the
mean for in vivo experiments. Statistical analyses were performed using
StatView version 4.5 software for Macintosh (SAS, Cary, NC). For in vitro
experiments, a one-way analysis of variance with either a Bonferroni or a
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Dunnett post hoc test was used to determine statistically significant

res

ults, with the level of significance set at P < 0.05. Statistical comparison

of means was performed using a two-tailed unpaired Student’ t-test for
in vivo experiments.
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Abstract

We examined the effects of B-adrenoceptor agonists on the
membrane currents of smooth muscle cells from the human
urinary bladder using a whole-cell patch clamp to investi-
gate the involvement of Ca?*-activated K* (Kc,) channels in
relaxation by B-adrenergic agonists. With 0.05 mmol/l EGTA
in the patch pipette, depolarizing pulses evoked outward
rectifying currents. Isoproterenol (1 wmol/l) significantly in-
creased the membrane currents by 75% at +-80 mV with 0.05
mmol/l EGTA pipette solution. BRL 37344 (1 wmol/l) signifi-
cantly increased the membrane currents by 44% at +80 mV.
Iberiotoxin (100 nmol/l} significantly decreased the mem-
brane currents by 60% at +80 mV. In the presence of iberio-
toxin, the potentiation of the outward currents by isoproter-
enol was greatly suppressed and, in the presence of
iberiotoxin and apamin (1 pmol/1), the potentiation by iso-
proterenol was totally abolished. On the other hand, with 5
mmol/l EGTA pipette solution, depolarizing puises evoked
smaller outward currents. Isoproterenol (1 wmol/l) did not
change the membrane currents with 5 mmol/| EGTA pipette

solution. The real-time PCR analysis revealed the expression
of B,-adrenoceptors in the cells. These results suggest that
Ca**-activated and iberiotoxin- and apamin-sensitive cur-
rents via both large-conductance and smali-conductance
Kca channels could be increased by stimulation of B,-adre-
noceptors. Copyright © 2008 S. Karger AG, Basel

Introduction

It has been shown that B-adrenoceptor agonists exert
potent relaxant effects on the detrusor muscle of the blad-
der in various species [1-3] and B-adrenoceptors of the
detrusor muscle are a potential therapeutic target for
overactive bladder. The effects of -adrenoceptor ago-
nists on smooth muscle are generally considered to be
mediated by intracellular cyclic adenosine monophos-
phate ((AMP) through stimulation of adenylyl cyclase via
stimulatory G protein coupled to the $-adrenoceptors
(briefly reviewed by Tanaka et al. {4]) and it has also been
suggested that relaxation of the smooth muscles by B-ad-
renoceptor agonists results from phosphorylation by
cAMP-dependent protein kinase (PK A) of the contractile
machinery of smooth muscle including myosin light-
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chain kinase [5], although some discrepancies exist be-
tween the increases in cAMP and the relaxation of canine
coronary arterial smooth muscle [6], and between the in-
hibition of adenylyl cyclase or PKA and that of relaxation
of rat urinary bladder [7]. Various recent studies have ex-
amined the effects of B-adrenoceptor agonists on the ex-
citability of the membrane and contractility of smooth
muscle. It has been shown that the hyperpolarization in-
duced by the opening of various type K* channels in
smooth muscles results in relaxation, that is ‘hyperpolar-
ization-relaxation coupling’ [8]. In detrusor smooth mus-
cle cells of guinea pigs, it was suggested that isoproterenol
probably hyperpolarized the membrane by stimulating
the sodium pump activity and preventing spontaneous
action potentials [9]. Kobayashi et al. [10] showed that the
relaxation of guinea pig bladder smooth muscle by iso-
proterenol had a causal relation to the increase in large-
conductance Ca®*-activated K* (BK,) currents subse-
quent to activation of the cAMP/PKA pathway. It was
also shown in guinea pig urinary bladder smooth muscle
that BKc, channels are activated indirectly by B-adreno-
ceptor agonists through Ca”* influx through voltage-de-
pendent L-type Ca?* channels and Ca?* sparks [11]. How-
ever, the effects of B-adrenoceptor stimulation on the
membrane currents of smooth muscle cells of human uri-
nary bladder have not been reported.

The (-adrenoceptors of human detrusor muscle were
shown not to have functional characteristics typical of
BB:1- or B,-adrenoceptors [12]. Based on the rank order of
the potency of agonists, in vitro relaxation studies have
demonstrated that the 8;-adrenoceptor is predominantly
involved in the relaxation of human detrusor muscle [13,
14]. With the use of quantitative reverse-transcription
polymerase chain reaction (RT-PCR), it has also been
demonstrated that human detrusor muscles from normal
and obstructed bladders predominantly express B;-adre-
noceptor messenger RNA (mRNA), although those of B,-
and B,-receptors are expressed at lower levels [15]. Taken
together, it seems likely that the subtype of B-adrenocep-
torsinvolved in relaxation is predominantly 8; in human
detrusor muscle.

In the present study we examined the effects of isopro-
terenol and BRL 37344, a B;-adrenoceptor agonist with
B.-adrenoceptor affinity [16, 17], on the membrane cur-
rents of smooth muscle cells from human urinary blad-
der to investigate the possibility that hyperpolarization
by an increase in outward Ca?*-activated K* (K¢,) cur-
rent might be involved in the relaxation of the human
urinary bladder by -adrenoceptor stimulation.

[\
w
o
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Materials and Methods

Cell Culture

Smooth muscle cells of human urinary bladder were obtained
from Cambrex Bio Science (Walkersville, Md., USA). The smooth
muscle cells were cultured in SmGM-2 medium (Cambrex) con-
taining 5% fetal bovine serum, gentamicin (50 mg/l) and ampho-
tericin B (50 pg/1) at 37°C under 5% CO,. Smooth muscle cells of
human urinary bladder between passages 6 and 8 were used for
the experiments.

Electrophysiological Recordings

Membrane currents were recorded with a whole-cell voltage
clamp method using an amphotericin B perforated patch (90 pg/
ml). Pipettes with a resistance ranging from 5 to 9 MQ were filled
with pipette solution of the following composition (in mmol/1):
110 potassium aspartate, 30 KCl, 10 NaCl, 1 MgCl,, 10 HEPES,
and either 0.05 or 5 EGTA (pH 7.30 with KOH). The external so-
lution was of the following composition (in mmol/1): 135 NaCl,
5.4 KCl, 1.8 CaCl,, 1 MgCl,, 5 HEPES, 11.1 glucose (pH 7.35 with
NaOH). The liquid junction potential between the pipette and
external solution was corrected before the seal formation {18-20].
After the formation of a gigaohm seal, the pipette capacitance was
compensated before the membrane currents were recorded. Series
resistance was compensated, and currents were filtered at 1 kHz
and recorded at a sampling frequency of 5 kHz. Data acquisition
and analysis were performed with a patch clamp amplifier (Axo-
patch 200B, Axon Instruments, Foster City, Calif., USA), a per-
sonal computer and pCLAMP software (version 8.0.2, Axon in-
struments). All experiments were performed at room tempera-
ture (23-25°C).

RNA Extraction and Complementary DNA Synthesis and

Real Time RT-PCR Analysis

mRNA was purified from the primary cultured human uri-
nary bladder smooth muscle cells using oligo-d T magnetic beads
(Miltelnyi Biotec, Bergisch Gladbach, Germany) according to the
manufacturer’s protocol. Complementary DNA. (cDNA) gener-
ated from mRNA used as templates was synthesized by reverse
transcription using an oligo-dT primer and Primescript™ reverse
transcriptase (Takara Bio, Tokyo, Japan).

Real-time PCR was performed using a 7500 real-time PCR
system (Applied Biosystems, Foster City, Calif,, USA) with the
specific forward and reverse primers and the hybridization probe
DNA for each of the human B-adrenoceptor subtypes and human
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNAs
to determine the copy numbers of the target cDNA in each sam-
ple. The reaction conditions used were as follows: 50°C, 2 min,
then 94°C, 2 min, and then 45 cycles of 94°C, 30 s, and 60°C,
1 min. Data for the amplification of the target sequence were col-
lected during the 60°C step. The plasmid DNA carryingeither the
cDNA for each subtype of human f3-adrenoceptors [17] or human
GAPDH was used as a standard for each assay. Relative quantita-
tion results were measured using the comparative cycle threshold
method, whereby the amplification of the gene of interest is nor-
malized to that of the gene encoding GAPDH measured from the
same cDNA sample. The sequences of the forward and the reverse
primers and the hybridization probes were as follows: 5'-GAC-
GACGACGACGACGATGT-3, 5-CTTGGATTCCGAGGCGA-
AGC-TAMRA-3" and 5"-F-FAM-CGGCACGGCTCGTCCAG-
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GCTCG-TAMRA-3' for human B,-adrenoceptor; 5-CCTTCT-
TGCTGGCACCCAAT-3', 5-CCAGGACGATGAGAGACATG-
AC-3’ and 5'-FAM-ATGCCCACCACCCACACCTCGTC-TAM-
RA-3’ for human B,-adrenoceptor; 5-CGTTACGGCGCAC-
TGGTCAC-3', 5" TGGCTCATGATGGGCGCAAAC-3 and 5'-
F-FAM-CGGCACGGCTCGTCCAGGCTCG-TAMRA-3’ for hu-
man Bs-adrenoceptor; 5-CCAAGGTCATCCATGACAACTT-
TG-3', 5-CGGCCATCACGCCACAG-3’ and 5-FAM-AGTCC-
ATGCCATCACTGCCACCCAG-TAMRA-3' forhuman GAPDH,
respectively.

Drugs

Amphotericin B, isoproterenol, iberiotoxin and apamin were
purchased from Sigma (St. Louis, Mo., USA). BRL 37344 [(R* R*)-
(%)-4-(2-[(2-[3-chlorophenyl]-2-hydroxyethyl)amino]propyl)-
phenoxyacetic acid] was purchased from Tocris (Ellisville, Mo.,
USA). All other chemicals were of the highest grade commercial-
ly available. The drugs were added to the bath solution from a
stock solution (<1 mmol/]) in distilled water. Amphotericin Bwas
dissolved in 100% dimethyl sulfoxide. The final concentration of
dimethyl sulfoxide (0.15%) did not affect the measured electro-
physiological parameters.

Statistics

All experimental data are presented as means * SEM. The
statistical significance of difference between the means was eval-
uated by 1-way analysis of variance followed by either paired or
unpaired t tests; p values less than 0.05 were considered signifi-
cant. -

Results

Effects of Isoproterenol and BRL 37344 on the
Membrane Currents of Smooth Muscle Cells from
Human Urinary Bladder

The membrane currents of smooth muscle cells from
human urinary bladder were elicited by test pulses from
a holding potential of -80 mV to voltages between ~100
mV and +80 mV. Figure 1A shows representative traces
of the membrane currents recorded with pipette solution
containing 0.05 mmol/l EGTA. Qutward membrane cur-
rents were activated at -20 mV and were gradually in-
creased with further depolarization until +80 mV. The
outward currents with prominent fluctuation were main-
tained during depolarization without distinct inactiva-
tion and time-dependent activation.

The effects of isoproterenol on the currents of smooth
muscle from human urinary bladder with 0.05 mmol/l
EGTA pipette solution were examined. Figure 1A shows
the representative traces of membrane currents recorded
in the absence and presence of 1 wmol/l isoproterenol. Iso-
proterenol increased both inward and outward currents.
The current-voltage (I-V) relationships of the membrane
currents were obtained by plotting the maximal inward or

-Agonists Increase Bladder K* Currents

outward current density during a test pulse versus the
membrane potential. The I-V curves show that isoproter-
enol increased the maximal membrane current densities
at test potentials more positive than -20 mV (fig. 1B). Iso-
proterenol significantly increased the maximal membrane
current densities from 7.18 * 1.27 to 12.51 % 2.66 pA/pF
at +80 mV (n = 5, p = 0.037). With 0.05 mmol/l EGTA pi-
pette solution, isoproterenol (0.01-1 wmol/l) increased the
maximal membrane current densities at +80 mV in a con-
centration-dependent manner (fig. 1C). The increase with
10 pwmol/l isoproterenol tended to be smaller than that
with 1 pumol/l (data not shown).

It has been suggested that the B;-adrenoceptor is pre-
dominantlyinvolved in the relaxation of human detrusor
muscle. We examined whether BRL 37344, a 3,- and 8-
adrenoceptor partial agonist, increases the membrane
currents of smooth muscle cells of human urinary blad-
der. With 0.05 mmol/l EGTA pipette solution, 1 pmol/l
BRL 37344 increased both inward and outward currents,
especially the membrane current densities at voltages
more positive than +20 mV (fig. 1D). BRL 37344 (1 or 10
pmol/l) increased the maximal membrane current densi-
ties from 4.06 * 0.86t06.41 * 150 pA/pF (n=6,p =
0.043) or from 6.00 + 2.27 to 8.59 * 3.02 pA/pF (n = 5,
p = 0.060), respectively at +60 mV, and from 7.09 * 0.83
t0 10.51 £ 1.95 pA/pF (n =6, p = 0.032) or from 9.28 *+
2.79t0 13.13 % 3.98 pA/pF (n = 5, p = 0.039), respective-
ly at +80 mV. The percentage increases at +80 mV pro-
duced by BRL 37344 in 2 concentrations were almost the
same, that is 44 * 10% (n = 6, 1 wmol/l) and 44 + 7%
(n = 5,10 wmol/l), respectively (fig. 1C) The BRL-37344-
induced increase in the membrane currents was 59% of
that of 1 pmol/l isoproterenol (+75 & 22%, n = 5).

These results indicate that both isoproterenol and BRL
37344 increased the membrane currents of the smooth
muscle cells, but, the efficacy of BRL 37344 was about one
half of that of isoproterenol.

Effects of Iberiotoxin and Apamin on the Membrane

Currents

We examined the effects of iberiotoxin, a BK, chan-
nel blocker, on the membrane currents in the smooth
muscle cells and on the potentiation of the outward cur-
rents by isoproterenol with 0.05 mmol/l EGTA pipette
solution. Figure 2A shows the representative traces of
membrane currents in the absence and presence of 100
nmol/l iberiotoxin and with the subsequent addition of
1 pmol/l isoproterenol. The I-V curves show that iberio-
toxin significantly decreased the maximal outward mem-
brane current densities, and subsequent addition of iso-

Pharmacology 2008:81:251-258
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proterenol significantly increased the attenuated cur-
rents at test potentials of +60 mV and +80 mV. The
maximal membrane current densities at +80 mV in the
absence and the presence of iberiotoxin, and presence of
both iberiotoxin and isoproterenol were 10.22 * 1.85,
3.86 * 0.65,and 5.31 * 0.77 pA/pF (n = 6), respectively.
The increase in current was much smaller than the con-
trol isoproterenol response. We examined the effects of
apamin, a small-conductance Ca®*-activated K* (SKc,)

channel blocker, on the membrane currents and on the
potentiation of the outward currents by isoproterenol
with 0.05 mmol/l EGTA pipette solution. The maximal
membrane current densities at +80 mV in the absence
and presence of apamin, and the presence of both apamin
and isoproterenol were 13.20 * 2.30, 10.74 * 2.01, and
16.77 % 3.07 pA/pF, respectively (n = 5). Although apa-
min tended to decrease the outward current, the poten-
tiation by isoproterenol could not be greatly inhibited by

Control
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" Fig. 1.Isoproterenol and BRL 37344 increased the membrane cur-
rents of smooth muscle cells from human urinary bladder. A Rep-
resentative current traces before (left) and during (right) applica-
tion of 1 pmol/l isoproterenocl with low EGTA (0.05 mmol/l) pi-
pette solution. Membrane currents were elicited by 400-ms test
pulses from a holding potential of ~80 mV to potentials from 100
to +80 in 20-mV steps. Horizontal bars before the current traces
indicate zero current level. B Current-voltage relationships of
membrane currents in the absence (O) and presence (®) of
1 wmol/l isoproterenol. Values indicate means * SEM of 5 ex-
periments. * p = 0.037 versus control. C Concentration-response

Pharmacology 2008;81:251-258

relationships of isoproterenol and BRL 37344. Membrane cur-
rents were elicited by a 400-ms depolarizing test pulse to +80 mV
from a holding potential of —-80 mV in the absence and presence
of each isoproterenol (n = 5) and BRL 37344 concentration. Rela-
tive currents versus control were calculated. * p < 0.05 versus con-
trol (1 pmol/lisoproterenol, n =5, p =0.037; 1 p.mol/l BRL 37344,
n =6, p = 0.032; 10 pmol/l BRL 37344, n = 5, p = 0.039). D Cur-
rent-voltage relationships of membrane currents in the absence
(O) and presence (@) of 1 pmol/l BRL 37344 (n = 6). *p < 0.05
versus control (p = 0.043 at +60 mV; p = 0.032 at +30 mV).
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