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Christ, George J., Nancy Day, Cristian Santizo, Yoshi Sato,
Weixin Zhao, Theresa Sclafani, Ron Bakal, Masha Salman,
Kelvin Davies, and Arnold Melman. Intracorporal injection of hSo
cDNA restores erectile capacity in STZ-diabetic F-344 rats in vivo.
Am J Physiol Heart Circ Physiol 287: H1544—-H1553, 2004; 10.1152/
ajpheart.00792.2003.—The ability of gene transfer with the pore-
forming subunit of the human maxi-K channel (hSo) to ameliorate the
decline in erectile capacity commensurate with 12—24 wk of strepto-
zotocin (STZ)-diabetes was examined in 181 Fischer-344 rats. A 2-mo
period of STZ-diabetes was induced before gene transfer, and erectile
capacity was evaluated by measuring the intracavernous pressure
response (ICP) to cavernous nerve (CN) stimulation (ranging from 0.5
to 10 mA). In the first series of experiments, ANOVA revealed
increased CN-stimulated ICP responses at 1 and 2 mo postinjection of
100 g pcDNA-hSo compared with control values. A second series
of experiments further examined the dose dependence and duration of
gene transfer. The ICP response to submaximal (0.5 mA) and maxi-
mal (10 mA) nerve stimulation was evaluated 3 or 4 mo postinjection
of a single dose of pcDNA-hSo ranging from 10 to 1,000 wg.
ANOVA again revealed that hSo overexpression was associated with
increased CN-stimulated |CP responses compared with responses in
corresponding control animals. Histological studies revealed no im-
mune response to the presence of hSo. PCR analysis documented that
expression of both plasmid and transcript were largely confined to the
corpora tissue. In the third series of pharmacological experiments,
hSo gene transfer in vivo was associated with iberiotoxin-sensitive
relaxation responses to sodium nitroprusside in corporal tissue strips
invitro. The latter data indicate that gene transfer produces functional
maxi-K channelsthat participate in the modulation of corporal smooth
muscle cell tone. Taken together, these observations suggest a funda-
mental diabetes-related change in corporal myocyte maxi-K channel
regulation, expression, or function that may be corrected by expres-
sion of recombinant hSo.

gene transfer; maxi-K channel; corpora smooth muscle; myocytes;
erectile dysfunction

DIABETES MELLITUS iS @ multifactorial disease involving neural,
metabolic, endocrine, and vascular changes, ultimately culmi-
nating in a host of well-documented clinical sequelae. Among
the prominent end-organ complications of diabetes is erectile
dysfunction, with an incidence of >50% (3, 17, 18, 22, 31). In
fact, in a majority of patients it appears that the etiology of
erectile dysfunctionis related to heightened contractility and/or
impaired relaxation of the corporal smooth muscle and penile
vasculature (2, 4, 30). The main physiological implication is
that endogenous relaxing mechanisms are no longer able to
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elicit a degree of smooth muscle relaxation that is adequate to
support the increase in blood flow and enhanced intracavernous
pressure (ICP) required for the initiation and maintenance of
penile erection.

Although effective treatments are now available for many
patients with erectile dysfunction, undeniably, diabetic patients
are always among the most refractory to any given pharmaco-
therapy. As such, more effective nonsurgical treatment options
are still required for erectile dysfunction in the diabetic patient
population. The postgenomic age presents enormous opportu-
nities to this end by virtue of the numerous molecular targets
now available for the development of improved therapies; both
small molecule pharmacology approaches as well as novel
gene-based strategies are possible. One such possibility is gene
therapy/transfer (5, 11, 13-15).

Several groups have recently published distinct gene transfer
strategies for the treatment of erectile dysfunction (4—7, 12, 16,
28, 32, 34, 37). These approaches take advantage of the fact
that enhancing corporal smooth muscle relaxation per se is
both necessary and sufficient to restore erectile capacity in the
majority of impotent men. Cells, enzymes, growth factors, or
proteins that are major modulators of corporal smooth muscle
tone have all been targeted. The ultimate goal is to create an
“on demand” endogenous signal adequate to restore sufficient
relaxation of corporal smooth muscle to permit erection.

This report builds on previous work that has shown that gene
transfer with the large-conductance, Ca-sensitive K channel
subtype (i.e., hSo) restores the age-related decline in erectile
capacity inratsin vivo (16, 32). In fact, asingle intracavernous
injection of the “naked” pcDNA-hSo (100 w.g), which encodes
the «-subunit of the human maxi-K channel, was associated
with physiologically significant increases in the magnitude of
the cavernous nerve (CN)-stimulated ICP response that lasts
for up to 6 mo after a single intracavernous injection (16, 32).
The mechanism of action was presumably related to the prox-
imal importance of K channel hyperpolarizing currents to
relaxation of corporal smooth muscle and penile erection. In
this scenario, increased expression of hSo on a subpopulation
of corporal myocytes resulted in an enhanced sensitivity to
nerve stimulation.

In this regard, recent evidence indicates that altered smooth
muscle cell K channel function may contribute to the etiology
of vascular complications of diabetes mellitus (3, 24, 26, 36),
including erectile dysfunction (26, 27, 30, 38). Thus the goal of
the present study was to determine whether a similar hSo gene
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transfer approach would be sufficient to ameliorate the de-
crease in erectile capacity associated with peripheral neuropa
thy in an established rat model of experimental diabetes (7, 10,
33). These initial studies provide further evidence for the
potential utility of K channel gene transfer for the treatment of
erectile dysfunction.

MATERIALS AND METHODS

Induction of streptozotocin-diabetes. All experimental studies were
conducted according to a protocol approved by the Animal Care and
Use Committee of the Albert Einstein College of Medicine.

A 2-mo period of diabetes mellitus was induced in experimental
animals (~8 wk old at the time of injection) via a single intraperito-
neal injection of streptozotocin (STZ; 35 mg/kg) dissolved in citrate
buffer (60 ml of 0.1 M citric acid and 40 ml of 0.2 M NaxHPO,, pH
4.6), asdescribed elsewhere (33). Table 1 lists the exact demographics
of the animal population. Age-matched control animals received an
injection of vehicle only. Diabetic rats were entered into the study
when they were confirmed to be diabetic for 1 wk (i.e., blood glucose
levels =250 mg/dl and urine glucose levels =1,000 mg/dl). Urine
glucose levels were monitored weekly, and blood glucose levels were
determined at the end of the terminal cavernosometry experiment.
Diabetic rats had blood glucose levels =250 mg/dl at the time of
euthani zation.

Anesthesia was induced in all animals by the intraperitoneal injec-
tion (35 mg/kg) of pentobarbital sodium (Anpro Pharmaceuticals).
Anesthesia was maintained during the course of the experimental
protocol (2-3 h), as necessary, by the subsequent injection of pento-
barbital (5-10 mg/kg) every 45-60 min as required.

Placement of systemic pressure and corporal pressure monitoring
cannulae and dissection of the CN. As previously described (16, 32,
33), animals were placed in the supine position, and the bladder and
prostate were exposed through a midline abdominal incision. The
inferior hypogastric plexus (i.e., the pelvic plexus or major pelvic
ganglia), pelvic nerves, and CN were identified posterolateral to the
prostate on both sides, and stainless steel bipolar wire electrodes were
placed around these structures for electrical stimulation. The penis
was denuded of skin; both crura (corpus cavernosa) were exposed by
removing part of the overlying ischiocavernous muscles. To monitor
ICP, a 23-gauge cannula was filled with 250 U/ml heparin solution,
connected to polyethylene-50 tubing (Intramedic, Becton Dickinson),
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and inserted into the right corpus cavernosum (crura). Another 23-
gauge cannula preconnected to a 1-ml syringe was inserted into left
corpus cavernosum for intracavernous drug injection (if necessary).
Systemic arterial blood pressure was monitored via a 25-gauge can-
nula placed into the carotid artery. A second cannulawas placed in the
external jugular vein for intravenous administration of the medication/
test substance.

Both pressure lines were then connected to a pressure transducer,
which was, in turn, connected via a Transducer amplifier (ETH 400,
CB Sciences) to a data-acquisition board (Mac Lab/8e, AD Instru-
ments). Real-time display and recording of pressure measurements
was performed on a Macintosh computer (Mac Lab software V3.4,
AD Instruments). The pressure transducers and analog-to-digital
board were calibrated (in cmH>0) before each experiment.

Neurostimulation of the CN. Direct electrostimulation of the CN
was performed with a delicate stainless steel bipolar hook electrode
attached to a multijointed clamp. Each probe was 0.2 mm in diameter;
the two poles were separated by 1 mm. Monophasic rectangular pulses
were delivered by asignal generator (custom made and with a built-in
constant current amplifier). Stimulation parameters were as follows:
frequency, 20 Hz; pulse width, 0.22 ms; and duration, 1 min. The
experimental protocol always used increasing current increments of
0.5 and then 6 mA.

Gene therapy experiments. Microinjection of vectors/plasmids into
rat corpora tissue was achieved as described elsewhere (16, 32).
Briefly, animals were anesthetized by an intraperitoneal injection of
pentobarbital sodium (35 mg/kg). An incision was made through the
perinium, the corpus spongiosum was identified, and a window was
made in the corpus spongiosum for identification of the corpus
cavernosum. All microinjections consisted of a single bolus injection
of naked cDNA into the corpora tissue, made using an insulin
syringe. The final volume of all microinjections was 200 pl.

Plasmid preparation and transfection of rat corporal smooth mus-
cle in vivo. The strategy used was identical to that previously de-
scribed for hSo cDNA (17, 38). Briefly, the hSo cDNA was inserted
into the Xhol-Xbal cloning site of the pcDNA3 vector, where expres-
sion is driven off of the cytomegaovirus promoter; 10-, 100-, or
1,000-.g dosesin 200 ! PBS (containing 20% sucrose) were injected
into the corpus cavernosum of anesthetized Fischer-344 rats. Control
rats consisted of sham-operated animals given an intracorporal injec-
tion of 200 pl PBS containing 20% sucrose as well asrats given 1,000
rg pcDNA. Seven additional Sprague-Dawley retired breeder rats

Table 1. Mean body weights for experimental animals during the time course of gene therapy studies

hso pcDNA PBS Age-Matched Control
10 ng 30 ng 100 p.g 300 g 1,000 g (1,000 pg) (Vehicle) (Sham-Operated)
Initial 210+2.6 210+1.9 217+3.2 208+1.2 221+2.0 226+1.1 212+2.1 238+14
(n=12) (n=14) (n=40) (n=9) (n=13) (n=29) (n=27) (n=27)
Injection 235+6.8 229+6.7 231+12.7 230+9.3 246+21.4 257+7.7 183+15.7 342+8.0
(n=12) (n=14) (n=40) (n=9) (n=13) (n=29) (n=27) (n=27)
Postinjection
1 mo NA NA 202+12.3 NA NA 185+9.8 169+9.0 350+3.8
(n=12) (n=11) (n=15) (n=6)
2 mo NA NA 189+17.4 NA NA 23522 206+3.0 372+8.9
(n=16) (n=8) (n=8) (n=7)
3 mo 211+14.6 233*+115 189+11.3 215+20.0 275+28.3 258+12.0* 248+20.0t 390+0.3
(n=7) (n=9) (n=8) (n=4) (n=8) (n=10) (n=4) (n=6)
4 mo 169+19.0 241+13.0 191+20.7 323+48.0 221+2.0 258+12.0* 248+20.0t 390+2.8
(n=5) (n=5) (n=4) (n=5) (n=5) (n=10) (n=4) (n=8)

Values are means = SE (in g); n, no. of observations. Initial values are those of animal weights when rats were entered into the study, that is, at the time of
injection of streptozotocin (STZ) or vehicle. Injection values are those of animal weights after 2 mo of STZ-diabetes, that is, at the time of intracorporal injection
as indicated in the various treatment groups. The number of months after injection of the various treatments at which the corresponding cohort of animals was
studied is shown. NA, not applicable; hSo, human slo gene. * pcDNA-treated rats from 20—24 wk of diabetes were not significantly different with respect to the
intracavernous pressure/blood pressure (CP/BP) response to cavernous nerve stimulation, and, therefore, they were pooled into a single group (n = 10).
TVehicle-treated rats were amost homogeneous with respect to their ICP responses to cavernous nerve stimulation, and, therefore, they were also pooled (n = 4).
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were injected with 1,000 p.g recombinant hSo, with five age-matched
control Sprague-Dawley rats receiving injection of vehicle only.

Pharmacological studies in vitro. For these studies, we examined
the impact of the maxi-K channel-selective blocker (9, 20, 29)
iberiotoxin (IBTX; 200 nM, Sigma; St. Louis, MO) on the sodium
nitroprusside (SNP)-induced relaxation response in phenylephrine
(PE)-precontracted corporal tissue strips from retired breeder
Sprague-Dawley rats. The retired breeder rats all weighed =600 g
and, as described elsewhere (32), have a documented decline in
erectile capacity. One corporal tissue strip was prepared from each
crusin 11 of 12 rats; in 1 animal, the dissection of 1 strip resulted in
significant trauma and, therefore, loss of robust contractile activity
(contractile responses of =500 mg were required for inclusion in the
study). One strip from each rat was preincubated with 200 nM IBTX
for 10—15 min before the addition of 10 M PE; the other strip served
as a control. Upon establishment of a steady-state contractile re-
sponse, a cumulative concentration-response curve (CRC) to SNP was
constructed at 0.5-log increments. In this fashion, a single SNP CRC
was performed on each corporal tissue strip in either the absence or
presence of 200 nM IBTX.

Detection of steady-state levels of hSo transcript in rat corpora.
Corporal tissue was harvested and flash frozen in liquid nitrogen.
Total RNA was extracted from frozen tissue by TRIzol reagent
(GIBCO-BRL; Grand Island, NY) as described (16, 32). RT-PCR was
performed with oligonucleotide primers specific to the first six amino
acids of hJo (3’ primer, 5'-GCCGCCACCATTTGCCAT-3') and T7
promoter of plasmid sequences (5 primer, 5'-CCCTATAGT-
GAGTCGTATTA-3') as described (13, 32). The DNA sequences
between the T7 promoter and the Xenopus laevis 3-globin 5’-untrans-
lated region (UTR) correspond to the polylinker of the pcDNA3
vector. The X. laevis B-globin 5'-UTR was present to enhance the
expression level of hSo. The hSo transcripts were confirmed by
transblotting the RT-PCR products onto nylon membranes followed
by ethidium bromide detection. The use of these primers revealed an
expected 229-bp DNA fragment. The identity of the 229-bp RT-PCR
products and the RT-PCR fragments were further confirmed by DNA
sequencing in our Albert Einstein College of Medicine core sequenc-
ing facility. So transcript expression levels were evaluated in parallel
with ribosomal protein large subunit 19 (RPL19; molecular mass. 19
kDa); RPL19 isan integral part of the ribosome and can be considered
a “housekeeping gene.” The use of RPL19 permits normalization of
the RT-PCR reactions so that the expression of hSo can be compared
in STZ-diabetic and age-matched control corporal tissues.

Biodistribution studies. Rats received a single intracavernous in-
jection of naked pcDNA-hSo cDNA (100 g in 200 wl fina volume).
Tissues were harvested at various time points postinjection. Steady-
state levels of the recombinant hSo transcripts were evaluated using
PCR and RT-PCR. The primer sets for PCR amplification were the
code for the first six amino acids of hSo (5'-GCCGCCACCATTT-
GCCAT-3') and the T7 promoter (5'-CCCTATAGTGAGTCG-
TATTA-3).

Histological evaluation. Corpora were excised, and sections were
obtained from the crura and junction of the crura and the cavernous
bodies. For hematoxylin and eosin histological evaluation, the tissue
was fixed in neutral buffered formalin and, after being embedded in
paraffin, sectioned at 4 pm. For phase-contrast evauation, the tissue
was fresh and flash frozen in liquid nitrogen and sectioned in a
cryostat at 7-10 wm. Synaptophysin, a presynaptic fusion terminal
protein, was used to assess autonomic efferent innervation (see Ref.
31 for details). Immunostaining was done on fresh frozen tissue cut at
7-10 pm, dried onto dlides, and stored at —20°C until they were
stained. For staining, the sections were rehydrated in PBS with 0.3%
Triton X-100 and then incubated with nonspecific goat serum (1:75)
for 1 h a room temperature. The slides were then drained, and
prediluted rabbit primary antisera to synaptophysin (Zymed Labora-
tories; San Francisco, CA) were applied to the sections. Within each
batch of dlides, one or two slides were not drained of the goat serum
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and served as control slides for the specificity of the primary antisera.
All slides were incubated overnight at room temperature in a humid
chamber. They were then washed severa times for 0.5 h each with
PBS-Triton X-100 and then exposed to FITC-labeled goat anti-rabbit
antisera (Cappel, Organon Technical; Durham, NC) for 1 h at room
temperature. Sections were then washed for at least 1 h in the
PBS-Triton X-100 and then coverslipped with either gelmount or
vectashield. All sections were examined with a Nikon epifluorescense
microscope with conventional optics. Images were captured with a
color charge-coupled device camera and stored on a Pentium com-
puter.

Satistical analysis. Unless otherwise stated, data are expressed as
means = SE. Most data were analyzed using the SigmaStat software
package (SigmaStat version 2.03, SPSS), e.g., oneeway ANOVA
analyses were used to evaluate treatment effects, with a post hoc
protected Fisher's least-significant difference test used for pairwise
comparisons of group mean values when the ANOV A was significant.
For analysis of the pharmacological data, a Student’s t-test was used
to evaluate the effect of IBTX on the contractile response at each PE
concentration. P < 0.05 was considered significant in all cases.

RESULTS

Induction of experimental diabetes, demographic profile,
and mean body weights. STZ-injected rats were diabetic for 2
mo before the intracavernous injection of pcDNA-hSo, vector
alone, or vehicle. Table 1 illustrates the demographic profile
for all rats on which cavernosometry was performed. As
previously reported (4, 9, 31), diabetic cohorts had lower body
weights than their age-matched control counterparts. At degth,
diabetic rats had blood glucose levels =250 mg/dl and urine
glucose levels =1,000 mg/dl, whereas age-matched control
rats had blood glucose levels =90 mg/dl.

Effects of gene transfer with a single injection of 100 ug
pcDNA/hSo on CN-stimulated ICP response 1-2 mo postin-
jection. Figure 1 compares representative examples of the

—@— ICP in 4-month DM

—O— BP in 4-month DM

—w— ICP in 4-month AMC

—V— BP in 4-month AMC

—&— ICP in 4-month DM with 2-month gene therapy of 100 ug hSlo
—{— BP in 4-month DM with 2-month gene therapy of 100 ug hSlo

200

1501

100 1

Pressure (cmH,0)

W
o
1

0 20 40 60 80 100 120 140 160
Time (sec)

Fig. 1. Representative original records of digitized data from cavernosometry
experiments performed at 4 mA current stimulation on 3 distinct rats 2 mo
postinjection or after 4 mo of streptozotocin (STZ)-diabetes. ICP, intracavern-
ous pressure; BP, blood pressure; DM, diabetes mellitus;, hSo, human So
gene.
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CN-stimulated |CP response (i.e, cavernosometry) among the
various treatment groups 4 mo after the induction of STZ-
diabetes and 2 mo after a single intracavernous injection of 100
g pcDNA-hSo. Consistent with previous studies, STZ-dia
betes (i.e., 3-4 mo) was associated with asignificant declinein
the mean amplitude of the CN-stimulated |CP response (7, 10,
33). Moreover, the diminished STZ-induced ICP response
exhibited a characteristic further decline in value during the
presence of continuous stimulation of the CN (see Fig. 1). In
sharp contrast, gene transfer with 100 wg pcDNA-hSo was
sufficient to produce a significant and physiologically relevant
increase in the mean amplitude of the CN-stimulated |ICP
response in the absence of detectable effects on mean arterial
pressure [i.e., blood pressure (BP)]. The increased ICP re-
sponse lasted the entire 60-s duration of nerve stimulation and
returned quickly to resting levels after the termination of nerve
stimulation.

Average values for the mean |CP-to-BP ratio on all STZ-
diabetic animals, from all treatment groups, at both the 1 and
2 mo time points (i.e., 3-4 mo of STZ-diabetes) are graphically
depicted in Fig. 2. As illustrated, at the 1-mo time point, the
gene transfer group had significantly greater |CP-to-BP ratios
than all other groups at the highest levels of stimulation (6 and
10 mA). Statistical analysis also revealed that at 2 mo postin-
jection, the 100 g gene transfer group had a significantly
greater |CP-to-BP ratio than al other treatment groups at all
levels of CN stimulation. The corresponding mean resting |CP
and BP vauesin those same animas are summarized in Table 2.

Evaluation of the dose dependence and duration of gene
transfer with pcDNA-hSo. To further evaluate the dose depen-
dence and duration of this gene transfer technique, a second
series of experiments was conducted in which the amount of
pcDNA-hSo injected was varied over two log orders of mag-
nitude, ranging from 10 to 1,000 p.g. For these experiments, the
number of neurostimulations evaluated was reduced, and the
|CP-to-BP ratio was examined at one submaximal (0.5 mA)
and one maxima (10 mA) level of nerve stimulation. As
described elsewhere, the rational e for this approach was related
to the relatively shallow relationship observed between CN
stimulation and the corresponding | CP response after the 1-mA
neurostimulation (see Fig. 2). The protocol for these studies
was as follows: rats were subjected to 2 mo of STZ diabetes
before a single intracavernous injection of one of five doses of
pcDNA-hSo, vector, or vehicle alone. Age-matched control
rats were run in parallel. The demographic profile and weights
of all animals at the initiation of the experiment, at the time of
injection, and at the termination of the cavernosometry exper-
iment are shown in Table 1.

Effects of gene transfer on CN-stimulated | CP response 3—-4
mo postinjection. A representative cavernosometry experiment
conducted on these animals is shown in Fig. 3, and the mean
values for al experiments are displayed in Fig. 4. As shown in
Table 2, at 3 mo after gene transfer, there were no significant
differencesin either the resting ICP levels or BP among any of
the treatment groups. In stark contrast, statistical analysis of the
data at the 0.5-mA level of current stimulation revealed that
virtually all of the gene transfer animals had significantly
greater ICP-to-BP ratios than all of the untreated groups. At
10-mA neurostimulation, all of the gene transfer groups except
the 10 pg group were also significantly greater than the
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Fig. 2. Line graph summary of mean data from cavernosometry experiments
performed on al rats at the 1-mo (A) and 2-mo (B) time points postinjection,
that is, a total of 3 and 4 mo of STZ-diabetes. * Significantly different from
STZ untreated and STZ vector-only treated rats; **significantly different from
all other groups, P < 0.5 in al cases.

untreated STZ-diabetic rats but similar to the age-matched
control animals (Fig. 4A).

As summarized in Table 2, 4 mo after gene transfer, there
were no significant differences in either the resting ICP levels
or BP among any of the treatment groups. However, as illus-
trated in Fig. 4B, statistical analysis of the data at the 0.5-mA
level of current stimulation revealed clear evidence for the
presence of both dose- and duration-dependent effects of gene
transfer on the CN-stimulated 1CP response. More specifically,
at this time point, the 10-p.g group was similar to the untreated
groups as well as the age-matched control animals. As shown
(Fig. 4B), there were significant differences between all other
gene transfer groups (i.e., 30, 100, 300, and 1,000 wg) and at
least one of the untreated groups. At the 10-mA level of
neurostimulation, the 10-p.g group was once again similar to
the untreated groups as well as the age-matched control ani-
mals. All other STZ-diabetic gene transfer groups had mean
| CP-to-BP values significantly greater than at least one of the
untreated STZ-diabetic groups. For example, at both the 30-
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Table 2. Mean * SE values for resting ICP and BP for the various treatment groups after 3—6 mo of STZ-diabetes

hSo Treatment
pcDNA
10 pg 30 g 100 pg 300 ng 1,000 pg Untreated (1,000 pg) Control
3 mo of STZ-diabetes (1 mo postinjection)
ICP, cmH20 58+1.0 10.1*+1.2 75+1.1 85+2.0
BP, cmH20 135.9+5.2 1524+39 1482*48 148.2*+48
n 12 15 11 6
4 mo of STZ-diabetes (2 mo postinjection)
ICP, cmH20 10.7+1.0 85+1.7 74+18 89+14
BP, cmH20 156.9£6.5 158.0£8.0 153.0£6.9 163.5*6.0
n 16 8 8 7
5 mo of STZ-diabetes (3 mo postinjection)
ICP, cmH20 9.9+19 13.6+4.9 11.0+15 11.6+3.7 10.4+22 125+26 75*11 10.7+£0.9
BP, cmH20 159.8+2.6 150.9+9.3 152.0+83  143.1+52 156.2+99 156.9*26 1740*+6.3 183.4*+19.6
n 7 5 8 5 5 4 10 6
6 mo of STZ-diabetes (4 mo postinjection)
ICP, cmH20 6.1+19 9.3x1.1 11.0+3.1 12.6+28 84+13  125+2.6 75*11 7711
BP, cmH20 160.1+7.8 164.1+6.8 147.5x129 173.8+9.7 162.6*t7.4 1569+26 1740*+6.3 162.7+7.3
n 5 9 4 4 8 4 10 8

Values are means = SE; n, no. of rats. hSo was injected in intracavernously in a pcDNA vector (see MATERIALS AND METHODS). Control, age-matched control
rats injected intracavernously with vehicle only (i.e., PBS; see MATERIALS AND METHODS).

and 1,000-p.g doses, the mean ICP-to-BP values were signifi-
cantly greater than those observed for the 10-.g gene transfer
group as well as both untreated groups and the age-matched
control rats.

Expression of hdo in corporal tissue after intracavernous
injection of pcDNA-hSo. To further document that expression
of the recombinant hSo transcript was required for ameliora-
tion of the diabetes-related decline in erectile capacity, RT-
PCR studies were conducted in a subset of experimental
animals. A representative Southern blot is shown in Fig. 5A.
Consistent with the physiological data in vivo, the molecular
data document that recombinant hSo expression was detected

—&— ICP in 6-month DM

—O— BP in 6-month DM

—w— ICP in 6-month AMC

—v— BP in 6-month AMC

—&— ICP in 6-month DM with 4-month gene therapy of 1000 g hSlo
—{— BP in 6-month DM with 4-month gene therapy of 1000 pg hSlo
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Pressure (cmH20)

50 1

0 20 40 60 80
Time (sec)
Fig. 3. Representative original records of digitized data from cavernosometry

experiments performed at 10 mA current stimulation on 3 distinct rats 4 mo
postinjection or after 6 mo of STZ-diabetes.

100 120 140 160

for up to 4 mo postinjection and, furthermore, that hSo
expression was never observed in the vehicle control animals.

Evaluation of the impact of STZ-diabetes on endogenous So
expression. To gain further mechanistic insight into the effects
of STZ-diabetes on maxi-K channel subtype expression, we
evaluated the impact of STZ-diabetes on endogenous So
expression (i.e., r90). Thus we conducted a separate series of
experiments on a distinct population of rats after 8 wk of
STZ-diabetes (n = 3), with age-matched control rats run in
parallel (n = 3). An RNase protection assay was used to
determine the rSo transcript level, with cyclophillin A used as
the control “housekeeping” gene. As shown in Fig. 5B, there
was little effect of STZ-diabetes on rJo transcript levels.
Consistent with this observation, densitometry analysis re-
vedled similar transcript ratios (i.e., rSlo/cyclophillin) of
0.33 = 0.1 and 0.37 = 0.01 in STZ-diabetic and age-matched
control rats, respectively.

Histological evaluation. To evaluate the impact of the dia-
betic state on corpora tissue architecture, histological and
immunochemical studies were conducted. Consistent with a
previous report (33), STZ-diabetes >8-wk duration was asso-
ciated with a significant effector neuropathy, as illustrated by
the reduced synaptophysin immunostaining seen in STZ-dia
betic rat corporal tissue sections compared with corresponding
studies on age-matched control rats (Fig. 6). In addition, the
similarity in the hematoxylin and eosin staining among the
treatment groups revealed no overt corporal myopathy or
fibrosis associated with STZ-diabetes of 8- to 24-wk duration.
Additionally, there was no evidence of corpora fibrosis or
lymphocytic infiltrates in any of the treatment groups, consis-
tent with the absence of alocal immune response to the gene
transfer protocol.

Biodistribution of injected “naked” DNA. In a separate
group of 15 rats, a single intracavernous injection of 100 g
pcDNA-hSo was administered, the rats were killed at 8 dif-
ferent time points, and tissues were harvested from 11 different
tissues (Fig. 7 and Table 3). Although no attempt was made to
restrict blood flow out of the penis, the intracavernous injection
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of recombinant hSo resulted in a transcript expression pattern
that was largely locally confined to the original tissue injection,
that is, the corpora, at time points =24 h after injection.
Pharmacological studies of maxi-K channel function in
vitro. To obtain mechanistic insight into recombinant maxi-K
channel function after gene transfer, we conducted pharmaco-
logical studies in vitro with the selective maxi-K channel
blocker IBTX on a cohort of retired breeder Sprague-Dawley
rats (n = 7 rats injected with 1,000 ng hSo) as well as their

A

ICP/BP

Basal 0 5 10
Neurostimulation (mA)

I 10 pg hSlo/pcDNA (n=7)
I 30 pg hSlo/pcDNA (n=5)
I 100pg hSlo/pcDNA (n=8)
[ 300 ug hSlo/pcDNA (n=5)
I 1000 g hSlo/pcDNA (n=5)
I 1000 ug pcDNA (n=10)
[ Untreated DM (n=4)

[ AMC (n=6)

a: Significantly different from untreated DM group;

b: Significantly different from 1000 ug pcDNA group;

c: Significantly different from age-matched control group;
d: Significantly different from 10 pug hSlo/pcDNA group;
e: Significantly different from 100 pg hSlo/pcDNA group;
f: Significantly different from 1000 ug hSlo/pcDNA group;
One Way ANOVA with Fisher LSD.
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0.2 1
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I 10 pg hSlo/pcDNA (n=5) a: Significantly different from untreated DM group;

=5
I 30 ug hSlo/pcDNA (n=9) b: Significantly different from 1000 pg pcDNA group;
B 100pg hSlo/pcDNA (n=4) ¢ Significantly different from age-matched control group;

[ 300 pg hSlo/pcDNA (n=4) d: S!gn!f!cantly d!fferent from 10 pg hSlo/pcDNA group;

BN 1000 pg hSlo/pcDNA (n=8) e: S_|QQ|f|cantIy cﬁfferent from 100 pg hSlo/pcDNA group;
_ f: Significantly different from 1000 pg hSlo/pcDNA group;

I 1000 pg peDNA (n=10) One Way ANOVA with Fisher LSD.

[ Untreated DM (n=4)

[ AMC (n=8)
Fig. 4. Bar graph summary of mean data from cavernosometry experiments
performed on al rats at the 3-mo (A) and 4-mo (B) time points postinjection,
that is, atotal of 5and 6 mo of STZ-diabetes. AMC, age-matched control rats;
LSD, least-significant difference test.

X
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Fig. 5. Expression of hSo (A) and rSo (B) in flash-frozen corpordl tissue. A:
vector-derived hSo is only found in the animals in which it was injected and
then for up to 4 mo postinjection. B: there was little or no change in the level
of r9o transcript after 8 wk of STZ-diabetes. RPL19, ribosomal protein large
subunit 19 (Ssee MATERIALS AND METHODS).

Control

corresponding age-matched controls (n = 5 rats injected with
vehicle only). A summary of the mean data is graphicaly
depicted in Fig. 8. Asillustrated in Fig. 8A, hJo gene transfer
revealed the presence of a statistically significant IBTX-sensi-
tive portion of the SNP-induced relaxation response. However,
in the age-matched control rats, there was no detectable effect
of IBTX on the SNP-induced relaxation response (Fig. 8B).

Of note, the magnitude of the IBTX-sensitive portion of the
relaxation response (between ~65% relaxation and ~50%
relaxation) seen in the gene transfer rats was remarkably
similar to the fractional increase in the 1CP-to-BP ratio ob-
served after gene transfer (see Figs. 1-4) (32). That is, com-
promised erectile capacity consisted of |ICP-to-BP ratios of
=0.5 and the absence of an erectile response to CN stimula-
tion. h9o gene transfer restored the 1CP-to-BP ratio to =0.6
and resulted in the appearance of rigid erections (i.e., ~0.5 to
0.65). Thus the presence of an IBTX-sensitive portion of the
SNP-induced relaxation response in hSo gene transfer rats in
vitro correlates with the enhanced ICP response observed in
vivo after hSo gene transfer.

DISCUSSION

The decline in erectile capacity observed in this animal
model is associated with a reproducible autonomic neuropathy
and a decline in erectile capacity (7, 10, 33) (i.e., adecreasein
the CN-stimulated |CP-to-BP value). As in the corresponding
clinical condition, diabetes-related erectile dysfunction in the
STZ-treated rat is presumably related to heightened contractil-
ity and/or an impaired relaxation of corporal smooth muscle. It
is important to note that the inability of the corporal smooth
muscle to relax promotes penile flaccidity and thus erectile
dysfunction. Given the proximal importance of hyperpolariz-
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Fig. 6. Corporal tissue histology and synaptophysin immunostaining. A-l: photomicrographs of synaptophysin immunostaining (A,
D, and G); phase-contrast images of the same sections (B, E, and H); and hematoxylin and eosin-stained images of different sections
(C, F, and 1) of tissue from the same rat corpora. A-C are from a 3-mo STZ-diabetic rat 1 mo after the injection of 1,000 g
pcDNA-hSo. D—F are from an AMC rat. G- are from a 6-mo STZ-diabetic rat 4 mo after the injection of 1,000 g pcDNA-hSo.

Fig. 7. Incorporation and expression of pcDNA-hSo plasmid
and h9o recombinant transcript. For these experiments, rats
were given a single intracorporal injection of 100 g pcDNA-
hSo, and no attempt was made to restrict blood from the
cavernous spaces. Corporal tissue was then collected and frozen
at various time points after injection. A and B: distribution of
the pcDNA-hSo plasmid (PCR) and hSo transcript (RT-PCR)
in corporal tissue from the same rat 1 h after injection. Note
that, whereas PCR assays documented the presence of the
plasmid in numerous tissues (A), RT-PCR studies (B) docu-
mented the expression of recombinant transcript in a smaller
number of tissues (see MATERIALS AND METHODS for primer
details, etc.). The results of many such experiments are sum-
marized in Table 3, and especially note that at longer time
points (i.e., =2 wk), the hSo transcript can only be detected in
the corpora. C: RT-PCR products from the human transcript are
detectable only ininjected rats (+, injected; —, not injected) for
time points as early as 1 h and, moreover, for up to 1 mo
postinjection. D: results of yet another blot on RT-PCR prod-
ucts. One single band with the expected base size (~260 bp) in
each lane was identified.
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Table 3. RT-PCR: summary of tissue distribution of h9o
mMRNA after a single bolus injection of the hSo-pcDNA

Time

1h 8h 24 h 48 h 1 wk 2 wk 1 mo 2 mo
Heart
Liver *V A
Brain [
Kidney *
Corporal XV A Nete & [GF J+ ¢
Aorta o
Bladder %)
Spleen *V A
Lung 2 L) v
Eye
Testis

For these studies, al of the indicated tissues were harvested from 15
different rats after a single intracorporal injection of 100 n.g pcDNA-hSo (see
MATERIALS AND METHODS). Note that each unique symbol reflects the detection
of the recombinant transcript in a particular tissue for a particular rat.

ing K currents to corporal smooth muscle relaxation and
erectile capacity, the explicit goal of these studies was to
evaluate the efficacy and duration of gene transfer with a
recombinant maxi-K «-subunit in ameliorating the observed
diabetes-related decline in erectile capacity. Although we can-
not unequivocally exclude a potential impact of hSo gene
transfer on the expression, regulation, or function of other K
channel subtypes (e.g., voltage-gated K channels), the data
described below clearly point to an important role for the
maxi-K channel in this process.

Effects of diabetes mellitus on erectile capacity, that is, the
CN-stimulated | CP response. The CN-stimulated | CP response
after 3—4 mo of STZ-diabetes was associated with a significant
decrease in the mean amplitude of the ICP response to all
levels of current stimulation relative to observations on age-
matched control rats. Furthermore, whereas the |CP response
in the age-matched control animals was relatively constant
during the stimulation period (Fig. 1), the values of the mean
ICP response in the STZ-diabetic rats were of lower amplitude
and actually further declined during the stimulation period.
These characteristics presumably reflect the presence of a
functional autonomic effector neuropathy in the STZ-diabetic
rat (33).

Effects of gene transfer with 100 ug pcDNA-hSo on erectile
capacity 1-2 mo postinjection. The supposition that was tested
in these experiments is that expression of hSo, which mediates
a hyperpolarizing current of major importance to penile erec-
tion, would increase the responsivity of a sufficient fraction of
corporal smooth muscle cells to result in a restoration of the
erectile response (i.e., ICP) in the face of a diminished exci-
tatory neural stimulus (i.e., nitric oxide) (7). As illustrated in
Figs. 1 and 2, a single intracavernous injection of 100 pg
pcDNA-hSo was associated with ICP responses that were
significantly greater than those observed in both untreated and
age-matched control rats. This was true at the two highest
levels of neurostimulation at the 1-mo time point postinjection
(Fig. 2A), without any detectable effect on resting ICP or BP
(Table 2). Furthermore, at the 2-mo time point, the ICP
responses in the gene transfer animals were significantly
greater than those observed in all untreated animals at al levels
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of neurostimulation (Fig. 2B) and sustained throughout the
duration of the stimulus interval (Fig. 1).

At both time points, the mean ICP-to-BP ratio value in the
gene transfer rats was =0.6. The physiological significance of
an ICP-to-BP ratio =0.6 in the rat model of penile erection has
been previously noted (32) and is further supported by data
summarized in Table 4. Similar measurements have been made
in humans and reported as the penile-to-brachial index (PBI)
(1, 8, 18, 21, 23, 25, 35). In clinical studies, a PBI value of
<<0.6 has been used as the cut off below which BP in the penis
is considered insufficient to permit penile rigidity. Although
PBI and ICP are not directly equivalent, it is of interest that

80
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Fig. 8. Concentration-response curves (CRCs) for sodium nitroprusside
(SNP)-induced relaxation of equivalently phenylephrine (PE)-precontracted
corporal tissue strips derived from rats that had received a single intracorporal
injection of pVAX-hSo (1,000 ng; A, see MATERIALS AND METHODS for
description). A second set of pharmacological experiments was conducted on
corporal tissue strips from AMC rats (B). Values are means = SE for the
percent relaxation at each concentration of SNP. All strips were eguivaently
precontracted to near maximum with 10 pM PE, and a cumulative CRC to
SNP was constructed at 0.5 log increments (See MATERIALS AND METHODS). A
single SNP CRC was performed on each corporal tissue strip in either the
absence or presence of 200 nM iberiotoxin (IBTX; 15-20 min; see MATERIALS
AND METHODS). *Statistically significant difference at the P < 0.05 level
(Student’s t-test for unpaired samples). In al cases, n refers to the number of
corporal tissue strips.
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Table 4. Effects of IBTX in vivo: visual erectile scale

N T PE FE

DM (n = 5)
Control
IBTX (50 pul,
IBTX (10 pl,
IBTX (50 pl,

AMC (n = 5)
Control
IBTX (50 pl,
IBTX (10 pl,
IBTX (50 pl,

1076 M)
1075 M) 3
1075 M) 4

N

106 M) 1
1075 M) 2 1
105 M) 5

N B O

n, No. of rats. DM, STZ-diabetic for 2 mo; N, no visible change in penis; T,
tumescence (expansion and/or elongation of penis); PE, partial erection (any
movement of penis observed but no sustained lift of penis); FE, full erection
(sustained lift of penis).

their values and physiological significance are qualitatively
similar in humans and rats. In the present report, when the
CN-stimulated 1CP-to-BP value was =0.6, there was a dra-
matic increase in the probability of a visible full erection.

Evaluation of the effects of the dose and duration of gene
transfer. Figure 3 shows that after gene transfer, there was an
increase in the mean amplitude of the nerve-stimulated ICP
response and, furthermore, that the magnitude of the response
was mai ntained throughout the duration of neurostimulation. In
addition, Fig. 4 provides some evidence for the presence of a
dose-dependent effect of gene transfer, because the 10-.g dose
was clearly less effective than the other doses, although the
efficacy of the remaining doses was relatively similar. In fact,
4 mo after transfection, the 10-p.g group had ICP responses
that were no longer distinguishable from responses observed
on untreated STZ-diabetic rats, and, therefore, under these
conditions, this clearly represents an apparent “threshold” for
the efficacy of gene transfer in vivo. In addition, because the
number of statistically significant differences in the mean ICP
values between the treated and untreated STZ-diabetic rats was
obviously greater 3 mo postinjection than 4 mo postinjection
[particularly at submaximal levels of current stimulation (i.e.,
0.5 mA)], this provides compelling evidence for the presence
of a duration-dependent efficacy of gene transfer as well.

Expression of hSo and rSo in STZ-diabetic rats. As shown
in Fig. 5A, the increased |CP responses observed in the STZ-
diabetic rats occurred in the presence of expression of vector-
derived hjo (see maTERIALS AND METHODS for details). These
data document a putative mechanistic link for the increased
CN-stimulated ICP response observed in the gene transfer-
treated STZ-diabetic rats. As displayed in Fig. 5B, there were
no detectable changes in rSo transcript expression levels in
8-wk STZ-diabetic rats, although the data summarized in Table
4 indicate that hSo gene transfer may be associated with
differences in maxi-K channel function (see Table 4).

Effects of STZ-diabetes and gene transfer on corporal his-
tology. Consistent with previous studies, STZ-diabetes was
associated with a significant decline in autonomic effector
innervation (Fig. 6) (10, 33). However, there were no other
striking differences in corporal histology that were associated
with the presence of the diabetic state under the conditions of
these studies. In addition, even at the highest injected dose of
pcDNA-hSo (i.e., 1,000 wg), there were no obvious signs of
inflammation or fibrosis for up to 4 mo after a single injection.

HS.0 GENE TRANSFER FOR DIABETIC ERECTILE DYSFUNCTION

These observations are consistent with the supposition that
using this gene transfer protocol is not associated with any
detectable adverse impact on corporal tissue structure

Putative biodistribution of hSo after intracavernous injec-
tion. A preliminary study was also conducted to assess the
distribution of the hSo transcript after intracavernous injec-
tion. No attempt was made to restrict the outflow of blood from
the penile vascular spaces after the intracavernous injection of
genetic material. As summarized in Table 3, despite this “worst
case” scenario (i.e., atourniquet could be safely placed at the
base of the human penis for up to 0.5 h to limit plasmid
outflow), injection of rSo results in transcript expression that
islargely locally confined to the original tissueinjection at time
points =24 h after injection.

Potential role of the maxi-K channel in the diabetes-related
decrease in the CN-stimulated |CP-to-BP ratio. To gain pre-
liminary mechanistic insight into the potential role of the
maxi-K channel in the observed STZ-diabetes-related decline
in erectile capacity, pharmacological studies were conducted
with the selective maxi-K channel blocker IBTX in vitro.
IBTX was selected because it binds with high affinity to the
external vestibule of the maxi-K channel «-subunit, thus oc-
cluding K* flux through affected channels (9, 20). The ratio-
nale was that an IBTX-induced diminution in the hyperpolar-
izing ability of the maxi-K channel in corporal myocytes in
response to the addition of SNP would inhibit the observed
relaxation response.

As shown in Fig. 8A, the demonstration of IBTX-sensitive
relaxation responses elicited using the nitric oxide donor SNP
are consistent with the supposition that gene transfer resultsin
the expression of functional hSo channels and, moreover, that
these channels participate in the modul ation of corporal smooth
muscle cell tone in a physiologically detectable/relevant fash-
ion. Thus activation of the nitric oxide pathway, a critical
endogenous component of the normal erectile response, results
in activation of IBTX-sensitive So channels in rats with
increased erectile capacity after hJo gene transfer [i.e.,, an
increased (normalized) ICP-to-BP ratio and rigid erections].
Conversely, there is no consistent IBTX-sensitive component
to activation of the nitric oxide pathway in age-matched control
rats with diminished erectile capacity. These data provide
compelling evidence that perhaps diminished K channel-me-
diated hyperpolarization is an important component of age-
related erectile dysfunction in this animal model and, further-
more, that hSo gene transfer results in the expression of
physiologically relevant K channels that can ameliorate this
observed decline in erectile capacity.

Perspectives. Heightened contractility and/or impaired re-
laxation of corporal smooth muscle represent a magjor mecha
nism of diabetes-related aterations in erectile capacity. The
fact that hSo gene transfer in vivo was associated with IBTX-
sensitive relaxation responses to SNP in corporal tissue strips
in vitro is consistent with the supposition that gene transfer
produces functional maxi-K channels that participate in the
modulation of corpora smooth muscle cell tone. Taken to-
gether, these observations suggest a fundamental diabetes-
related change in corporal myocyte maxi-K channel regulation,
expression, or function that may be corrected by expression of
recombinant hSo. In this regard, other recent pharmacological
studies have shown a decreased sensitivity of human corporal
tissue strips obtained from impotent diabetic patients to relax-
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ation with K channel modulators [i.e., pinacidil (38)]. In fact,
a common theme of severa other recent publications is that
altered K channel expression, regulation, or function may be a
contributing factor to the development of the vascular and
erectile pathologies associated with diabetes (19, 24, 26, 27,
36). If disruption of normal ionic mechanisms, in the form of
a putative K channelopathy (in this instance, an apparently
diminished myocyte hyperpolarizing ability) is partialy re-
sponsible for diabetic erectile dysfunction, then utilization of
gene transfer to increase expression of a Jo transcript may
represent an important new therapeutic avenue.
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