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The optimal vector, regulatory sequences, and method of delivery
of angiogenic gene therapy are of considerable interest. The
Spalax ehrenbergi superspecies live in subterranean burrows at
low oxygen tensions and its tissues are highly vascularized. We
tested whether continuous perimuscular administration of Spalax
vascular endothelial growth factor (VEGF) DNA could increase
tissue perfusion in a murine hindlimb ischemia model. Placebo or
VEGF � internal ribosome entry site (IRES) was continuously
administrated perimuscularly in the ischemic zone by using an
infusion pump. None of the mice in the VEGF-treated group (>50
�g) developed visible necrosis vs. 33% of the placebo group. Mi-
croscopic necrosis was observed only in the placebo group. Spalax
VEGF muscular infiltration resulted in a faster and more complete
restoration of blood flow. The restoration of blood flow by VEGF
was dose-dependent and more robust and rapid when using the
VEGF–IRES elements. The flow restoration using continuous peri-
muscular infiltration was faster than single i.m. injections. Vessel
density was higher in the VEGF and VEGF–IRES (�) groups com-
pared with the placebo. Continuous perimuscular administration
of angiogenic gene therapy offers a new approach to restore blood
flow to an ischemic limb. Incorporation of an IRES element may
assist in the expression of transgenes delivered to ischemic tissues.
Further studies are needed to determine whether VEGF from the
subterranean mole rat Spalax VEGF is superior to VEGF from other
species. If so, 40 million years of Spalax evolution underground,
including adaptive hypoxia tolerance, may prove important to
human angiogenic gene therapy.

Angiogenic gene therapy has been demonstrated to be a
viable approach to promote blood flow to ischemic tissues

in several animal models and recently in man (1–3). Consider-
able interest exists in the nature of the vector, regulatory
sequences, and mode of delivery of these angiogenic agents
(4–6). Vascular endothelial growth factor (VEGF), a potent
angiogenic growth factor, has been used extensively in these
models of angiogenic therapy by using either naked plasmid
DNA or a viral vector delivered by a single or multiple i.m. or
intraarterial injection to the ischemic region (7, 8).

Tissue ischemia results in an inhibition of the translation of the
majority of cellular mRNAs, which depend on cap-dependent
ribosomal scanning. However, a small subset of mRNAs, includ-
ing that for VEGF, contains a bypass mechanism in its 5� UTR
termed an internal ribosome entry site (IRES) that permits the
RNA to be efficiently translated under ischemic conditions (9,
10). Although the endogenous 1-kb 5� UTR of VEGF contains
two such IRES elements, these have not been used previously in
attempts to augment VEGF expression in ischemic tissues.

In a mouse unilateral ischemic hindlimb model, we demon-
strate the efficacy of a method of continuous perimuscular
delivery of an angiogenic agent and the importance of the
VEGF–IRES element in augmenting collateral formation and
tissue perfusion. The VEGF used for this study is from the mole

rat species Spalax judaei belonging to the superspecies Spalax
ehrenbergi (11, 12). These rodents live in subterranean burrows
at decidedly low oxygen tensions and have highly vascularized
tissues (13, 14).

Methods
Mouse Hindlimb Ischemia: Animal Surgery. All procedures were
approved by the Animal Board and Safety Committee of the
Faculty of Medicine, Technion–Israel Institute of Technology,
and comply with all safety and regulatory guidelines. C57 mice,
10–12 weeks old, were anesthetized by i.p. pentobarbital injec-
tion (160 mg�kg) for surgical procedures and for subsequent
laser Doppler analysis of hindlimb blood flow. The surgical
procedure was performed under a microscope. Skin incisions
were performed at the mid portion of the left hindlimb overlying
the iliac artery. The iliac artery was then ligated proximally and
distally with 4-0 silk ligatures and excised. All accessory arteries
were ligated and cut. Before closure, a 200-�l osmotic infusion
pump, measuring 20 mm (Alzet osmotic pumps, Durect, Cuper-
tino, CA) and containing a specified concentration of the agent
tested, was implanted intraabdominally with an outlet tube (25
G) from the pump fenestrated and tunneled into the left
quadriceps muscle. The pump rate has been documented to be
1 �l�h, which given a 200-�l reservoir would allow continuous
perimuscular pumping for �7 days. A drug of 500 �g results in
a concentration of 2.5 �g��l or 2.5 �g�h for 7 days. The overlying
skin was then closed with continuous surgical sutures by using 3-0
silk ligatures. The surgery, hindlimb blood flow measurements,
and pathological analysis were performed blindly without any
knowledge of the treatment given.

Study Groups. In the continuous infiltration arm using the osmotic
pump we compared the VEGF plasmid (with IRES, 50–500 �g,
n � 24), VEGF–IRES (�) plasmid (500 �g, n � 10), and a
placebo group that was either saline placebo (n � 15) or the
empty pTRE vector (n � 7) without any VEGF.

In a subset of animals, instead of inserting an osmotic pump,
the VEGF vector (with IRES, 500 �g, n � 10) or placebo (n �
10) were given in four i.m. injections. The i.m. injections were
given in four constant and identical places in the left quadriceps
muscle of each animal tested in this group, at the time of the
operation. The i.m. injections (each 50 �l; 2.5 �g��l VEGF
plasmid, same concentration as used with the osmotic pump)
were done with a 27-gauge blunt needle.

Mole Rat VEGF. The VEGF used in this study (accession no.
AJ544164) was cloned from the blind subterranean mole rats of
the superspecies S. ehrenbergi, which consists of 12 allospecies in
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the East Mediterranean region with four species in Israel (11,
12). The coding sequence of the three species of mole rat VEGF
was described (15). The entire �1 kb of 5� UTR of mole rat
VEGF mRNA was cloned by RT-PCR and juxtaposed to the
mole rat VEGF165 amino acid isoform (VEGF-165) coding
sequence. The sequence homology of mole rat, rat, mouse, and
human VEGF is �90% in the coding region (15). In the 5� UTR
of VEGF, the homology is similarly high in the region of the 5�
UTRs that have been identified in human VEGF mRNA to
encode two distinct IRES elements (A.A. and E.N., unpublished
data).

Vector�Regulatory Sequences Used. We used the cDNA for VEGF-
165 with its 1 kb of 5� UTR of the species S. judaei (2n � 60;
Anza, Shomron, Israel) belonging to the superspecies S. ehren-
bergi (11). The cDNA was cloned into the pTRE plasmid
(CLONTECH) hereafter referred to as the VEGF vector. This
vector used the 763-bp cytomegalovirus promoter�enhancer
element to drive VEGF transcription. Downstream of the VEGF
cDNA sequences there was an intron and a polyadenylation
signal sequence derived from SV 40. The vector was purified by
using Qiagen (Hilden, Germany) columns and resuspended in
water at the desired concentration. For studies without the IRES
[VEGF–IRES (�) vector] the entire 5� UTR (except for 20 bp
of 5� to the initiation codon) was deleted from the VEGF pTRE
plasmid described previously. Placebo animals received only
normal saline in the osmotic pump. A second ‘‘placebo’’ group
received only the backbone pTRE vector without the VEGF
gene.

Monitoring Hindlimb Blood Flow. Ischemic (left)�normal (right)
limb blood flow ratio was measured by using a laser Doppler
blood flow meter (Perimed 4000, Perimed, Stockholm). Mea-
surements were performed by multichannel laser Doppler flow
meter (PeriFlux 4001 Master, Perimed) at a wavelength of 780
nm, using two probes (PF 415:42) with fiber separation of 0.5
mm. For measurement of capillary perfusion, the probes were
placed perpendicular to the foot. Recordings were obtained
continuously for 2 min each at five different points over the
mouse foot. The capillary blood flow was calculated with
PERISOFT software (Version 5.10C2) by multiplying the concen-
tration of moving blood cells (concentration units) by mean
velocity of the cells (velocity units) and expressed as perfusion
units (ref. 16; Fig. 1).

The laser Doppler uses a 12-mW helium neon laser beam that
sequentially scans a defined surface area. A photodiode in the
scanner collects the backscattered light emitted by the laser, and
the shift in the frequency of the incident light is transformed into
voltage variations in the range of 0–10 V, which is directly related
to blood flow distribution. Studies have validated that Doppler
flow velocity correlates with capillary density in the ischemic
limb (17). Hindlimb blood flow was monitored every 3 days until
reaching a plateau or a normal value.

Immunohistochemistry. Animals were killed at predetermined
time points after surgery by an overdose of sodium pentobar-
bital. For each limb, three proximal areas (quadriceps muscle)
and one distal area (gastrocnemius muscle) were analyzed.

For immunohistochemical analysis, 5-�m-thick sections were
prepared from paraffin-embedded tissue samples of the limbs.
Sections were cut with the muscle fibers oriented transversely.
Identification of endothelial cells was performed by immuno-
staining for factor VIII-related antigen by using a polyclonal
anti-factor VIII antiserum at a 1�20 dilution (Zymed). Immu-
nostaining for smooth muscle actin by using a mouse mAb at
1�100 dilution (Zymed) was used to identify smooth muscle cells.
Immunohistochemistry was performed on an automated system
(Ventanu Medical Systems, Tucson, AZ). Capillary density in

both ischemic and nonischemic limbs was determined by count-
ing endothelial cells positively stained with factor VIII under
light microscopy. Analysis of smooth muscle cells was performed
to differentiate arterioles from capillaries or venules. The mi-
crovessel density (obtained by either factor VIII or smooth
muscle actin staining) was computed by using a computerized
image analysis system composed of a trichip RGB video camera
(Sony, Tokyo) installed on a light microscope (Zeiss) and
attached to a personal computer equipped with a frame grabber.
Histological images were captured, digitized, and displayed on a
high-resolution monitor. Five microscopic fields were analyzed
by using a medium-sized magnifying lens (�200) and were
loaded on a 760 � 570-pixel buffer area. The microvessel density
parameter was measured by using IMAGE PRO-PLUS-4 image
analysis software (Media Cybernetics, Silver Spring, MD).

Thirty randomly chosen high-power fields in two different
light microscopic sections from the four sites in each limb of each
animal were counted, and blood vessel density was expressed as
number of blood vessels per mm2. A ratio in each level, between
the legs, was then calculated.

Detection of Transgene in Vivo. Tissue localization of mole rat
VEGF DNA that was infused was determined by PCR by using
mole rat-specific primers (sense primer 5�-CGGAATTC-
GAAGTTTATGGACGTCTTCCG-3� and antisense primer 5�-
CGGGATCCTGGTCTGCATTCACATCTGTTG-3�). The
PCR conditions used for this assay were 94°C for 5 min followed
by 55°C for 1 min, 72°C for 1 min, and 94°C for 45 sec for 35
cycles.

Statistical Analysis. Multiple parametric groups were compared by
using the one-way ANOVA test followed by the Bonferroni post
hoc test. P values of 0.05 or less were considered to be statistically
significant.

Results
Necrosis. Immediately after the operation the operated limb
developed a blue-gray color. Some of the mice developed grossly

Fig. 1. Ischemic (left)�normal (right) (L�R) limb blood flow ratio. Measure-
ments were done by using a laser Doppler blood flow meter. The capillary
blood flow was expressed as perfusion units (concentration of moving blood
cells multiplied by the mean velocity of the cells). The mean values were
obtained from five different recording points on the mouse foot. Hindlimb
blood flow was monitored every 3 days. (Upper) Time course of the ratio of the
flow (L�R) in a single representative VEGF-treated mouse. (Lower) Time course
of the ratio of the flow in a single representative mouse treated only with
normal saline.
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visible necrosis and autoamputation of the ischemic limb. None
of the mice treated with �50 �g of VEGF developed necrosis as
compared with 33% of the mice in the placebo group (P � 0.05).
The placebo group includes both the saline as well as pTRE-
injected groups; no difference was noted between them in
necrosis ratio or flow rate restoration. Only 2�20 mice developed
necrosis in the i.m. injection, 1 in the VEGF and 1 in the placebo
treatment group.

Restoration of Flow. Preoperatively, the ratio of blood flow
between the two hindlimbs for all animals used in this study was
1. No differences were found in the time course of restoration of
blood flow using a saline placebo or an empty pTRE vector
without any VEGF. Therefore, these two placebo groups, both
involving continuous infusion, were pooled together. Animals
which developed necrosis were not included in the flow mea-
surements because of gross tissue loss (autoamputation), which
precluded measurement of blood flow. In those mice in the
placebo group that did not undergo autoamputation, f low
returned to normal only after 21 days (Fig. 2A). A more complete
and rapid restoration of blood flow was observed in the VEGF-
treated mice. Differences in the flow between the placebo and
VEGF-treated groups became statistically significant by day 6
(Fig. 2 A). The VEGF–IRES (�) group restored its f low signif-
icantly faster than the placebo group but slower (P � 0.05 day
6) than the VEGF group. The plateau in the ratio of the flow
between the ischemic and nonischemic limb, 21 days after
surgery, was also different among the groups. In the animals
treated with VEGF the blood flow in the limb with the infusion
pump eventually surpassed that in the normal limb (ratio of �1.0
at 21 days); however, in the VEGF–IRES (�) and placebo
groups, the flow in the limb with the infusion pump did not reach
levels obtained in the normal limb (ratio of only 0.8–0.9 at 21
days). Placebo animals that were maintained for up to 35 days
still failed to restore their f low ratio to 1.0.

There was a dose-dependent effect with a more rapid resto-
ration of flow with the higher dosages of the VEGF vector. By
day 6 the blood flow was almost complete for the group treated
with 350 and 500 �g of VEGF. Application of 50 �g of VEGF
was not sufficient to induce any beneficial effect on restoration
of blood flow.

Restoration of blood flow with 500 �g of VEGF vector
administered i.m. was slower than with the infusion pump. The
i.m. group reached an average ratio of 0.85, with no statistically
significant differences compared with a placebo (Fig. 2B).

Vessel Density Ratio. In this study we used immunohistochemical
methods permitting identification of factor VIII-related antigen
to detect endothelial cells representing capillaries as well as
arterioles, and smooth muscle actin to identify blood vessels
containing a smooth muscle cell coat (i.e., arterioles). In this
fashion we sought to attempt to differentiate between angio-
genesis and arteriogenesis. Because all blood vessels come from
preexisting blood vessels (angiogenesis) and then mature from
capillaries into larger vessels by the process of arteriogenesis, an
increase in the total number of endothelial cells was interpreted
as being indicative of angiogenesis whereas an increase in the
number of smooth muscle cells was interpreted as indicative of
arteriogenesis. The blood vessel density ratio (ischemic to non-
ischemic limb) for smooth muscle actin is presented in Fig. 3 and
for factor VIII in Fig. 4A. The endothelial cell density ratio could
not be determined for the placebo group because of an excess of
microscopic necrosis in the ischemic limb of these animals (Fig.
4B). The blood vessel density (as measured with factor VIII) was
higher in the ischemic leg in both the proximal and distal portion
examined, representing a higher number of capillaries not just in
the area of VEGF infiltration but also distally in the region of
most severe ischemia, suggesting that angiogenesis was occurring

both proximally and distally. The increase in blood vessel density
in the ischemic limb, as compared with the nonischemic limb as
measured with actin, was statistically significantly higher for the
VEGF and VEGF–IRES (�)-treated animals compared with
the placebo only in the proximal region. No differences were
observed in the distal portion, suggesting that arteriogenesis was
occurring only in the proximal and not in the distal region.
Importantly, no angioma formation was detected with this
method of delivery.

Fig. 2. (A) Time-dependent changes in flow. Restoration of blood flow in the
ischemic limb in VEGF-, VEGF-IRES (�)-, and placebo-treated animals and
according to VEGF dosage. The time-dependent change in ratio of flow
between the ischemic and nonischemic limb for different dosages of the VEGF
vector placed in the infusion pump in an identical volume. A significantly
faster restoration of blood flow was achieved with the VEGF vectors as
compared with a placebo, and with the VEGF–IRES (�) vector compared with
the VEGF–IRES (�) vector. Restoration of flow was more complete (achieving
a ratio of flow between the two limbs of at least 1.0) in the VEGF group than
in the VEGF–IRES (�) or placebo groups. Preoperatively, the ratio of blood
flow for all animals used in this study was 1. Day 0 indicates the ratio of flow
immediately after surgery. A minimum of four animals was used for each VEGF
dosage group and each time point. Data are presented as mean 	 SEM. (B)
Restoration of blood flow in the ischemic limb in for the i.m. injection route
of delivery. There are no statistically significant differences between the
VEGF–IRES (�) and placebo arms. The VEGF vector (500 �g�200 �l) or saline
placebo (200 �l) was given in four i.m. injections (each of 50 �l) by using a
27-gauge blunt needle. A minimum of four animals was used for each group
and each time point.
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Isolation of the Vector. We determined the tissue localization of
the DNA vector that was delivered by infusion pump 2 days after
the pump had emptied by using PCR and primers specific for
mole rat VEGF. The mole rat VEGF DNA was detected only in
the proximal and distal portions of the ischemic leg and in the
liver (Fig. 5) but not in the normal leg or in other tissues.

Discussion
In this study we demonstrate in a murine hindlimb ischemia
model rapid and robust restoration of blood flow and complete
tissue salvage by using naked plasmid DNA encoding VEGF of
the subterranean mole rat species S. judaei of the S. ehrenbergi
superspecies (11) in a method for gene delivery, continuous
perimuscular infiltration. This difference in the restoration of
blood flow rates between the VEGF-treated and placebo groups
may underestimate the real difference in the outcome of animals
from these two groups because approximately one-third of the
placebo group developed gross necrosis, and these animals were
excluded from all f low determinations. Moreover, we have
shown that when using plasmid DNA, continuous administration
is superior to multiple simultaneous i.m. injections. Given the
known low efficiency of uptake of injected naked plasmid DNA,
continuous infusion may result in a higher transfection efficiency
than single or repeated injections. Furthermore, prolonged and
continuous exposure to angiogenic growth factors may be critical
in obtaining an optimal angiogenic response (7, 18).

We have also demonstrated that an IRES element is func-
tionally important for the biological activity of a molecule in vivo.
The two IRES elements in the VEGF 5� UTR (9) allow for the
efficient translation of VEGF mRNA under ischemic conditions.
In the absence of these IRES elements, VEGF mRNA, similar
to most cellular RNA lacking IRES elements, is not translated
efficiently under hypoxic conditions due to a limitation in critical
components of the cap-dependent protein translation initiation
process, notably eIF4. In this study, the restoration of blood flow
was slower and less complete for the vector without the IRES

elements than for the VEGF vector with the IRES. These
findings are consistent with the requirement that the transla-
tional efficiency of VEGF mRNA in ischemic tissues be main-
tained and not adversely affected by an insult that impairs the
generalized cellular translational apparatus.

In this study, we used the VEGF isolated from the mole rat S.
judaei belonging to the superspecies S. ehrenbergi (2n � 60; ref.
11). Although it remains to be demonstrated that mole rat VEGF
has a different potency or spectrum of activity from human, rat,
or murine VEGF, it is clear that the vasculature in general and
the regulation of VEGF in particular in the mole rat is unique
(11–15). The entire life cycle of the mole rat is spent under-
ground in subterranean burrows at decidedly low oxygen ten-
sions. The critical pO2 (the lowest oxygen pressure supporting
life) is lower for the mole rat than for any other mammal studied
to date (2, 13, 19).

This capacity to withstand hypoxic conditions even exceeds
that manifested by many high-altitude and diving mammals.
Since its origin some 40 million years ago, Spalax has evolved
adaptations to life underground that allow it to survive and carry
out normal activities in a highly hypoxic environment (14, 15).
The muscular tissues of Spalax harbor a larger capillary density
(�31%) than the rat, resulting in a reduced diffusion distance to
mitochondria (14). This increase in vascular density was found to
be associated with up-regulated expression of VEGF even under
normoxic conditions (15), suggesting that the regulation of
VEGF in the mole rat may be different from that in other

Fig. 3. Vessel density ratio of smooth muscle actin. Vessel density based on
actin staining was performed and quantitated as defined in Methods. The
ratio of the vessel density between the ischemic and nonischemic limb in the
proximal region was �1.0 in all three groups, suggesting that arteriogenesis
was occurring in all groups in that region. The ratio of the vessel density
between the ischemic and nonischemic limbs was significantly greater in the
proximal region in the VEGF and IRES (�) animals as compared with the
placebo group (P � 0.05), suggesting that VEGF increased arteriogenesis
proximally. A minimum of three animals was used for the group.

Fig. 4. Factor VIII vessel density ratio. Vessel density based on factor VIII
staining was performed and quantitated as defined in Methods. (A) The
ischemic limb vessel density was significantly greater than that in the non-
ischemic limb in the proximal and distal regions, suggesting that angiogenesis
was occurring both proximally and distally in these groups. Due to extensive
microscopic necrosis it was not possible to quantitate factor VIII density in the
placebo animals and therefore to compare VEGF- and placebo-treated ani-
mals for this parameter. A minimum of three animals was used for group. (B)
Representative picture of the massive microscopic necrosis observed in the
ischemic hindlimb of the placebo group (Left). No microscopic necrosis was
observed in the VEGF�VEGF–IRES (�) groups (Right).
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species. The structural pulmonary diffusing capacity for O2 was
greater in the mole rat (�44%), thus facilitating O2 uptake in
hypoxia. Thus, structural adaptations in lung and muscle tissues
improve O2 diffusion conditions and serve to maintain high
metabolic rates in hypoxia but have no consequences for achiev-
ing V O2 max under normoxic conditions (14). The tissues of
Spalax have been shown to be highly vascularized, resulting in a
shorter diffusion distance for oxygen.

In this study, young and old mice that have an impaired ability
to spontaneously collateralize (25) were not examined. This
study has not compared angiographic data among the groups;
however, the interpretation is technically difficult and limited.

Although a prolonged continuous exposure to angiogenic
growth factors may be critical to obtaining an optimal angiogenic
response, there are theoretical potential deleterious effects of
continuous exposure to angiogenic growth factors including
angioma formation.

The importance of angiogenesis, arteriogenesis, and vasodi-
lation to the observed increase in blood flow with angiogenic
therapy is a matter of considerable debate and controversy
(20–22). Although it is clear that angiogenic therapy can induce
angiogenesis, it has been argued as implausible, based on
physical principles, that an increase in capillary vessels impacts
substantially on blood flow (1). Nonetheless, VEGF, which is
angiogenic and not arteriogenic, has been demonstrated to
increase flow in numerous animal models and by multiple
investigators (22–27). Furthermore, neutralizing antiserum to
VEGF prevents the normal restoration of blood flow seen in the
natural adaptation to ischemia (28, 29). We have demonstrated
here that angiogenesis as well as arteriogenesis is occurring in
mice treated with VEGF. The lack of a clear correlation between
restoration of limb flow and capillary vessel density in our model
would seem to indicate that angiogenesis is not primarily re-
sponsible for the return of blood flow. Furthermore, we cannot
rule out a significant affect mediating the return of blood flow
mediated by VEGF-augmented vasodilation. These questions
may ultimately be answered more directly in murine models,
such as that described here, by using targeted disruption and
overexpression of genes involved in these distinct processes.

The evolution of blind subterranean mole rats, Spalacidae,
started some 40 million years ago in Upper Eocene times (13).
Their adaptive strategies at all molecular and organismal levels
are uniquely adapted to underground challenges of darkness,
hypoxia, hypercapnia, low productivity, and resource competi-
tion (14). Their respiratory adaptations, partly shared with other
subterranean mammals across the planet but climaxed in spal-
acids, seem to have evolved a genetic battery that can effectively
cope with hypoxic stresses (13). This molecular evolution ma-
chinery is now wide open to the use of human gene therapy.
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Fig. 5. Tissue localization of mole rat VEGF. DNA from various tissues was
prepared as described in Methods. The presence or absence of mole rat DNA
was ascertained by PCR with mole rat-specific primers, days 9–11 after oper-
ation. This procedure was repeated in three animals. (Upper) Presence of a
specific band detecting 18S murine DNA sequences by PCR documenting the
presence of DNA in each sample. (Lower) Presence or absence of mole rat VEGF
in different tissues. Lanes: 1, control vector; 2, left (ischemic) lower proximal
limb; 3, left lower distal limb; 4, right (control) lower proximal limb; 5, right
lower limb; 6, left upper limb; 7, right upper limb; 8, liver; 9, negative control;
10, heart. Mole rat sequences were detected only in the proximal and distal
portions of the ischemic limb and from the liver.
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