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Abstract
Objective—To test the hypothesis that rapamycin inhibits induced microvascular
hyperpermeability directly in vivo.

Methods—Male golden Syrian hamsters (80–120g) were treated with either rapamycin (at 0.1,
0.5, 2, and 10 mg/kg i.p.) or vehicle at 24 hours and at one hour prior to preparation of the cheek
pouch. Caveolin-1 scaffolding (1 mg/kg; positive inhibitory control) was injected i.p. 24 hours
prior to the experiment. 10−8 M vascular endothelial growth factor (VEGF) or 10−7 M platelet-
activating factor (PAF) were topically applied to the cheek pouch. Microvascular permeability and
arteriolar diameter were assessed using integrated optical intensity (IOI) and vascular wall
imaging, respectively.

Results—Rapamycin at 0.1 mg/kg and 0.5 mg/kg significantly reduced VEGF-stimulated mean
IOI from 63.0±4.2 to 9.7±5.0 (85% reduction, P<0.001) and 3.6±2.7 (95% reduction, P<0.001),
respectively. Rapamycin at 2 mg/kg also lowered VEGF-stimulated hyperpermeability (40%
reduction, P<0.05). However, 10 mg/kg rapamycin increased VEGF-induced microvascular
hyperpermeability. Rapamycin at 0.5 mg/kg attenuated VEGF-induced vasodilation and PAF-
induced hyperpermeability, but did not inhibit PAF-induced vasoconstriction.

Conclusions—At therapeutically relevant concentrations, rapamycin inhibits VEGF- and PAF-
induced microvascular permeability. This inhibition is 1) a direct effect on the endothelial barrier,
and 2) independent of arteriolar vasodilation. Rapamycin at 10 mg/kg stimulates effectors that
increase microvascular permeability.
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INTRODUCTION
Rapamycin is a potent inhibitor of endothelial cell and fibroblast proliferation (3,28). It
currently has broad clinical utility, both as a systemic agent and via local delivery to
coronary vascular endothelium. It is also being tested in the clinic for efficacy in exudative
macular degeneration and diabetic retinopathy, conditions where endothelial cell
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pathophysiology plays an important role in vision loss (6,9,43). Clinical benefits associated
with the use of rapamycin are likely due, in part, to the fact that it impacts multiple steps in
the angiogenic cascade, including inhibition of endothelial cell responses to pro-angiogenic
factors (3,28).

Vascular endothelial growth factor (VEGF) is a key angiogenic factor involved in a wide
variety of biological processes including embryonic development, wound healing, tumor
progression, and metastasis (35). VEGF has also emerged as a major mediator of intraocular
neovascularization and plays a key role in the etiology of diabetic retinopathy (14), as
indicated by the elevated intraocular VEGF levels in diabetic patients suffering from
proliferative retinopathy (19). Whether rapamycin inhibits the hyperpermeability associated
with VEGF upregulation and angiogenesis is not known. We investigated whether or not
rapamycin reduces microvascular permeability under conditions of agonist-induced
hyperpermeability. We used the hamster cheek pouch as a model as this tissue is well suited
for intravital microscopic evaluation of the microcirculation.

We tested the hypothesis that rapamycin inhibits microvascular permeability directly in vivo.
To investigate this hypothesis it was necessary to assess the influence of rapamycin on
microvascular flow. To evaluate differentially the impact of rapamycin on microvascular
flow and permeability we used VEGF, an agonist that increases both flow and permeability
(1), and platelet-activating factor (PAF), an agent that causes vasoconstriction and enhances
permeability to macromolecules (11,12). Our results demonstrate that, at therapeutically
relevant concentrations, rapamycin directly inhibits VEGF and PAF induced microvascular
permeability.

MATERIALS AND METHODS
The experimental protocols for hamsters were approved by the UMDNJ-New Jersey
Medical School’s Institutional Animal Care and Use Committee and conducted in
accordance with the NIH Guidelines for the Use of Animals.

Hamster cheek pouch preparation
A total of 42 male golden Syrian hamsters, weighing 80–120g and anesthetized with sodium
pentobarbital (50 mg/kg, i.p.) were used in this study. Tracheotomy was performed to ensure
clear airway passage. The right jugular vein was cannulated for the administration of
supplemental doses of anesthetic. The left hamster cheek pouch was prepared for direct
visual observation and intervention (11,12,27). After surgical preparation, the hamster was
placed on the microscope’s stage. A 1-hour stabilization period ensued, during which the
pouch was continuously suffused with a 37 °C bicarbonate buffer solution at a rate of 1 ml/
min. The bicarbonate buffer solution was bubbled with a 95% N2 and 5% CO2 gas mixture
to maintain the suffusate oxygen tension at approximately 10 mm Hg and pH at 7.35.

Microscopy
Observations were made with an Olympus BH microscope. The recording system comprised
an Optronics TEC-470 TV camera (Optronics, Goleta, CA), a Sony monitor, and a
MetaMorph image system (Universal Imaging Corporation, Downingtown, PA). This
system allowed us to record directly from the microscope to the computer. The MetaMorph
program was used for image processing.

Assessment of microvascular permeability
Fluorescein isothiocyanate-dextran 70 (FITC-Dx 70; Sigma Chemical Co., St. Louis, MO)
served as a tracer for macromolecules. FITC-Dx 70 was administered intravenously as a 100
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mg/kg bolus followed by continuous infusion (0.15 mg/kg/min) to maintain a steady plasma
concentration. Microvascular transport was assessed by measuring integrated optical
intensity (IOI) by computer-assisted digital image analysis (2,4). Two or three fields were
randomly selected in the cheek pouch and recorded on the MetaMorph image system before
and after the application of VEGF or PAF in separate experiments. Each field included four
to six postcapillary venules ranging from 15 to 25 μm in diameter, which were apart from
large veins and were relatively free of capillaries. Images were acquired at 0, 3, 5, 10, 15,
20, 30, 40, 50 and 60 minutes after agonist administration.

Arteriolar diameter measurements
Arteriolar diameter was measured as the width of the epi-illuminated blood column using
the MetaMorph image system. Two or three arterioles with diameter of 20–30 μm were
studied per animal. Baseline diameter measurements were normalized to a value of one. For
each vessel, the experimental diameter was expressed as a ratio of baseline diameter
(relative luminal diameter). To compare diameter before and after an agonist application,
diameters were measured at the same place in the arterioles of interest.

Rapamycin study groups
Rapamycin (Rapamune oral solution, sirolimus 1 mg/ml, Wyeth, Philadelphia, PA) was
given intraperitoneally (i.p.) at 24-hour and at 1-hour prior to starting the experiment. We
studied four different doses of rapamycin: 0.1 mg/kg, 0.5 mg/kg, 2 mg/kg, and 10 mg/kg.
Rapamycin vehicle (0.5 ml solvent) was applied in the same manner as rapamycin. Because
mammalian target of rapamycin (mTOR) interacts with phosphatidylinositol 3-kinase
(PI3K)/Akt (13,24,34), an important signaling element in the endothelial nitric oxide
synthase (eNOS) signaling cascade (8,29), and because eNOS regulates VEGF-induced
hyperpermeability (40), we also evaluated the effects of inhibiting eNOS in our
experimental paradigm using intraperitoneal injection of Cavtratin (AP-Cav), a chimeric
peptide based on a cellular internalization sequence (antenna pedia) fused to the caveolin-1
scaffolding domain (amino acids 82–101). AP-Cav efficiently enters endothelial cells and
selectively inhibits acetylcholine-induced vasodilation and nitric oxide production (5), as
well as PAF-induced hyperpermeability (25).

Dose selection for rapamycin was based on rapamycin’s potency in vitro and on dose ranges
for systemic delivery in preclinical studies (44). A dose of 1.5 mg/kg/day intraperitoneal
delivery showed efficacy in endothelial cell targets in hamsters, while intraperitoneal
rapamycin at 2mg/kg/day was an effective dose in a mouse retinal neovascularization study
(10,22). In this study we explored a range of intraperitoneal doses of rapamycin, utilizing
doses on the lower and higher ends of what has been used in animal experiments previously
(10,22,33).

Experimental protocol
Twenty-four hours and one-hour prior to the onset of the experiments, animals received an
intraperitoneal injection of either rapamycin (at the specified concentration) or rapamycin
vehicle. This dosing regimen was selected so that the cheek pouch would have peak
rapamycin tissue levels for each dose at the time of the assessment by intravital microscopy.
(44). AP-Cav (generous gift from Dr. William C Sessa, Yale University School of Medicine,
New Haven, CT, USA) was injected at 1 mg/kg i.p. 24-hour before the experiment. The
dose of AP-Cav was chosen based on its efficacy to inhibit nitric oxide synthesis and PAF-
induced hyperpermeability in murine models (5,25). The volume of study drug injected
varied from 10 μl to 1 ml; the injected volume did not induce changes in microvascular
dynamics in the hamster cheek pouch. On the day of the experiment, after baseline data
collection, VEGF (recombinant human VEGF165; R&D Systems, Minneapolis, MN) or PAF

Kim et al. Page 3

Microcirculation. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(1-o-alkyl-2-acetyl-sn-3-glycero-phosphoryl-choline; Sigma Chemical Co., St. Louis, MO)
was applied topically to the hamster cheek pouch for 3 min via a side port into the suffusate
bicarbonate buffer line to achieve the final concentration of 10−8 M, or 10−7 M,
respectively. After agonist application, the experiment was continued for an additional 60-
min period for the measurements of IOI and arteriolar diameter. The 10−8 M concentration
of VEGF was selected because it produces an effective and near maximal increase in
macromolecular permeability in vivo in the hamster cheek pouch coincident with
vasodilation (1). 10−7 M PAF was selected because this concentration produces an effective
and near maximal increase in macromolecular permeability while, in contrast to VEGF,
causing vasoconstriction (11,12). Each hamster received only one application of the test
agonist to avoid complications associated with tachyphylaxis (16).

Statistical analysis
Because the baseline remained constant throughout the experiment at values ranging from 3
to 5 IOI units, the baseline was subtracted and the permeability data are presented as net IOI
values. All data are presented as mean±SEM. Statistical analysis was performed using a one-
way analysis of variance. Significant differences (accepted at P<0.05) were evaluated using
the Student-Newman-Keuls test.

RESULTS
Rapamycin and Microvascular Permeability

The time course of the impact of pre-administration of rapamycin on VEGF-stimulated
changes in FITC-Dx 70 extravasation (as indicated by IOI) is displayed in Figure 1A.
Neither administration of rapamycin vehicle nor administration of rapamycin (all doses)
altered IOI. Administration of 10−8 M VEGF significantly elevated IOI of FITC-Dx 70. Pre-
treatment with rapamycin at 0.1 mg/kg, 0.5 mg/kg, or 2 mg/kg attenuated the increase in IOI
induced by 10−8 M VEGF. In contrast, rapamycin at 10 mg/kg (the highest dose
administered) enhanced VEGF-induced hyperpermeability.

Pretreatment with AP-Cav produced a strong inhibition of VEGF-induced hyperpermeability
(Fig. 1A), as evidenced by a slow and small increase in IOI reaching a peak of 16.4±9.0 at
50 min after application of VEGF versus 63.0±4.2 IOI induced by VEGF alone. Figure 1A
shows that for the first 5–15 minutes the rate of VEGF-induced increase in IOI in the
presence of the lower doses of rapamycin (0.1–2 mg/kg) was comparable to the rate of
VEGF-induced rise in IOI in the absence of rapamycin. Because of this delayed function, we
analyzed the data at different key time points. The statistical analysis of rapamycin
inhibition of VEGF-induced hyperpermeability performed on measurements obtained 50-
min after application of VEGF is displayed in Figure 1B. Application of rapamycin at either
0.1 mg/kg or 0.5 mg/kg significantly reduced the VEGF-stimulated mean IOI from 63.0±4.2
to 9.7±5.0 (85% reduction, P<0.001) and 3.6±2.7 (95% reduction, P<0.001), respectively.
Rapamycin at 2 mg/kg also lowered VEGF-induced mean IOI to 40.2±7.7 (40% reduction
compared to VEGF alone), and this value was significantly different from 10−8 M VEGF
(63.0±4.2, P<0.05). 10 mg/kg rapamycin increased VEGF-induced elevation in IOI from
63.0±4.2 to 84.4±7.8 (P<0.05) while rapamycin at 10 mg/kg did not change basal IOI in the
absence of VEGF.

Pretreatment with 1 mg/kg AP-Cav significantly reduced the VEGF-induced increase in
FITC-Dx 70 IOI from 63.0±4.2 to 16.4±9.0, i.e., 75% reduction compared with VEGF alone
(P<0.001; Fig. 1B). The statistical trend at 30-min, 40-min and 60-min after application of
VEGF is similar to the trend at the 50-min time point.
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The inhibition of VEGF-induced IOI elevation by rapamycin could indirectly result from
inhibition of VEGF-induced vasodilation. Because our interest was to test in vivo whether or
not rapamycin inhibits microvascular hyperpermeability, we also investigated the inhibitory
efficacy of rapamycin on PAF-induced hyperpermeability. In contrast to VEGF, which
induces vasodilation, PAF increases postcapillary permeability while eliciting arteriolar
constriction in the hamster cheek pouch (11,12). Thus we were able to compare the
permeability inhibitory impact of rapamycin using a permeability-altering agent associated
with vasodilation (VEGF) and a permeability-altering agent associated with vasoconstriction
(PAF). We chose 0.5 mg/kg rapamycin as the test dose for this assessment because it was
the most efficacious dose in blocking VEGF-induced hyperpermeability. Figure 2A shows
the time course of the effect of 10−7 M PAF on permeability and the action of 0.5 mg/kg
rapamycin on PAF-stimulated changes in FITC-Dx 70 extravasation as indicated by IOI.
After a constant baseline IOI value, 10−7 M PAF significantly elevated IOI of FITC-Dx 70.
The peak was reached at 20 min after the application of PAF. 0.5 mg/kg rapamycin
attenuated the increase of IOI values induced by PAF at 10−7 M without influencing the
time course.

Figure 2B shows the statistical analysis of the inhibition of PAF-induced hyperpermeability
by administration of 0.5 mg/kg rapamycin. The analysis was performed using the values
obtained at 20-min after PAF application. Pretreatment with rapamycin at 0.5 mg/kg
significantly reduced the PAF-induced increase in FITC-Dx 70 IOI from 76.5±3.7 to
27.1±2.3 (P<0.05), i.e., 65% reduction compared to PAF alone.

Rapamycin and Arteriolar Diameter
Figure 3A shows the effect of rapamycin on VEGF-stimulated vasodilation. The baseline
values of arteriolar diameter did not change significantly as a function of time. The
rapamycin vehicle did not cause any significant change of arteriolar diameter. Topical
application of 10−8 M VEGF, for 3 min, produced a strong vasodilation. The ratio of
experimental to baseline arteriolar diameter gradually increased and achieved its peak at 30
min after application of VEGF; the arteriolar diameter ratio increased from 1.0 to 1.46±0.09
(P<0.05). After the peak, the arteriolar diameter ratio gradually decreased and reached ~80%
of baseline value at 50 min after application of VEGF. At 30-min after VEGF application,
0.5 mg/kg rapamycin attenuated the increase in relative luminal diameter induced by VEGF
10−8 M from 1.46±0.09 to 1.09±0.04 (P=0.02; Fig. 3B).

Figure 4 shows the effect of 0.5 mg/kg rapamycin on PAF-stimulated vasoconstriction. The
baseline values of arteriolar diameter did not change significantly in a 30-min period. PAF,
applied topically for 3 min at 10−7 M, produced a strong vasoconstriction. The ratio of
experimental to baseline arteriolar diameter fell from 1.0 to 0.32±0.02 within 5 min after the
topical application of PAF. On removal of PAF and reinstitution of suffusate flow, the
arteriolar diameter ratio gradually increased and achieved ~90% of baseline value within 15
min. Pretreatment with 0.5 m g/kg rapamycin did not attenuate the vasoconstrictor action of
PAF.

DISCUSSION
Our findings demonstrate that rapamycin has no direct effect on microvascular flow or
permeability, and that it influences VEGF-induced microvascular permeability changes in a
biphasic manner. At lower doses (0.1 mg/kg, 0.5 mg/kg and 2 mg/kg), rapamycin reduces
VEGF-induced hyperpermeability. However, at the highest concentration evaluated (10 mg/
kg), rapamycin increases VEGF-induced microvascular hyperpermeability. Importantly, the
inhibitory action of rapamycin on postcapillary venular permeability is independent of its
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action on arterioles because at 0.5 mg/kg rapamycin inhibited PAF-stimulated
hyperpermeability but did not inhibit PAF-induced vasoconstriction.

Originally identified as a bacterial macrolide with potent antifungal and immunosuppressive
activities, rapamycin is a potent inhibitor of the protein kinase mTOR (mammalian target of
rapamycin). This effect is mediated by the formation of a complex with the protein
FKBP-12, which then binds and inhibits mTOR activity. mTOR is a key regulator of
multiple cellular pathways, integrating input from upstream growth factors such as insulin,
IGF-1, VEGF and EGF. mTOR also plays an important role as a sensor of cellular nutrient
and energy status. Rapamycin has potent activities in animal models of allograft rejection,
tumor growth, and tumor associated angiogenesis, with optimal therapeutic effects in the
systemic dosing range of 0.1–3 mg/kg (20,21,35,38). However, several studies have
indicated that careful dosing of rapamycin is required. For example, immunosuppressive
doses (1.5 mg/kg/day) of rapamycin have potent antiangiogenic activities and inhibit tumor
growth in mice (21). However, a higher dose (15 mg/kg/day) while delaying tumor
development, eventually led to rapid tumor growth and death of the animals (21), while an
optimal anti-tumor effect was attained with low continuous dosing of rapamycin, not by
attaining high peak concentrations (20). In a separate study, low dose oral rapamycin (0.1
mg/kg) inhibited myointimal hyperplasia in rabbits, whereas the high dose (0.4 mg/kg) was
paradoxically less effective (45). In vitro studies have shown that rapamycin inhibition of
VEGF stimulated endothelial proliferation and signaling occurs at concentrations as low as
0.1 ng/ml with complete inhibition at 1 ng/ml (21,35). In the present study, we observed
potent inhibitory effects of rapamycin on VEGF and PAF induced hyperpermeability at
doses of rapamycin that fall in the range of those reported by others to be optimally effective
in the inhibition of angiogenesis, allograft rejection and tumor growth. The opposite effect
observed with high dose rapamycin (10 mg/kg) may represent an off-target effect involving
different signaling pathways, or could potentially result from activation of an mTORC1
negative feedback loop - e.g. mTORC1 inhibition has been associated with Akt activation
through upregulation of platelet derived growth factor receptors or insulin receptor substrate
1(7,8,23,41), or an alteration in the balance of mTORC1/mTORC2 activities. Recent
publications have demonstrated that mTOR signals through two distinct complexes, called
mTORC1 and mTORC2. mTORC1 is composed of regulatory-associated protein of mTOR
(RAPTOR), mLST8 and proline-rich Akt substrate of 40 kDA (PRAS40). mTORC1
function is regulated by the tuberous sclerosis complex 2, which associates with TSC1.
TSC2 is a sensor of both PI3K-Akt and RAS-MAPK. The mTORC2 complex plays a role in
sensing growth factors, but not nutrients, and this complex consists of mLTS8, rapamycin-
insensitive companion of mTOR (RICTOR), SIN1 and protor. Rapamycin is thought to act
primarily by inhibition of mTORC1, although at higher concentrations or prolonged
incubations it may also inhibit mTORC2 activity (15,17,30,31,42). Whatever the mechanism
of the paradoxical increase in vascular permeability observed with high dose rapamycin, this
observation may be of clinical relevance. There have been several case reports of severe
limb lymphedema in renal transplant patients treated with rapamycin, while eyelid edema
and angioedema have also been observed following prolonged systemic treatment with
rapamycin. (18,32,39,46,47)

Is the reported rapamycin inhibition of VEGF-induced changes in IOI a reflection of
inhibition of microvascular permeability or is the inhibition of IOI a reflection of reduction
in blood flow? To address this relevant question in vivo in a whole microvascular system,
we compared the efficacy of rapamycin in inhibiting hyperpermeability induced by VEGF,
an agonist that enhances vasodilation, and inhibition of hyperpermeability induced by PAF,
an agonist that enhances vasoconstriction. PAF, especially at 10−7M, is a useful tool for
assessing signaling pathways in the hamster cheek pouch microcirculation, because it allows
for separation of events on the precapillary (vasoconstriction) and on the postcapillary
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(permeability) segments. We demonstrated previously that the signaling pathways for
enhanced permeability stimulated by PAF involve protein tyrosine kinase (26), protein
kinase C (36), phospholipase C (27), and nitric oxide synthase (36,37,40). In addition, we
showed that the main pathway for PAF-induced vasoconstriction is through activation of
phospholipase A2 and production of thromboxane A2 (13). In addition and importantly, we
have demonstrated that PAF-induced hyperpermeability is regulated via eNOS (located
downstream of PI3K/Akt; ref 36,37,40) as is VEGF-induced hyperpermeability (1,29).
Inasmuch as rapamycin blocked PAF-induced hyperpermeability without blocking its
vasoconstrictor effect, our experimental data support the concept that rapamycin blockade of
VEGF-induced hyperpermeability is independent of its ability to block vasodilation.

Our data provide a basis to better understand the microvascular mechanisms of action of
rapamycin. In this context, we conclude 1) rapamycin at concentrations of 0.1 mg/kg, 0.5
mg/kg and 2 mg/kg reduces VEGF-induced hyperpermeability and vasodilation; 2)
rapamycin at 10 mg/kg increases VEGF-induced microvascular hyperpermeability
compared with VEGF alone; 3) 0.5 mg/kg rapamycin reduces PAF-stimulated
hyperpermeability, but does not attenuate the vasoconstrictor action of PAF. Rapamycin
may have clinical benefit in the treatment of diseases associated with vascular
hyperpermeability. These data supports the clinical evaluation of rapamycin in conditions
such as diabetic macular edema or retinal thickening secondary to leakage associated with
choroidal neovascular membranes.
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Figure 1.
A) Time course of integrated optical intensity (IOI) of fluorescein isothiocyanate-dextran 70
(FITC-Dx 70). After baseline measurements, 10−8 M VEGF was applied at the time
indicated by the arrow. Rapamycin or rapamycin vehicle was applied intraperitoneally at 24-
hour and again 1-hour before VEGF application. AP-Cav (cavtratin) was applied to block
eNOS. Data are mean±SEM. R.: Rapamycin.
B) Effect of Rapamycin on VEGF-induced increase in IOI of FITC-Dx 70 at 50-min after
VEGF application. Maximal mean IOI responses are shown for the tested combinations.
Data are mean±SEM. Numbers in parentheses show number of animals. *P<0.05 compared
with rapamycin vehicle. # P<0.05 compared with rapamycin vehicle+VEGF.
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Figure 2.
A) Time course of integrated optical intensity (IOI) of fluorescein isothiocyanate-dextran 70
(FITC-Dx 70). After baseline measurements, 10−7 M PAF was applied at the time indicated
by the arrow. Rapamycin or rapamycin vehicle was applied intraperitoneally at 24-hour and
again 1-hour before PAF application. Data are mean±SEM. R.: Rapamycin.
B) Effect of Rapamycin on PAF-induced increase in IOI of FITC-Dx 70 at 20-min after PAF
application. Maximal mean IOI responses are shown. Data are mean±SEM. Numbers in
parentheses show number of animals. *P<0.05 compared with rapamycin vehicle. # P<0.05
compared with rapamycin vehicle+PAF. R.: Rapamycin.
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Figure 3.
A) Time course of relative luminal diameter. VEGF at 10−8 M was applied at the time
indicated by the arrow. Rapamycin or rapamycin vehicle was applied intraperitoneally at 24-
hour and again 1-hour before VEGF application. Data are mean±SEM. R.: Rapamycin.
B) Effect of Rapamycin on VEGF-induced arterial vasodilation at 30-min after VEGF
application. Maximal mean relative luminal diameter responses are shown. Data are mean
±SEM. Numbers in parentheses show number of animals. *P<0.05 compared with
rapamycin vehicle.
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Figure 4.
Time course of relative luminal diameter. 10−7M PAF was applied at the time indicated by
the arrow. Rapamycin or rapamycin vehicle was applied intraperitoneally at 24-hour and
again 1-hour before PAF application. Data are mean±SEM. R.: Rapamycin.
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