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We describe a procedure for controlled, periodic, reversible modulation of

selected regions of the blood–brain barrier (BBB) or the inner-blood–retina barrier

(iBRB) based on incorporation into an AAV-2/9 vector of a doxycycline-inducible

gene encoding shRNA targeting claudin-5, one of 30 or so proteins constituting

the BBB and iBRB. The vector may be introduced stereotaxically into pre-selected

regions of the brain or into the retina, rendering these regions permeable to low-

molecular weight compounds up to approximately 1 kDa for the period of time

during which the inducing agent, doxycycline, is administered in drinking water,

but excluding potentially toxic higher molecular weight materials. We report on

the use of barrier modulation in tandem with systemic drug therapy to prevent

retinal degeneration and to suppress laser-induced choroidal neovascularization

(CNV), the latter being the hallmark pathology associated with the exudative, or

wet, form of age-related macular degeneration (AMD). These observations con-

stitute the basis of a minimally invasive systemic therapeutic modality for retinal

diseases, including retinitis pigmentosa and AMD, where, in early stage disease,

the iBRB is intact and impervious to systemically administered drugs.
INTRODUCTION

The tight junctions associated with the blood–brain and inner

blood–retina barriers (BBB/iBRB) are comprised of a series of up

to 30 proteins, interacting to provide a tight seal between adjacent

endothelial cells lining the neuronal and inner retinal micro-

vasculatures. They have evolved for the specific purpose of

protecting neuronal tissues from potentially damaging blood-

borne agents and, hence, breakage of such barriers, for the

purposes of systemic drug delivery or for other purposes, would

have serious adverse effects (Campbell et al, 2009). However,

remodelling of the BBB/iBRB by selectively modulating levels of

tight junction proteins, such as to render these barriers

controllably and reversibly permeable to low-molecular weight

compounds, could have substantial therapeutic potential given
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that the vast majority of low-molecular weight drugs (an

estimated 98%) cannot gain access to neuronal tissues from

the peripheral circulation. Moreover, those drugs that can gain

access and are in clinical use (e.g. lipophilic antipsychotic drugs)

may require dosages sufficiently high as to cause serious adverse

clinical reactions—Clozapine, for example (MW 327 Da), can

require daily dosages of up to 1 g (Kane et al, 1988). We have

previously shown in mice that systemic administration (tail vein

injection) of siRNA targeting transcripts derived from the claudin-

5 gene, encoding one of the protein components of the tight

junctions of the neuronal and retinal microvasculatures, renders

the BBB and iBRB reversibly permeable to compounds up to

approximately 1 kDa for periods of up to 36 h, starting 24 h post-

siRNA delivery (Campbell et al, 2008, 2009). Importantly,

however, molecules greater than approximately 1 kDa do not

passively diffuse from the blood to the brain or retina when

claudin-5 is suppressed, an observation made more significant by

the fact that many low-molecular weight drugs lie within this size

range, with larger substances, such as antibodies, blood-borne

soluble enzymes, anaphylatoxins and pathogens being excluded.

Here, we describe an adeno-associated virus (AAV-2/9

serotype; Foust et al, 2009, 2010) expressing a doxycycline-
� 2011 EMBO Molecular Medicine 235
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inducible shRNA targeting transcripts encoding claudin-5. The

process allows for localized and inducible modulation of the

BBB or iBRB independently of each other and provides a means

of delivery to pre-selected neuronal regions of low-molecular

weight compounds up to approximately 1 kDa in molecular

weight for the period of time during which the inducing agent is

administered. The process has no negative impact on neuronal

function, nor does it induce neuronal oedema. Using the retina

as a model system for assessment of neuronal function, we have

validated the barrier modulation approach to systemic drug

delivery by demonstrating protection of photoreceptors against

light-induced damage by treatment with the calpain inhibitor

ALLM. We have also shown that laser-induced choroidal

neovascularization (CNV), the latter being the hallmark of

vision threatening disease pathology in age-related macular

degeneration (AMD), can be suppressed by systemic drug

therapy using the low-molecular weight compounds, Sunitinib

malate (Sutent1, Pfizer) and 17-AAG (Bristol-Myers Squibb)

following induced barrier modulation. These observations form

the basis of a novel and minimally invasive means of drug

delivery to neuronal tissues while also representing a valuable

experimental tool for the evaluation and screening of low-

molecular weight drug efficacy for neurodegenerative condi-

tions. The translational potential of this technology is potentially

large and could be applied to a range of neurodegenerative and

neuromalignant conditions.
RESULTS

Assessment of the efficacy of CLDN5 AAV-2/9

The system described here allows for reversible modulation of

the iBRB with the exclusion of the BBB, and vice versa. To

achieve this, we incorporated shRNA targeting claudin-5 into a

doxycycline-inducible plasmid system. Subsequently, this was

incorporated into the genome of an AAV-2/9 vector (these

viruses have recently been shown to transduce endothelial cells

of the neuronal microvasculature with high efficiency; Fig 1A

and B; Foust et al, 2009, 2010). Viral purity was assessed using

SDS–PAGE (Supplementary Fig 1).

An experimental group of C57/Bl6 mice received a sub-retinal

inoculation of 3ml of 5� 1011 viral particles/ml of CLDN5 AAV-

2/9 in the right eye. Mice received a non-targeting (NT) AAV-2/9

in their left eye. These animals were then supplemented in their

drinking water with 2 mg/ml doxycycline and 5% sucrose for

3 weeks prior to analysis. Western blot analysis showed

significant decreases (���p¼ 0.0005) in the levels of expression

of claudin-5 in retinas of mice injected with the CLDN5 AAV-2/9

compared to the NT AAV-2/9 injected retinas (Fig 1C and D).

This suppression was also manifested by significant decreases

(�p¼ 0.0218) in claudin-5 transcript levels in retinal RNA

samples (Fig 1E). Qualitative retinal flatmount analysis of

claudin-5 expression showed a distinct and continuous pattern

of expression in the NT AAV-2/9-injected retinas compared to

the CLDN5 AAV-2/9-injected retinas (Fig 1F and G), and this

was also observed in retinal cryosections, where decreased

levels of expression and a discontinuous, fragmented pattern of
� 2011 EMBO Molecular Medicine
staining was observed in the vascularized retinal layers as far as

the outer plexiform layer (OPL; up to five mice analysed/group;

Fig 1H).

Phenotype assessment of CLDN5 AAV-2/9

Although in use both experimentally and clinically, AAV

serotypes will have differing transduction patterns when

injected sub-retinally (Bainbridge et al, 2008; Hauswirth

et al, 2008; Maguire et al, 2008). In this regard, we wished

to assess the pattern of transduction of AAV-2/9 using an eGFP

reporter gene. Mice sub-retinally injected with this AAV

showed widespread transduction when a retinal whole-mount

was prepared (Fig 2A). Indeed, transduction was widespread

throughout the entire retinal pigment epithelium (RPE), which

as a point of interest does not express claudin-5 (Rizzolo et al,

2007). Efficient transduction of the neural retina was, however,

localized to the site of injection (arrow in Fig 2B and inset

image) and following retinal cryosectioning and staining with

an endothelial cell-specific isolectin (Griffonia-simplicifolia

isolectin-Alexa 568), we observed co-labelling of eGFP and

endothelial cells in the ganglion cell layer (GCL), inner

plexiform layer (IPL), and OPL. While not all microvessels

were transduced by AAV-2/9, the degree of transduction was

sufficient enough to allow for significant modulation of

claudin-5 expression (Fig 2B and C). Importantly, and unlike

other AAV serotypes, for instance AAV-2/8 (Stieger et al,

2008), there was no transduction of AAV-2/9 along the optic

nerve, which highlights an initial safety profile of this serotype.

Transduction appeared to be retained solely to retinal tissue

(Supplementary Fig 2).

Following confirmation of the efficiency of suppression of the

inducible CLDN5 AAV-2/9, we undertook a series of magnetic

resonance imaging (MRI) experiments to allow a phenotypic

assessment of the system. In mice receiving CLDN5 AAV-2/9

sub-retinally in the right eye and a NT AAV-2/9 in the left eye,

contrast-enhanced MRI showed significant quantities of Gd-

DTPA (742 Da) extravasation specifically in the CLDN5 AAV-2/

9-injected eye (Fig 2D). The pattern of extravasation appeared

greatest in the region of sub-retinal injection, and this pattern

was similar in horizontal and sagittal orientations

(���p¼ 0.0001; Fig 2E and F; Supplementary Fig 3). Each

quantitative bar represents the enhanced contrasting observed

in the CLDN5 AAV-2/9-injected eye when the background from

the contra-lateral NT-AAV-2/9-injected eye was subtracted. As

Gd-DTPA has a molecular weight of 742 Da, we wished to

determine the size-selectivity of iBRB modulation, so we

perfused mice with a solution of microperoxidase (1881 Da).

Following retinal cryosectioning, microperoxidase was

observed to be confined in the retinal microvasculature with

suppression of claudin-5 (Fig 2G). Therefore, while the iBRB

was modulated to a molecule of 742 Da, the iBRB remains

impermeable to a molecule of 1881 Da. This phenotype

produced no adverse effects on the rod or cone isolated

electroretinogram (ERG) readouts of mice and importantly,

(Fig 2H) barrier modulation using CLDN5 AAV-2/9 produced no

signs of retinal oedema as assessed by high-resolution T-2-

weighted MRI analyses (Fig 2I).
EMBO Mol Med 3, 235–245 www.embomolmed.org
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Figure 1. Assessment of the efficacy of CLDN5

AAV-2/9.

A,B. The plasmid incorporating the inducible sys-

tem with claudin-5 shRNA (A) or a NT luci-

ferase shRNA (B) was cloned into the plasmid

pAAV-MCS, such as to incorporate L-ITR and R-

ITR. Abbreviations: tTS, tetracycline-inducible

transcriptional suppressor; b-globpA, beta-

globin promoter; pTRE-U6, Tet-responsive U6

promoter; f1 ori, f1 origin of replication; Amp,

ampicillin selection; pUC, pUC origin of repli-

cation. AAV-2/9 was then generated using a

triple transfection system in a stably trans-

fected HEK-293 cell line for the generation of

high-titre viruses. tTS is a fusion of the Tet

repressor and the Kid-1 KRAB-AB silencing

domain. In the absence of doxycycline, tTS

repressor binds to Tet operator (TetO)

elements in a modified polIII promoter (pTRE-

U6), inhibiting expression of claudin-5 (or NT

luciferase) shRNAs. In the presence of doxy-

cycline, tTS no longer binds to the promoter,

allowing expression of shRNA.

C. 3 weeks post-sub-retinal inoculation of 3ml of

5�1011 viral particles/ml of the NT AAV-2/9 or

CLDN5 AAV-2/9 and subsequent supplement-

ation in the drinking water of mice of 2 mg/ml

doxycycline with 5% sucrose.

D,E. Strong and significant suppression of claudin-

5 was observed at both the protein

(���p¼0.0005) and transcript level

(
�
p¼ 0.0218).

F,G. Qualitative assessment of claudin-5 expres-

sion in retinal flatmounts showed a continu-

ous and strong pattern of staining at the

endothelial cell margins in the microvascula-

ture of the retinas of mice injected with the NT

AAV-2/9. However, following sub-retinal

inoculation of the CLDN5 AAV-2/9, this pattern

of staining, while not completely ablated, was

discontinuous and fragmented, with large

immunoreactive precipitates of claudin-5

manifesting in the microvasculature.

H. Analysis of claudin-5 expression in retinal

cryosections of mice injected with the NT AAV

showed claudin-5 expression associated with

the microvessels of the retina, permeating as

far as the OPL (Arrows). Mice injected with the

CLDN5 AAV-2/9 showed a significant decrease

in expression and localization of claudin-5 in

each layer permeated by microvessels. Outer

nuclear layer (ONL), inner nuclear layer (INL),

IPL and GCL.
Systemic and stereotaxic injection of CLDN5 AAV-2/9

Systemic administration of CLDN5 AAV caused a phenotype

similar to that observed at the iBRB, and as expected also

manifested in increased permeability of Gd-DTPA across the

BBB correlated with suppression of brain capillary claudin-5

(Supplementary Fig 4). Moreover, a stereotaxic inoculation of

2ml of the CLDN5 AAV-2/9 (5� 1011 vp/ml) in the region of the

right hippocampus showed a localized and inducible BBB

modulation site-specifically when mice were supplemented with

doxycycline (2 mg/ml) in their drinking water. This localized

modulation of the BBB caused enhanced passive diffusion of Gd-

DTPA from the blood to the brain while causing no signs of

oedema formation. Specifically, dark contrasting observed in

the right hippocampus of Fig 3E was manifested as intensely

high-contrast blue in the pseudo-coloured image of Fig 3F. Each

of nine individual mice injected had significantly higher Gd-

DTPA contrasting in their right hippocampus compared to the

left (Supplementary Fig 5). Importantly, the inducibility of the
www.embomolmed.org EMBO Mol Med 3, 235–245
barrier modulating system was highlighted when doxycycline

was removed from the drinking water and no barrier

permeability was observed (Supplementary Fig 6).

Prevention of retinal degeneration using barrier modulation

We chose initially to use a mouse model of retinal degeneration

in order to assess the efficacy of neuronal barrier modulation

using CLDN5 AAV-2/9 to enhance delivery of an anti-apoptotic

agent to the retina. Light-induced retinal degeneration is a
� 2011 EMBO Molecular Medicine 237
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Figure 2. Phenotype assessment of CLDN5 AAV-2/9.

A. An AAV-2/9 with an eGFP reporter gene was injected sub-retinally in an adult C57/Bl6 mouse and 3 weeks post-injection, a retinal whole-mount showed the

pattern of transduction to be widespread (green).

B. Although transduction was observed throughout the retina, it was apparent that this transduction was heavily localized just to the neural retina (30–50%

transduction) at the site of injection (arrow and high magnification inset), with the entire RPE being transduced. There was no transduction of AAV-2/9

observed along the optic nerve.

C. High-magnification microscopy of retinal cryosections injected sub-retinally with the eGFP AAV-2/9 (green) in the region of neural retina transduction and

subsequent staining with a griffonia-simplicifolia isolectin-Alexa-568 (endothelial cell staining —red), showed the transduction efficiency of the AAV-2/9

serotype for endothelial cells.

D. Contrast-enhanced MRI showed extravasation of the MRI contrasting agent Gd-DTPA (MW 742 Da) in mice injected in the right eye with CLDN5 AAV-2/9, but

not in the left eye, injected with NT AAV-2/9, when animals were supplemented with the inducing agent doxycycline (2 mg/ml with 5% sucrose in their drinking

water) for 3 weeks post-injection. The inverted (LUT) image highlights the localized extravasation of Gd-DTPA in the right eye compared to the contra-lateral

control (arrows).

E. Both horizontal and sagittal MRI show the pattern of extravasation of Gd-DTPA localized to the site of sub-retinal inoculation but that Gd-DTPA permeates the

entire retina of the CLDN5 AAV-2/9-injected eye.

F. This extravasation was a consistent observation (���p¼0.0001) in all mice analysed (n¼9), with the background pixel intensity from the NT AAV-2/9-injected

eye being subtracted from the CLDN5 AAV-2/9-injected eye.

G. Retinal cryosections of CLDN5 AAV-2/9-injected mice perfused with microperoxidase (1881 Da) showed this tracer molecule to be confined within the retinal

microvasculature, without signs of extravasation (n¼ 4).

H. Rod and cone isolated ERGs showed typical ERG tracings expected 3 weeks post-sub-retinal injection and no differences between the NT AAV-2/9-injected eyes

and the CLDN5 AAV-2/9-injected eyes.

I. T-2-weighted coronal MRI analysis revealed no signs of retinal oedema in either NT AAV-2/9 or CLDN5 AAV-2/9 injected eyes (n¼9).
commonly used model to induce rapid photoreceptor cell death

and we have previously shown that siRNA-mediated suppres-

sion of claudin-5 allows for enhanced delivery of the potent

calpain inhibitor ALLM to the neural retina (Campbell et al,

2009). Calpain activity has been described as being central to

light-induced photoreceptor cell degeneration and to this end,

we injected albino BalB/c mice in their right eye with CLDN5

AAV-2/9 or in their left eye with a NT AAV-2/9. Again, mice
Figure 3. Systemic and stereotaxic injection of

CLDN5 AAV-2/9.

A. BBB modulation to Gd-DTPA was observed

throughout the brain and in the region of the

hippocampus, extravasation of Gd-DTPA was

manifested by dark contrasting in inverted LUT

MR images following systemic injection of AAV.

B. Western blot analysis in a capillary isolated

fraction of brain tissue showed suppression of

claudin-5 in CLDN5 AAV-2/9-injected mice

compared to NT AAV-2/9-injected mice.

C. An eGFP expressing AAV-2/9 was also injected to

identify the transduced region and showed effi-

cient transduction of cells within the hippo-

campus (green), with retrograde transport

observed in neuronal cells.

D. High-resolution T-2-weighted MRI showed no

signs of neuronal oedema at the site of injection.

E. Post-Gd-DTPA injection, enhanced contrasting

was observed within the hippocampus specifi-

cally at the site of injection.

F. Extravasation of Gd-DTPA at the side of injection

was highlighted in the pseudo-coloured image

(arrows).

G. Quantitative analysis of regions of interest in the

right hippocampus of individual mice were

assessed and compared to the contra-lateral

hippocampus. In each mouse analysed, there was a

significant enhancement of Gd-DTPA in the region

of the hippocampus injected with CLDN5 AAV-2/9.
www.embomolmed.org EMBO Mol Med 3, 235–245
were supplemented with the inducing agent doxycycline (2 mg/

ml) in their drinking water and 24 h prior to light ablation all

mice received an intraperitoneal (i.p.) injection of 20 mg/kg

ALLM prior to dark adaptation. ALLM has a molecular weight of

401 Da and is a potent inhibitor of calpain I (Ki¼ 120 nM),

calpain II (Ki¼ 230 nM), cathepsin-L (Ki¼ 0.6 nM), cathepsin-B

(Ki¼ 100 nM), and the proteasome. Following dilation of their

pupils, mice were then exposed to 7900 lux light for 2 h and 24 h
� 2011 EMBO Molecular Medicine 239
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Figure 4. Systemic drug delivery to the retina and inhibition of retinal degeneration.

A. Albino BalB/c mice were inoculated sub-retinally with either the NT AAV-2/9 in their left eye or the CLDN5 AAV-2/9 in their right eye. Mice were administered

2 mg/ml doxycycline in their drinking water for 3 weeks and 24 h prior to light ablation, they received an i.p. injection of 20 mg/kg ALLM. Mice were

subsequently exposed to 7900 lux light for 2 h and 24 h post-light exposure, retinal cryosections were analysed for end stage apoptotic/necrotic

photoreceptors by counting of TUNEL positive cells. Cell counts from the CLDN5 AAV-2/9-injected eyes and the corresponding NT AAV-2/9-injected eye were

expressed as a percentage of each other as each individual animal received identical light ablation in each eye. Significant protection of photoreceptor cells

was observed in the right eyes (CLDN5 AAV-2/9) of mice compared to the left eyes (NT AAV-2/9; ���p¼ 0.0006).

B. TUNEL positive cells were shown to be consistently localized in large numbers to the ONL of NT AAV-2/9-injected retinas compared to CLDN5 AAV-2/9-injected

retinas.

C. Extensive cleavage of the calpain substrate a-fodrin was observed in mice receiving the NT AAV compared to mice receiving the CLDN5 AAV with ALLM prior to

light ablation.

240
later, eyes were harvested and stained for DNA fragmentation

(TUNEL staining) for the identification of end stage dying

photoreceptor cells and in effect the assessment of retinal

degeneration. We observed up to 70% protection in the retinas

of mice injected with CLDN5 AAV-2/9 compared to the NT AAV-

2/9-injected retinas with i.p. injection of ALLM (Fig 4A and B).

This degree of retinal protection has been shown previously,

however, it was with intra-ocular injection of ALLM, in contrast

to the systemic mode of delivery used here (Sanges et al, 2006).

Systemic administration of anti-apoptotic agents in conjunction

with CLDN5 AAV-2/9 appears to be highly efficient in

preventing retinal degeneration. Moreover, decreases in cell

death was concomitant with a distinct decrease in the amount of

a-fodrin cleavage, a key substrate of calpain activity (Fig 4C).

Prevention of choroidal neovascularization using neuronal

barrier modulation

In order to assess the effects of enhanced delivery of

therapeutics for the treatment of CNV using CLDN5 AAV-2/9,

we chose to use a laser-induced model of CNV. This model
� 2011 EMBO Molecular Medicine
involves the use of a targeted and intense laser burn to the back

of the eye to cause a localized disruption of the RPE and Bruch’s

membrane. Localized increases in VEGF at the site of the laser

burn have previously been reported to cause a CNV-like lesion

and represent the best available animal model of the central

pathology associated with wet AMD (Sakurai et al, 2003).

Moreover, these lesions are extremely poorly perfused as

outlined in Fig 5A, with green fluroescence representing

perfused fluorescein isothiocyanate (FITC)-conjugated dextran

(FITC-dextran), while red staining represents the actual

endothelial cells of the CNV. To this end, we wished to

determine the effects of barrier modulation in tandem with

systemic treatment of two well characterized and clinically

relevant VEGF inhibitors, 17-AAG (MW: 585 Da; Sausville et al,

2003) and Sunitinib malate (Sutent1) (MW: 532 Da; Motzer

et al, 2007). Mice were administered a sub-retinal injection of

either CLDN5 AAV-2/9 in the right eye and a NT AAV-2/9 in the

left eye. Mice were subsequently treated with 2 mg/ml

doxycycline in their drinking water for 3 weeks prior to the

administration of targeted laser burns (three/eye) in each eye.
EMBO Mol Med 3, 235–245 www.embomolmed.org
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Figure 5. Inhibition of CNV using barrier modulation.

A. Mice perfused with FITC-dextran-200 (FD-200) prior to preparation of choroidal flatmounts, displayed poorly perfused lesions (green) at the site of the laser

burn when compared to the density of endothelial cells in the region stained with isolectin-Alex 568 (red).

B. C57/Bl6 mice were administered NT AAV-2/9 in their left eye and CLDN5 AAV-2/9 in their right eye with doxycycline supplementation (2 mg/ml) in their

drinking water for 3 weeks. CNV was induced with a targeted laser burn (140 mW, 100 mS, 50 mm spot size) in either the NT AAV-2/9 or CLDN5 AAV-2/9

injected eye and 4 days post-laser burn, mice were injected with 31.25 mg/kg 17-AAG i.p. Mice were injected again 4 days later. CNV volumes in the eyes of

mice receiving the CLND5 AAV-2/9 were significantly reduced when compared to the NT AAV-2/9 injected eyes (�p¼0.0189).

C. CNV formation in mice inoculated sub-retinally with CLDN5 AAV-2/9 were shown to be consistently reduced when compared to the NT AAV-injected eyes

(n¼ 5–7 mice per experimental group).

D. 17-AAG is a potent inhibitor of VEGFR-2 expression via the inhibition of hsp-90.

E. In the same manner as described above, mice were injected with 20 mg/kg Sunitinib malate (Sutent1) i.p. on days 4 and 8 post-laser burn and CNV volumes

were shown to be significantly reduced in CLDN5 AAV-2/9-injected mice compared to NT AAV-2/9 controls (�p¼ 0.0393).

F. Again, confocal Z-stack images showed consistently decreased CNV volumes in the CLDN5 AAV-2/9-injected eyes compared to the NT AAV-2/9-injected eyes.
All animals were assessed for CNV formation 14 days post-burn

and in the intervening period, animals received two i.p.

injections of either 17-AAG (31.25 mg/kg) or Sunitinib malate

(20 mg/kg). CNV volumes were assessed following removal of

the neural retina and staining of eyecups with a Griffonia-

simplicifolia isolectin-Alexa-568 molecule in order to stain
www.embomolmed.org EMBO Mol Med 3, 235–245
endothelial cells. Confocal scanning laser microscopy (CSLM)

was used to create Z-stacks of each CNV by assessing the

fluorescence in each layer of the CNV. These CNV’s were then

compiled into a 3D image and subsequently assessed using

dedicated Imaris1 software which will allow for the determina-

tion of both CNV area and, importantly, depth. We observed
� 2011 EMBO Molecular Medicine 241
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significant decreases in CNV volumes in CLDN5 AAV-2/9-

injected eyes with 17-AAG (Fig 5A and B) or Sunitinib malate

(Sutent1; Fig 5D and E) when these drugs were administered

systemically. Animals injected with 17-AAG also showed

significant decrease in expression of VEGFR-2 (Fig 5C).

Importantly, each CLDN5 AAV-2/9-injected eye was compared

to a contra-lateral NT AAV-2/9-injected eye so each eye

was exposed to identical quantities of active compound

(n¼ 5–7 mice/group).
DISCUSSION

In terms of the safety profile of using barrier-modulating

technology, we have seen very few differentially regulated genes

in neuronal tissues when claudin-5 is suppressed (Campbell

et al, 2009). It must also be considered that a relatively small

number of drugs can cause ocular complications when

administered systemically and, therefore, modulation of the

barriers could exacerbate such complications (Abdollahi et al,

2004). However, it must be stressed that these agents are

relatively few in number, are extremely well documented and

could easily be avoided by individuals receiving a sub-retinal or

stereotaxic inoculation of CLDN5 AAV-2/9.

CNV’s are very badly perfused and similar to the blood–

tumour barrier (Giannini et al, 2005), systemic drug treatment is

limited as active compound needs to be exposed to a large area

of tissue to be efficacious. Tet elements have also been used

previously in a long-term safety study in the retinas of macaques

and have shown to be an efficient and safe means to regulate

gene expression. Repeated induction of gene expression was

also observed for 2.5 years after initial injection (Stieger et al,

2006). Therapeutically, claudin-5 shRNA would be expressed

for very short periods of time and given that the half-life of

claudin-5 is approximated to be 30 h, the barrier would reform

once shRNA expression is prevented upon removal of

doxycycline. Given the lack of impact on retinal electrophysiol-

ogy and retinal histology, it is highly unlikely that shRNA is

expressed in sufficient quantities to interfere with the

endogenous miRNA pathways. Indeed, miRNA are involved

in the control of expression of up to 30% of genes and from a

previous microarray study (Campbell et al, 2009), we have

observed very few differentially regulated genes when claudin-5

is suppressed using siRNA. Moreover, we have observed no up-

regulation of IL12 or RANTES expression in the neural retinas of

mice administered NT AAV-2/9 or CLDN5 AAV-2/9, demon-

strating that innate immune system activation is not an issue

with this method of delivery (Supplementary Fig 6).

Although doxycycline has previously been reported to cause

up-regulation in systemic PEDF levels and subsequent decreases

in CNV volumes (Samtani et al, 2009), we have controlled for

this using the NT AAV-2/9-injected contra-lateral eye. More-

over, the levels of doxycycline used in this study (2 mg/ml with

5% sucrose in drinking water) to induce claudin-5 shRNA

expression are well below that used to prevent CNV formation

alone. All evidence to date indicates that AAV infection of

neuronal tissues is long lasting or may even be permanent and,
� 2011 EMBO Molecular Medicine
hence, repeated injections of this inducible barrier-modulating

agent should not be required (Bainbridge et al, 2008; Hauswirth

et al, 2008; Maguire et al, 2008). Indeed, endothelial cells of the

iBRB and BBB, while possessing high-turnover rates and

replication potential do not in fact undergo nuclear division,

and AAV transduction should persist long-term following one

injection. In this regard, CLDN5 AAV-2/9 used in conjunction

with known anti-neovascular agents such as 17-AAG or

Sunitinib malate could form the basis of a novel and pre-

emptive therapeutic strategy for wet AMD. Indeed, the levels of

active compound that would be needed would be far less than

that currently used for these drugs and this would apply to other

molecules with proven efficacies in treating molecular pathol-

ogies associated with other neurodegenerative conditions. The

method described here has distinct advantages over BBB

disruption using ultrasound or mannitol in that it is size-

selective to low-molecular weight molecules (Muldoon et al,

1995; Yang et al, 2010). The two methods outlined above are not

size-selective and will allow for extravasation of plasma

constituents such as albumin or IgG. Moreover, the use of

intra-carotid administered mannitol, which is used clinically to

break down the BBB for drug delivery in Glioblastoma

multiforme (GBM) treatment, can induce severe seizures in

patients and is neither size-selective nor short-term, with effects

being manifested for days after the infusion (Neuwelt et al,

1986). A direct comparison of mannitol infusion and AAV-

mediated barrier modulation was not performed during the

course of this study given the disparity between the two

approaches. Mannitol infusion causes global BBB disruption, for

short periods of time, and this is neither size-selective, nor is it

localized to distinct neuronal regions. Our AAV approach allows

for periodic and localized barrier modulation specifically at the

site of injection of the virus and has been designed in such a way

that barriers only become reversibly permeable to low-

molecular weight material. While the use of mannitol has been

described in relation to attempts to improve access of cytotoxic

drugs to the brain for treatment of GBM, its administration must

be performed under highly specialized surgical conditions and it

cannot be used for chronic conditions such as those described

here in view of the fact that repeated administration may

produce abnormal neurological and renal side-effects (Helmy

et al, 2007).

While further GLP/GMP grade safety/toxicology studies

mandated for experimental systems such as that described

here are currently on-going, to date, the AAV-2/9 barrier

modulating system for systemic drug delivery of therapeutics

appears safe, tolerable and represents a novel form of chronic

preventative therapy. Indeed, this system may now have a very

broad range of applications for other neurodegenerative

conditions that could be amenable to small molecule ther-

apeutics. We have established that enhanced delivery of anti-

neovascular and anti-apoptotic compounds following reversible

modulation of the iBRB provides a direct proof of principle of an

AAV-mediated system for inducible neuronal barrier modula-

tion in human subjects. The short periods of time during which

shRNAs are sequentially expressed will reduce any negative

effects that could be induced by their permanent expression
EMBO Mol Med 3, 235–245 www.embomolmed.org
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within the retina. We have also demonstrated that the system

can be readily adapted to the brain microvasculature, allowing

in principle, localized and inducible modulation of any distinct

region of the brain inoculated with the virus. We anticipate that

inducible suppression of claudin-5 in humans will represent an

attractive avenue for controlled delivery of low-molecular

weight therapeutics currently deemed unusable as they do not

cross the neuronal or retinal blood barriers. In the case of AMD,

the initial target here (AMD is the most prevalent cause of

blindness in the developed world) (deJong, 2006; Seddon et al,

2006; Tan et al, 2008; The Eye Disease Prevalence Group, 2004),

it is envisioned that a human therapeutic regime would

involve delivery to the endothelial cells of the inner retina of

an AAV vector expressing an inducible claudin-5 transcript

inhibitory system. More generally, this technology represents a

fundamental platform for drug delivery protocols in a wide

range of neurodegenerative conditions where the BBB can be

similarly modulated.
MATERIALS AND METHODS

Animal and experimental groups

All studies carried out in the Ocular Genetics Unit in TCD adhere to the

ARVO statement for the use of Animals in Ophthalmic and Vision

Research. Mice were originally sourced from Jackson Laboratories and

bred on-site at the Ocular Genetics Unit in TCD.

AAV production

shRNAs designed to target transcripts derived from mouse claudin-5

were incorporated into AAV-2/9 vectors. shRNA was cloned into the

pSingle-tTS-shRNA (Clontech) vector. The plasmid incorporating the

inducible system with claudin-5 shRNA was digested with BsrBI and

BsrGI and ligated into the Not1 site of the plasmid pAAV-MCS, such as

to incorporate left and right AAV inverted terminal repeats. (L-ITR and

R-ITR). AAV-2/9 was then generated using a triple transfection system

in a stably transfected HEK-293 cell line for the generation of high-

titre viruses (Vector BioLabs; Tam et al, 2008 and 2010; Chadderton

et al, 2009; O’Reilly et al, 2007).

Sub-retinal AAV injection

Sub-retinal injections were carried out in compliance with the ARVO

statement for the use of animals in ophthalmic and vision research.

Stereotaxic injection of AAV in mice

Using stereotaxic co-ordinates of the mouse brain, high-titre inducible

AAV particles containing claudin-5 shRNA were injected into the

hippocampus of the mouse brain (2.5mm posterior and 1.0mm

lateral to bregma and 2.2mm depth) using a hamilton syringe at a

rate of 0.1ml/min over a 10min period.

Murine models of choroidal neovascularization

CNV, in which the vascular bed proliferates into the retina, mimicking

neovascular AMD, was induced in mice using a green 532nm Iridex

Iris laser (532 nm, 140mW, 100mS, 50mm spot size, three spots/eye)

incorporating a microscopic delivery system as described previously.

Following administration of laser burns, mice were returned to their
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cages and each injected i.p. on days 4 and 8 post-laser burn with

either 20mg/kg Sunitinib malate (Sutent1) or 31.25mg/kg 17-AAG.

Mice were sacrificed 14 days post-experiment and the neural retina

was removed. Eye-cups were cut radially and fixed for 2 h at room

temperature with 4% PFA (pH 7.4). Eye-cups were then incubated

with a Griffonia-simplicifolia-isolectin-Aleax-568 molecule (1:300)

overnight at 48C. Eye-cups were washed three times with PBS and

flatmounted on a glass slide using aqua-polymount. CNV’s were

assessed by confocal microscopy and Imaris1 7.0 (Bitplane Scientific

Software).

Western blot analyses

Protein was isolated from total retinal tissue by homogenizing in lysis

buffer containing 62.5mM Tris, 2% SDS, 10mM dithiothreitol, 10ml

protease inhibitor cocktail/100ml (Sigma–Aldrich, Ireland). The

homogenate was centrifuged at 10,000� g for 20min at 48C, and

the supernatant was removed for claudin-5 analysis (Campbell et al,

2009). Antibodies for Western blots were as follows: polyclonal rabbit

anti-claudin-5 (Zymed Laboratories, San Francisco, CA) (1:500) and

polyclonal rabbit anti-b-actin (Abcam, Cambridge, UK) (1:1000),

mouse monoclonal anti-a-fodrin (Enzo Life Sciences) and VEGFR-2

(Abcam). Membranes were washed with TBS and incubated with a

secondary anti-rabbit (IgG) antibody with horseradish peroxidase

(HRP) conjugates (1:2500; Sigma–Aldrich), or anti-mouse (IgG)

(1:1000; Sigma–Aldrich), for 3 h at room temperature. Immune

complexes were detected using enhanced chemiluminescence (ECL).

All Western blots were repeated a minimum of three times.

Real-time RT-PCR analysis

RNA was analysed by real-time RT-PCR using a Quantitect Sybr Green

Kit as outlined by the manufacturer (Qiagen–Xeragon) under the

following conditions: 508C for 20min; 958C for 15min; 38 cycles of

948C for 15 s, 578C for 20 s, 728C for 10 s. Primers (Sigma–Genosys,

Cambridge, UK) for the sequences amplified were as follows CLDN5

(Fo rwa rd 5 0-TTTCTTCTATGCGCAGTTGG-3 0 , R e ve r s e 5 0-

GCAGTTTGGTGCCTACTTCA-30), b-actin (Forward 50-TCACCCA-

CACTGTGCCCATCTA-30 , Reverse 50 CAGCGGAACCGCTCATTGCCA-30).

IL12p40 (Forward 50-CCACTTGGCCTTATGCTGTT-30 , Reverse 50-TTGCA-

TAATAGGGCCTGGTC-30).

MRI analyses

Following AAV-mediated inducible RNAi of claudin-5, mice were

analysed using a dedicated small rodent 7 T MRI system located at the

Trinity College Institute of Neuroscience (TCIN), Dublin, Ireland

(www.neuroscience.tcd.ie/technologies/mri.php). Mice were anesthe-

tized with 3% isofluorane and maintained under sedation using 1%.

For full MRI method, see SI text.

Indirect immunostaining of retinal flatmounts and retinal

cryosections

Following fixation of eyes with 4% Paraformaldehyde (pH 7.4) for 4 h

at room temperature and three subsequent washes with PBS, retinal

cryosections were blocked with 5% normal goat serum (NGS) in PBS

for 20min at room temperature. Rabbit anti-Claudin-5 (Zymed), was

incubated on sections overnight at 48C. Secondary rabbit IgG-Cy3,

(Jackson-Immuno-research, Europe) antibodies were incubated with

the sections at 378C for 2 h followed by three washes with PBS. All
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The paper explained

PROBLEM:

Up to 98% of systemically deliverable low-molecular weight

drugs, many of which could be used in treatment and prevention

of the world’s most common neurodegenerative and vision-

threatening disorders, are not in current clinical use because they

cannot cross the so-called BBB and iBRB.

RESULTS:

We have developed an AAV-2/9 vector, expressing an inducible

shRNA designed to downregulate transcripts encoding claudin-5,

a tight junction protein expressed in the brain and retinal

microvasculatures. The AAV-2/9 vector was sub-retinally inocu-

lated into the retinas of mice or stereotaxically injected into

distinct regions of the brain. Subsequent treatment of inoculated

mice with the inducing agent doxycycline turns on the genetic

machinery that down-regulates claudin-5. Stopping doxycycline

treatment shuts off the system. In this way, the iBRB and the BBB

can be exclusively modulated—temporarily and reversibly—to

allow passive diffusion of small molecules from the blood into the

neural retina or brain.

IMPACT:

This form of therapy, using the inducible AAV-2/9 system, has the

potential to be developed for use in humans, using one or more of

a wide range of EMEA/FDA-approved anti-neovascular drugs in

the case of wet AMD and a range of neuroprotective and anti-

apoptotic agents for numerous other conditions with little or no

current forms of therapy.
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sections were counterstained with DAPI for 30 s at a dilution of

1:5000 of a stock 1mg/ml solution. Analysis of stained sections was

performed at room temperature with an epifluorescence microscope

(Zeiss Axioplan 2, Oberkochen, Germany) or confocal laser scanning

microscopy (Olympus FluoView TM FV1000).

ERG analysis of mice

C57/Bl6 mice injected with wither a NT AAV-2/9 or a CLDN5 AAV-2/9

were dark-adapted overnight and prepared for electroretinography

under dim red light. Pupillary dilation was carried out by instillation of

1% cyclopentalate and 2.5% phenylephrine. Animals were anesthe-

tized by i.p. injection of ketamine (2.08mg/15 g body weight) and

xylazine (0.21mg/15 g body weight). Standardized flashes of light

were presented to the mouse in a Ganzfeld bowl to ensure uniform

retinal illumination. The ERG responses were recorded simultaneously

from both eyes by means of gold wire electrodes (Roland Consulting

Gmbh) using Vidisic (Dr Mann Pharma, Germany) as a conducting

agent and to maintain corneal hydration.

Light ablation of albino BalB/c mice

Mice were injected in their left eye with a NT AAV-2/9 or in their right

eye with a CLDN5 AAV-2/9 virus. During the 3 weeks period when

mice were supplemented in their drinking water with 2mg/ml

doxycycline/5% sucrose, animals were kept in cyclic light (12 h light

and 12h dark; 60 lux) prior to all experimentation. 24 h prior to light

ablation, mice received ALLM i.p. (20mg/kg) (Calbiochem, Germany)

and were subsequently dark adapted for 24 h before being exposed to

constant light.

TUNEL analysis

Eyes from mice injected with either the NT AAV-2/9 or the CLDN5 AAV-

2/9 were fixed in 3.5% formaldehyde for 4 h followed by three washes

in PBS. Eyes were cryoprotected using a sucrose gradient (10–30%

sucrose in PBS), and subsequently 12mm sections were cut using a

cryostat. To detect cell death, sections were then incubated with
� 2011 EMBO Molecular Medicine
staining mix (in situ cell death detection kit, TMR red, Roche) according

to manufacturer’s instructions.
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