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Abstract
Pancreatic islet transplantation into the anterior chamber of the eye (ACE) has been shown to improve glycemic control 
and metabolic parameters of diabetes in both murine and primate models. This novel transplantation site also allows the 
delivery of therapeutic agents, such as immunosuppressive drugs, locally to prevent islet graft rejection and circumvent 
unwanted systemic side effects. Local intravitreal administration of micronized dexamethasone implant was performed prior 
to allogeneic islet transplantation into the ACEs of non-human primates. Two study groups were observed namely allogeneic 
graft without immunosuppression (n = 4 eyes) and allogeneic graft with local immunosuppression (n = 8 eyes). Survival of 
islet grafts and dexamethasone concentration in the ACE were assessed in parallel for 24 weeks. Allogeneic islet grafts with 
local dexamethasone treatment showed significantly better survival than those with no immunosuppression (median survival 
time- 15 weeks vs 3 weeks, log-rank test p<0.0001). Around 73% of the grafts still survived at week 10 with a single local 
dexamethasone implant, where the control group showed no graft survival. Dexamethasone treated islet grafts revealed 
a good functional response to high glucose stimulation despite there was a transient suppression of insulin secretion from 
week 8 to 12. Our findings show a significant improvement of allografts survival in the ACE with local dexamethasone 
treatment. These results highlight the feasibility of local administration of pharmacological compounds in the ACE to improve 
islet graft survival and function. By eliminating the need for systemic immunosuppression, these findings may impact clinical 
islet transplantation in the treatment of diabetes, and the ACE may serve as a novel therapeutic islet transplantation site with 
high potential for local pharmacological intervention.
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non-human primates, islet transplantation, anterior chamber of the eye, intra-ocular transplant, dexamethasone, local 
immunosuppression
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Introduction

Pancreatic islet transplantation has been shown to improve 
glycemic control, insulin dependency, severe hypoglycaemia 
unawareness, and increase plasma C-peptide levels in type-1 
diabetic (T1DM) patients, thereby improving quality of life1–7. 
It was also shown to improve type-2 diabetic (T2DM) condi-
tions in our previous study in a high-fat diet induced type-2 
diabetic non-human primate (NHP) model8. Currently, intra-
ocular islet transplantation is being evaluated in Phase I clin-
ical trial. Among different islet transplantation sites, the 
anterior chamber of the eye (ACE) offers a unique confined 
oxygen-rich and immune-privileged space which prevents 
transplanted islets from being immediately destroyed. 
However, the immune privilege is disrupted once vasculari-
sation occurs, which allows the host immune cells to interact 
with the graft directly. We have previously shown that trans-
plantation of pancreatic islets into the ACE is feasible and 
efficacious in T1DM and T2DM pre-clinical models using 
systemic immunosuppression8–11.

Like other organ transplantations, immunosuppression is 
necessary simultaneously with pancreatic islet transplanta-
tion to alleviate the host's T-cells mediated responses and 
inflammatory reactions that ultimately contribute to graft 
rejection. Lifelong immunosuppression treatment is often 
needed to reduce tissue rejection and thereby maintaining the 
grafts12. However, undesirable side effects of systemic 
immunosuppressive drugs and stringent criteria to receive 
the islet transplant have been a hurdle in the islet transplanta-
tion field. Complications of long-term systemic immunosup-
pression include susceptibility to infection, renal dysfunction, 
and increased risk of cancer, not to mention that most of the 
immunosuppressive agents have negative effects on islet 
graft’s function13. These adverse effects represent a signifi-
cant barrier to the widespread use of pancreatic islet trans-
plantation to manage insulin deficiency in diabetes. Hence, 
there is a call for strategies to avoid the necessity of systemic 
immunosuppression. One potential solution is the use of 
local immunosuppression at the site of transplantation to pre-
vent graft rejection. Nonetheless, the success of local deliv-
ery of immunosuppressive drugs is critically dependent on 
the anatomy and accessibility of the transplantation site. In 
this context, the ACE offers high feasibility to use local ther-
apeutic approaches to circumvent the immunogenic attacks 
upon the transplanted islets.

In addition, local delivery of anti-inflammatory and 
immunosuppressive drugs has been successfully used in 
ophthalmology to treat eye diseases, including uveitis, cor-
nea graft rejection, and macular oedema. Dexamethasone, a 
potent glucocorticoid, is one of the commonly used com-
pounds14. Furthermore, dexamethasone was shown to sup-
press inflammatory reactions and host immune responses to 
the allogeneic pancreatic islet grafts. It was reported that 
allogeneic islets transplanted together with dexamethasone 
scaffolds locally in the omentum and epididymal fat pad 

showed improved engraftment and survival of the islets in 
murine models15–17. In the present study, we used a sustained-
release dexamethasone implant (Ozurdex, Allergan, Dublin, 
Ireland) for intravitreal injection, manufactured from a 
water-soluble biodegradable copolymer of lactic acid and 
glycolic acid. It was approved for the treatment of non-infec-
tious uveitis, macular oedema arising from diabetic eye dis-
eases and retinal vein occlusion, and the outcomes from the 
clinical trials showed an efficacy for up to 4 months18.

From our previous studies, we reported that intraocular 
syngeneic and autologous islet grafts could be maintained 
for several months without deterioration in the absence of an 
immunosuppression regime9,19,20. On the other hand, alloge-
neic islet grafts showed a marked deterioration after a few 
weeks of transplantation, especially once vascularisation 
takes place, validating that the ACE is also prone to alloge-
neic reactions21–23. As a proof-of-concept study, we used an 
intravitreal dexamethasone implant to evaluate the efficacy 
of local immunosuppression to alleviate allograft deteriora-
tion in this novel islet transplantation site, the ACE of a NHP 
model.

Material and Methods

Research Design and Animals

A total of seven cynomolgus non-human primates (Macaca 
fascicularis; around 20 years old, male, 5–7 kg) were enrolled 
in this study. The monkeys received allogeneic pancreatic 
islet transplantations and were divided into two study groups, 
that is, the control group with no immunosuppression (n = 4 
eyes; 3 monkeys) and local immunosuppression using dexa-
methasone implant (n = 8 eyes; 4 monkeys). All monkeys 
were healthy without any metabolic disorders. The animals 
were housed in 2-in-1 tier cages in compliance with the 
guidelines of National Advisory Committee for Laboratory 
Animal Research (NACLAR). Enrichment toys, supplemen-
tary fruits, and ad libitum water were provided throughout 
the experiment. Health checks and infection screenings were 
done bi-annually. The animals were anesthetized using intra-
muscular ketamine and isoflurane gas at 3% to 5% for induc-
tion and 1% to 2% for maintenance during the experiments 
to alleviate pain and discomfort. Vital signs such as heart 
rate, respiratory rate, and body temperature were monitored 
throughout the procedures. Pre-operative and post-operative 
care were provided accordingly. All the experiments were 
carried out in accordance with approved protocols (2018/
SHS/1418) and guidelines of the Institutional Animal Care 
and Use Committee (IACUC) of SingHealth, Singapore.

Pancreatic Islet Isolation and Transplantation

Pancreatic islets were isolated from the whole pancreas of a 
healthy donor NHP procured by total pancreatectomy. The 
pancreas was flushed and stored in chilled UW solution until 
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islet isolation. The pancreas was perfused with Liberase 
enzyme (Roche, Basel, Switzerland) via the pancreatic duct. 
The pancreas was further cut into pieces and transferred into 
a Ricordi Chamber (Biorep Technologies, Florida, USA), 
where the pieces were agitated manually to facilitate the sep-
aration of islet cells from the exocrine matrix. The pancreatic 
islets were then purified by a non-continuous gradient sepa-
ration method using Ficoll gradients (Corning, Arizona, 
USA). The isolated islets were cultured in supplemented 
CMRL media (Gibco, Thermo Fisher, Massachusetts, USA) 
and transduced for 24 hours with adeno-associated virus-1 
(AAV-1) with cytomegalovirus (CMV) promoter-driven 
expression of enhanced green fluorescent protein (EGFP). 
Around 100 islets were incubated in 2 ml of CMRL media 
with 5 µl of AAV1-CMV.EGFP (Addgene, Massachusetts, 
USA). The transduced islets were verified under a fluores-
cence microscope (SP8, Leica, Germany) for EGFP fluores-
cence before transplantation. A small self-sealing incision 
was made on the clear cornea, 3 mm away from the cornea-
sclera junction, and around 50 islets were transplanted into 
the ACE of each monkey as previously described8. A 0.5 ml 
bolus dose of sub-conjunctival dexamethasone (4 mg/ml; 
DBL, Pfizer, New York, USA) injection was given immedi-
ately after the transplantation. Periodic images of whole 
irises were taken across 24 weeks using an upright fluores-
cence microscope to monitor islet graft survival. Islet grafts 
that lost fluorescence were considered as graft rejections.

Local Application of Sustained-Release 
Dexamethasone Pellet

There was no systemic immunosuppression used in these 
experiments. A local injection of 700 µg of micronized dexa-
methasone pellet (Ozurdex, Allergan, Dublin, Ireland) was 
given via intravitreal route 3 days before islet transplantation 
to 4 of the monkeys (n = 8 eyes). The peri-ocular region was 
sterilized with half-strength povidone-iodine followed by a 
physiological saline wash. A self-sealing puncture wound 
was made 2 mm behind the limbus area using a 22G needle 
attached to an applicator loaded with a dexamethasone pel-
let. The pellet was then injected into the vitreous space at the 
superior portion of the eyeball. Aqueous humor from the 
ACE and peripheral plasma were collected at pre-determined 
time points and used to measure local and systemic levels of 
dexamethasone.

Measurement of Intraocular Pressure

The monkey was anesthetized using an intramuscular ket-
amine (10 mg/kg) and placed in a supine position. One drop 
of 0.5% Alcaine eyedrop (Alcon, Geneva, Switzerland) was 
applied onto the cornea. A handheld Tono-Pen AVIA Vet 
Veterinary Tonometer (Reichert Technologies, Depew, NY, 
USA) was used to measure the intraocular pressure in both 

eyes. A total of 6 measurements were taken for each eye at 
each timepoint and mean intraocular pressure was reported.

Quantification of Dexamethasone Level Locally 
and Systemically

The levels of dexamethasone in the aqueous humor at 
weeks 0, 4, 8, 12, 15, 18, 21, and 24 (local distribution) and 
the plasma at weeks 0, 4, 8, 12, 15, and 21 (systemic distri-
bution) were analyzed using a high-performance liquid 
chromatography-tandem mass spectrometry (LC-MS/MS) 
Shimadzu LCMS-8040 system (Shimadzu Corp., Japan) in 
multiple reaction monitoring (MRM) mode. Hydrocortisone 
was used as an internal standard. Samples of 10 µl (both 
aqueous and plasma) were injected at a flow rate of 0.8 mL/
min into the Gemini NX-C18 100 mm x 3 mm cartridge 
with a C18 security guard cartridge. The mobile phase con-
sisted of filtered 5 mM Ammonium Acetate as solvent A 
and Acetonitrile as solvent B. The linear range of the test 
was 2.5 to 100 ng/mL. Values lower than 2.5 ng/mL were 
extrapolated values.

Functional Assays

For the assessment of islet graft function, C-peptide levels in 
the aqueous humor collected at weeks 0, 4, 8, 12, 15, 18, and 
24 were determined using an ultrasensitive C-peptide ELISA 
kit (Mercodia, Uppsala, Sweden). To evaluate the glucose-
stimulated insulin secretion of the grafts, the engrafted islets 
were dissected out together with a small portion of surround-
ing iris tissue after enucleating the eyeballs. The extracted 
islet grafts were incubated at 3 mM glucose followed by 11 
mM glucose at 37°C, and the supernatants collected from 
both conditions were used to measure the amount of insulin 
released using an insulin ELISA kit (Mercodia, Uppsala, 
Sweden). Since the number of islets transplanted was small 
in this study, we did not measure the systemic insulin or 
C-peptide level as we did not expect a significant change in 
the circulation.

Immunofluorescence Staining of Islet Grafts

The enucleated eyeballs were fixed in 4% paraformaldehyde 
solution, cryo-sectioned into 10 µm thick sections and 
mounted on polylysine coated slides. The slides were then 
blocked in 4% bovine serum albumin (Sigma-Aldrich, 
Merck, Darmstadt, Germany) followed by overnight incuba-
tion with primary antibodies specific for insulin (Dako, 
Agilent, California, USA), glucagon (Santa Cruz, Texas, 
USA) and somatostatin (Chemicon, Merck, Darmstadt, 
Germany) to stain the different islet cell populations, that is, 
beta, alpha, and delta cells. The sections were then incubated 
with secondary antibodies (Alexa Fluor, Invitrogen, Thermo 
Fisher Scientific, Oslo, Norway) and mounted in an anti-fade 
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medium (ProLong Glass Antifade Mountant, Invitrogen, 
Thermo Fisher Scientific, Oslo, Norway). The sections were 
also stained with CD4+ and CD8+ specific antibodies (BD 
Biosciences, California, USA) to determine direct evidence 
of T-cell mediated immune destruction to the allografts.

Statistical Analysis and Graphical Illustrations

Pancreatic islet graft survival was assessed by counting the 
number of fluorescence positive islets on the iris. Kaplan-
Meier survival curves were constructed using GraphPad 
Prism version 6.03 (GraphPad Software, San Diego, 
California, USA, www.graphpad.com) to determine the effi-
cacy of local dexamethasone treatment on graft survival in 
allogeneic islet transplantation. A log-rank test was calcu-
lated on the Kaplan-Meier survival curves, and a P-value of 
less than 0.05 was considered significant. Curves for graft 
survival, C-peptide levels in the aqueous humor, glucose-
stimulated insulin secretion (GSIS), dexamethasone levels 
in the aqueous humor and plasma were generated using 
GraphPad Prism software.

Results

Pancreatic Islet Transplantation

After 24 hours post-transduction with the CMV-EGFP 
encoding AAV-1 vector, the transduced islets showed green 
fluorescence when excited with 488 nm light. In a few cases, 
islets aggregated with each other and resembled big islets on 
the irises of some of the monkeys. The transplanted islets 
engrafted well, and apparent revascularisation was seen from 
3 weeks after transplantation (Supplemental Fig. S1). 
Fluorescence from the engrafted islets was observed on the 

irises of the monkeys and was used to determine graft sur-
vival (Fig. 1). No complications such as uveitis, cataract for-
mation, endophthalmitis, or infection were noted in the 
transplanted eyes. We found that 2 eyes out of 8 eyes treated 
with dexamethasone implant showed a transient rise of IOP 
to 20 to 25 mmHg from week 8 to week 18, which subse-
quently dropped back to less than 20 mmHg (Supplemental 
Fig. S2). It was expected as a long-term dexamethasone 
implant was shown to be associated with increased intraocu-
lar pressure24,25. No IOP lowering agent was administered to 
avoid influence on the experimental outcomes.

Islets Survived for Up to 6 Months After a Single 
Dose of Dexamethasone Treatment

After transplantation, islet survival was assessed at pre-
determined time points (1, 2, 3, 4, 6, 8, 10, 12, 15, 18, 21, and 
24 weeks) (Fig. 2A). At week 3, 37.5% of the allogeneic 
islets without immunosuppression treatment survived, 
whereas the islets treated with local dexamethasone showed 
no deterioration. Without immunosuppression, only 8.3% of 
the islet grafts were accounted for at week 8, followed by 
complete destruction by week 10. On the other hand, it was 
observed that up to week 5, only a minor destruction of the 
islet grafts (95% survival) occurred in the local dexametha-
sone treated group. Around 73% of the treated islets were 
observed at week 10, where in contrast, the control group 
showed zero survival. Noteworthy, allogeneic islets trans-
planted under conditions with local dexamethasone treat-
ment showed a significantly better survival (median survival 
time- 15 weeks vs 3 weeks, log-rank test P < .0001) com-
pared to allogeneic control islets without any immuno-
suppression (Fig. 2B). With a single dexamethasone pellet 

Figure 1. Survival of allogeneic pancreatic islet grafts. Green fluorescent protein expressing pancreatic islet grafts can be seen on 
the monkey iris. Allogeneic islet grafts survived longer with local immunosuppression treatment (up to week 24) compared to no 
immunosuppression (up to week 10). Islets are indicated with white arrows.

www.graphpad.com
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injection, around 20% of the treated islet grafts remained at 
24 weeks after transplantation.

Dexamethasone Was Present in the Aqueous 
Humor and Plasma

Dexamethasone was detected in the aqueous humor at week 
4 (2.57 ± 0.67 to 13.63 ± 0.99 ng/mL), with a peak concen-
tration at week 8 (15.55 ± 2.19 to 89.18 ± 9.65 ng/mL) and 
started to decline from week 12 (0.92 ± 0.3 to 10.31 ± 0.17 
ng/mL). Dexamethasone was no longer detected from week 
15 onwards in the aqueous humor. A small amount of dexa-
methasone was detected in the plasma (1.28 ± 0.48 to 3.3 ± 
0.46 ng/mL) at week 8 in all monkeys that received local 
dexamethasone implants. One monkey (NHP3) demonstrated 
a sustained level of dexamethasone (1.24 ± 0.27 ng/mL) in 
the systemic circulation at week 12 (Fig. 3).

Intraocular Islets Were Functional With Local 
Dexamethasone Treatment

A dynamic pattern of C-peptide levels was detected in the 
aqueous humor throughout the experimental period, with a 
transient dive between weeks 8 and 12. This same period 
coincided with the highest dexamethasone level detected in 
the aqueous humor, suggesting that dexamethasone may 
have a transient and reversible suppressive effect on insulin 
secretion. C-peptide levels recovered from week 12 onwards 
(Fig. 4A). The GSIS assay showed a good insulin secretion 
index of 3.04 ± 0.33 in response to high glucose stimulation 
in 2 irises with islet grafts surviving at week 24 (Fig. 4B).

Local Dexamethasone Delayed T-Cells Mediated 
Graft Destruction

All components of the islet, that is, alpha, beta, and delta 
cells, were still present in the islets from NHP3 OS (Oculus 
Sinister, left eye) that were surviving at the end of the experi-
ment at week 24. The islets that died off just before the exper-
imental endpoint (NHP1 OS) showed remaining alpha cells 
and delta cells, suggesting that the beta cells were more sensi-
tive to the immune reactions (Fig. 5A). Immunostaining of 
the grafts showed that there was focal involvement of CD4+/
CD8+ (46%/54%) T-cells in the islets that were still surviving 
at week 24 (NHP3 OS, Fig. 5B), suggesting that local dexa-
methasone treatment delayed T-cell infiltration into the islet 
grafts, a key process of allogeneic immune destruction.

Discussion

Our findings emphasize the feasibility of confined anti-
inflammatory or immunosuppression treatment for the pres-
ervation of pancreatic islet allografts in the ACE of a NHP 
model, a surrogate for humans. Allogeneic islet grafts in the 
dexamethasone milieu survived significantly longer than 
those in the absence of immunosuppression. Immune spe-
cific staining of the grafts showed that local treatment with 
dexamethasone delayed T-cell mediated destruction of the 
allogeneic islet grafts (Fig. 5B).

Local anti-inflammatory or immunosuppression treat-
ment is an attractive alternative approach to a systemic route 
in organ transplantation, as the latter involves several com-
plications and causes undesirable long-term side effects in 

Figure 2. Pancreatic islet graft survival curves. (A) Islet graft survival in the individual eyes. Islet grafts in the anterior chamber of the 
eye without immunosuppression treatment (Control) deteriorated faster than grafts with local dexamethasone treatment. (B) Kaplan-
Meier survival curves of the allogeneic islet grafts (local dexamethasone treatment, blue, n=8 eyes vs no treatment, red, n=4 eyes); Graft 
survival is significantly longer in the local dexamethasone-treated group (log-rank, P<0.0001), compared to no immunosuppression 
treatment (median survival time - 15 weeks vs 3 weeks). OS: Oculus Sinister, left eye; OD: Oculus Dexter, right eye.
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Figure 4. Functional assays of islet grafts. (A) C-peptide levels in the aqueous humor of individual eyes. (B) GSIS (Glucose stimulated 
insulin secretion assay). Islets were incubated at 3 mM and 11 mM glucose solution to measure insulin secretion in response to glucose 
stimulation. There was an insulin secretion index of 3.04. Insulin response showed in 2 out of 2 irises surviving till end of the experiment 
(Values are in means ± SD). OS: Oculus Sinister, left eye; OD: Oculus Dexter, right eye.

Figure 3. Dexamethasone level in the aqueous humor and plasma. Dexamethasone level was highest at week 8 in both aqueous and 
plasma (Values are in means ± SD). The inset shows dexamethasone level in the plasma of each monkey. OS: Oculus Sinister, left eye; 
OD: Oculus Dexter, right eye.



Tun et al 7

patients13. However, the feasibility of local immunosuppres-
sion treatment depends on the nature of the transplantation 
site. The traditional site for islet transplantation, namely the 
portal vein of the liver, is not feasible for local confined 
immunosuppression treatment. Alternative sites feasible for 
confined local immunosuppression are subcutaneous space, 
epididymal fat pad, omentum, and anterior chamber of the 
eye. Skin and subcutaneous space is attractive for its poten-
tial of accessibility for re-transplantation and routine graft 
biopsy. Nonetheless, because of its hypo-vascularity and 
poor oxygenation in nature, creation of pre-vascularised 
space for the islets is needed to improve graft survival26–31. 
By encapsulating the islets in biocompatible immunomodu-
latory materials such as basic fibroblast growth factor aga-
rose rods and Islet Viability Matrix (IVM), the islet grafts 
showed better survival in the subcutaneous space and the 
recipients achieved euglycemia32,33. On the other hand, due 
to its large space for islets, abundant blood supply with portal 
venous drainage, omentum is considered as one of the ideal 
alternative transplant sites for the pancreatic islets34–37. By 
using biological scaffolds, encapsulation with semi-perme-
able hydrogel and biocompatible matrix locally improved 
the survival of the islet grafts38–42. In a recent clinical trial, 
Baidal et al43 reported that islet transplantation on the 
omentum in a T1DM patient, achieved normoglycemia and 
insulin independence for 12 months. However, the chal-
lenges include laparotomy and its complications, inability to 
re-introduce more islets and necessity of special encapsula-
tion techniques to improve the islet grafts survival.

Because of its oxygen rich milieu, immune privilege, 
serving as a natural confined incubator for the islets and min-
imally invasive surgical approach, the ACE is an attractive 
site for islet transplantation with possibility to locally modu-
late immune responses. Islet transplantation into the ACE is 
not associated with instant blood mediated inflammatory 
reaction (IBMIR), and thus immediate islet cell loss is dra-
matically reduced. In addition, because of its immune privi-
lege nature of the ACE, the newly transplanted islets are also 
spared from proinflammatory cytokine reactions. The intra-
ocular islet grafts also showed revascularisation and innerva-
tion which mimic the endogenous islets19,44–46. The major 
advantage of the ACE as a transplantation site is the possi-
bility to employ several routes to deliver and administer 
repeated applications of medication or immunosuppressive 
compound locally to improve the survival and function of the 
intraocular islet grafts47–50.

In our experiments, we applied micronized dexametha-
sone pellet locally to the eyes 3 days before intraocular allo-
geneic islet transplantation. This pellet allows a sustained 
release of dexamethasone, a potent glucocorticoid that inhib-
its proliferation and differentiation of both CD4+ and CD8+ 
T-cells by attenuating the CD80 mediated and CD28 co-stim-
ulatory pathways by upregulating CTLA-451. In addition, cor-
ticosteroids suppress the expression of cytokines, chemokines 
and inflammatory proteins and upregulate anti-inflammatory 
genes such as annexin-1, SLPI, Interleukin-10, and NF-κB 
inhibitor52. Our experiments demonstrated a significant delay 
in T-cell-mediated destruction of the islet grafts in the ACE 

Figure 5. Immunostaining of islet grafts. (A) Immunostaining of Ins (beta cells), Glu (alpha cells) and SST (delta cells) was 
performed on the islet grafts. All pancreatic islet cells are present in NHP3 OS (The scale bars are 50 µm). (B) Immunostaining 
specifically of CD4+ and CD8+ cells were done on the islet grafts. There was a delayed CD4+ and CD8+ T-cells involvement in 
the graft in NHP3 OS (The scale bars are 50 µm). Ins: insulin; Glu: glucagon; SST: somatostatin; OS: Oculus Sinister, left eye; OD: 
Oculus Dexter, right eye.
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following local dexamethasone administration. In pre-clinical 
studies of NHPs, it was shown that dexamethasone released 
from the Ozurdex pellet could last for up to 6 months in the 
retina and vitreous after implantation53. We found that dexa-
methasone was present in the ACE for 3 months, with a peak 
at 2 months. The observation of a shorter duration of dexa-
methasone in the ACE is likely due to a vigorous clearance 
nature of aqueous fluid. Nevertheless, our data suggest that a 
single dexamethasone pellet can preserve the majority of islet 
grafts for 10 weeks (73% survival). Hence, we hypothesize 
that the efficacy of the Ozurdex pellet for intraocular islet 
graft preservation is around 10 weeks, and booster applica-
tions should be applied at such an interval. Nonetheless, 
side effects of Ozurdex administration should be considered 
which include conjunctival hemorrhage, ocular discomfort, 
intraocular pressure elevation, cataract formation, and not 
commonly macula hole formation24,25,54–56. Notably, long-
term investigation of Ozurdex usage showed no significant 
adverse reaction57.

Dexamethasone has a direct effect on insulin secretion by 
binding to the glucocorticoid receptors in the beta cells of the 
pancreatic islets. It was shown that dexamethasone affects 
beta cell Ca2+ handling, which in turn inhibits insulin secre-
tion in a reversible manner58,59. Inhibition of insulin secretion 
by dexamethasone was shown to be dose-dependent, where a 
low dose of 20 nM (8 ng/mL) suppressed insulin secretion by 
50% and 250 nM (100 ng/mL) reduced it up to 75%59 . It was 
also shown that 1 to 2.5 mg/mL of dexamethasone scaffolds 
could significantly improve islet engraftment and glucose 
homeostasis, where a higher dose of 5-10 mg/mL showed an 
unfavorable effect on engraftment16. In our experiments, and 
consistent with the above findings, dexamethasone distrib-
uted in the aqueous humor showed a short-term suppression 
of insulin secretion in a reversible manner with an observ-
able beneficial effect on islet graft survival. Our data suggest 
that less than 100 ng/mL of dexamethasone substantially 
improved intraocular islet graft survival. We also noted that 
the graft survived longer in the monkey (NHP3) with an 
extended period of systemic dexamethasone presence, sug-
gesting that a modest amount of systemic dexamethasone 
further improved the preservation of allogeneic islet grafts. 
Notably, the natural aqueous drainage system of the ACE 
prevents the accumulation of dexamethasone over time, 
allowing a favorable milieu for the engrafted islets.

Interestingly, inhibition of insulin release by dexametha-
sone can be attenuated by raising cyclic-AMP (cAMP)59. 
This opens new considerations and future aspects applying 
the ACE model, enabling local administration of therapeu-
tic drugs to the eye. Administering adrenergic agents, i.e. 
Epinephrine, Phenylephrine and Forskolin, to the eye have 
been shown to reduce IOP by increasing cAMP concentra-
tion in the aqueous humor, trabecular meshwork cells and 
ciliary processes which in turn controls aqueous humor 
formation and dynamics60–62. Such eye drops may be used 

together with the dexamethasone treatment to subvert dexa-
methasone-induced impairment of insulin secretion.

Notably, no tolerance was observed in grafts with 12 
weeks of exposure to dexamethasone, suggesting that a lon-
ger incubation time may be necessary to induce tolerance. In 
our previous experiments, where a baboon received systemic 
transient immunosuppression treatment using anti-CD154 
(CD40L) antibody for 248 days, showed that the islet grafts 
in the ACE were able to survive for more than 400 days after 
suspending immunosuppression treatment. It was also shown 
that islet allografts in the ACE were persevered for more than 
300 days in mice with a transient systemic treatment with 
anti-CD154 antibody during the peri-transplant period (days 
-3, -1, 0, 3 and 7; day 0 = islet transplantation)11. Hence, 
as a treatment strategy, it may be beneficial to apply brief 
systemic immunosuppression during the peri-transplantation 
period followed by a local immunosuppression therapy. 
Although we did not study the inflammatory profile in detail 
due to sample volume limitation, it should be considered for 
future experiments.

Our data suggest that local immunosuppression signifi-
cantly improves the survival of allogeneic islet grafts in the 
ACE. It bears significant implication on clinical islet trans-
plantation as the feasibility of using local immunosuppres-
sion may drastically reduce the negative side effects of 
systemic immunosuppression and invasive transplant proce-
dures. It can tilt the risk-benefit ratio, allowing a larger popu-
lation to be eligible for islet transplantation to manage 
diabetes. In conclusion, the ACE opens up novel and versa-
tile possibilities for efficient local administration of pharma-
cological compounds, enabling improvement in function and 
survival of pancreatic islet grafts in the context of diabetes.

Acknowledgments

We thank Dr. Bryan Ogden and the veterinary team, Dr. Sebastian 
Jose David and Ms. Vivienne Liang from SingHealth Experimental 
Medicine Center (SEMC) for the husbandry care and handling of 
the animals.

Author Contributions

P-O.B. is the originator of the idea of transplanting pancreatic islets 
into the ACE of monkeys. S.B.B.T., V.A.B. and P-O.B. designed 
the experiments. S.B.B.T., M.C., V.A.B. and G.T.S.W. conducted 
the experiments. S.B.B.T., I.L. and P-O.B. analyzed the results. I.L. 
and Y.A. advised on the experimental design. S.B.B.T. drafted the 
manuscript. All the authors commented upon, critically revised, and 
approved the submission of the manuscript. P-O.B. is the guarantor 
of this work and, as such, has full access to all the data in the study 
and takes responsibility for the integrity of the data and the accu-
racy of the data analysis.

Abbreviations

AAV-1, Adeno associated Virus-1; ACE, Anterior Chamber of the 
Eye; CMV, Cytomegalovirus; EGFP, Enhanced Green Fluorescent 
Protein; IBMIR, Instant Blood Mediated Inflammatory Reaction; 



Tun et al 9

IOP, Intra-ocular Pressure; NHP, Non-Human Primates; OS, 
Oculus Sinister (left eye); OD, Oculus Dexter (right eye); POD, 
Post-Operation Day; T1DM, Type 1 Diabetes Mellitus; T2DM, 
Type 2 Diabetes Mellitus.

Data and Resource Availability

The data sets generated from the current study are available from 
the corresponding authors upon request.

Declaration of Conflicting Interest

The author(s) declared the following potential conflicts of interest 
with respect to the research, authorship, and/or publication of this 
article: P-O.B. is a co-founder and CEO of Biocrine, a small Biotech 
Company that uses the ACE as a tool in diabetes research and 
clinic, and I.L. is a consultant for the same company.

Ethical Approval

Ethical Approval is not applicable for this article.

Statement of Human and Animal Rights

All procedures in this study were conducted in accordance with 
the Institutional Animal Care and Use Committee (IACUC), 
SingHealth, Singapore (2018/SHS/1418).

Statement of Informed Consent

There are no human subjects in this article, and informed consent is 
not applicable.

Funding

The author(s) disclosed receipt of the following financial support 
for the research, authorship, and/or publication of this article: This 
work was supported by a Lee Kong Chian School of Medicine, 
Nanyang Technological University start-up grant M4230003  
(to P-O.B.), Lee Kong Chian School of Medicine, Nanyang 
Technological University Bridging Assistant Grants 4, the Lee 
Foundation Grant 2015 granted by SingHealth Transplant. V.A.B. 
was supported by NMRC/CG-INCEPTOR/Pre-Clinical Core 
Platform/2017_SERI. P-O.B. was also supported by the Swedish 
Research Council, the Family Erling-Persson Foundation, the 
Jonas & Christina af Jochnick Foundation, European Research 
Council grant ERC-2018-AdG 834860 EYELETS and the Novo 
Nordisk Foundation.

ORCID iD

Sai Bo Bo Tun  https://orcid.org/0000-0002-2013-8379

Supplemental Material

Supplemental material for this article is available online.

References

 1. Shapiro AMJ, Pokrywczynska M,  Ricordi C. Clinical pan-
creatic islet transplantation. Nature reviews. Endocrinology. 
2017;13(5):268–77.

 2. Hering BJ, Clarke WR, Bridges ND, Eggerman TL, Alejandro 
R, Bellin MD, Chaloner K, Czarniecki CW, Goldstein JS, 

Hunsicker LG, Kaufman DB, et al. Phase 3 trial of transplanta-
tion of human islets in type 1 diabetes complicated by severe 
hypoglycemia. Diabetes Care. 2016;39(7):1230–40.

 3. Markmann JF, Rickels MR, Eggerman TL, Bridges ND, 
Lafontant DE, Qidwai J, Foster E, Clarke WR, Kamoun M, 
Alejandro R, Bellin MD, et al. Phase 3 trial of human islet-after-
kidney transplantation in type 1 diabetes. Am J Transplant. 
2021;21(4):1477–92.

 4. Poggioli R, Faradji RN, Ponte G, Betancourt A, Messinger S, 
Baidal DA, Froud T, Ricordi C,  Alejandro R. Quality of life 
after islet transplantation. Am J Transplant. 2006;6(2):371–78.

 5. Ryan EA, Paty BW, Senior PA, Bigam D, Alfadhli E, Kneteman 
NM, Lakey JR,  Shapiro AM. Five-year follow-up after clinical 
islet transplantation. Diabetes. 2005;54(7):2060–69.

 6. Shapiro AM, Lakey JR, Ryan EA, Korbutt GS, Toth E, 
Warnock GL, Kneteman NM,  Rajotte RV. Islet transplanta-
tion in seven patients with type 1 diabetes mellitus using a glu-
cocorticoid-free immunosuppressive regimen. N Engl J Med. 
2002;343(4):230–38.

 7. Rickels MR,  Robertson RP. Pancreatic islet transplantation 
in humans: recent progress and future directions. Endocr Rev. 
2019;40(2):631–68.

 8. Tun SBB, Chua M, Hasan R, Köhler M, Zheng X, Ali Y, 
Abdulreda MH, Juntti-Berggren L, Barathi VA, Berggren 
PO. Islet transplantation to the anterior chamber of the eye—a 
future treatment option for insulin-deficient type-2 diabetics? 
A case report from a nonhuman type-2 diabetic primate. Cell 
Transplant. 2020;29:963689720913256.

 9. Shishido A, Caicedo A, Rodriguez-Diaz R, Pileggi A, Berggren 
PO,  Abdulreda MH. Clinical intraocular islet transplantation is 
not a number issue. CellR4 Repair Replace Regen Reprogram. 
2016;4(4):e2120.

 10. Perez VL, Caicedo A, Berman DM, Arrieta E, Abdulreda MH, 
Rodriguez-Diaz R, Pileggi A, Hernandez E, Dubovy SR, Parel 
JM, Ricordi C, et al. The anterior chamber of the eye as a clini-
cal transplantation site for the treatment of diabetes: a study in a 
baboon model of diabetes. Diabetologia. 2011;54(5):1121–26.

 11. Abdulreda MH, Berman DM, Shishido A, Martin C, 
Hossameldin M, Tschiggfrie A, Hernandez LF, Hernandez 
A, Ricordi C, Parel JM, Jankowska-Gan E, et al. Operational 
immune tolerance towards transplanted allogeneic pancreatic 
islets in mice and a non-human primate. Diabetologia. 2019; 
62(5):811–21.

 12. Van Belle T,  Von Herrath M. Immunosuppression in islet 
transplantation. J Clin Investig. 2008;118(5):1625–28.

 13. Hirshberg B, Rother KI, Digon BJ, Lee J, Gaglia JL, Hines 
K, Read EJ, Chang R, Wood BJ,  Harlan DM. Benefits and 
risks of solitary islet transplantation for type 1 diabetes using 
steroid-sparing immunosuppression: the national institutes of 
health experience. Diabetes Care. 2003;26(12):3288–95.

 14. Edelman JL. Differentiating intraocular glucocorticoids. 
Ophthalmologica. 2010;224(Suppl 1):25–30.

 15. Weaver JD, Song Y, Yang EY, Ricordi C, Pileggi A,  
Buchwald P, Stabler CL. Controlled release of dexametha-
sone from organosilicone constructs for local modulation of 
inflammation in islet transplantation. Tissue Eng Part A. 2015; 
21(15–16):2250–61.

 16. Jiang K, Weaver JD, Li Y, Chen X, Liang J, Stabler CL. 
Local release of dexamethasone from macroporous scaffolds  

https://orcid.org/0000-0002-2013-8379


10 Cell Transplantation

accelerates islet transplant engraftment by promotion of anti-
inflammatory M2 macrophages. Biomaterials. 2017;114: 71–81.

 17. Jiang K, Weaver J, Buchwald P,  Stabler C. Localized release of 
low-dose dexamethasone from macroporous scaffolds improves 
islet engraftment in murine model. Xenotransplantation. 
2015;22(Suppl 1):S48–120.

 18. Gillies MC, Lim LL, Campain A, Quin GJ, Salem W, Li J, 
Goodwin S, Aroney C, McAllister IL,  Fraser-Bell S. A ran-
domized clinical trial of intravitreal bevacizumab versus 
intravitreal dexamethasone for diabetic macular edema: the 
BEVORDEX study. Ophthalmology. 2014;121(12):2473–81.

 19. Diez JA, Arrojo E, Drigo R, Zheng X, Stelmashenko OV, Chua 
M, Rodriguez-Diaz R, Fukuda M, Köhler M, Leibiger I, Tun 
SBB, Ali Y, et al. Pancreatic islet blood flow dynamics in pri-
mates. Cell Rep. 2017;20(6):1490–501.

 20. Leibiger IB,  Berggren PO. Intraocular in vivo imaging of 
pancreatic islet cell physiology/pathology. Mol Metab. 2017; 
6(9):1002–1009.

 21. Abdulreda MH, Faleo G, Molano RD, Lopez-Cabezas M, 
Molina J, Tan Y, Echeverria OAR, Zahr-Akrawi E, Rodriguez-
Diaz R, Edlund PK, Leibiger I, et al. High-resolution, noninva-
sive longitudinal live imaging of immune responses. Proc Natl 
Acad Sci U S A. 2011;108(31):12863–68.

 22. Miska J, Abdulreda MH, Devarajan P, Lui JB, Suzuki J, Pileggi 
A, Berggren P-O,  Chen Z. Real-time immune cell interactions 
in target tissue during autoimmune-induced damage and graft 
tolerance. J Exp Med. 2014;211(3):411–56.

 23. Alcazar O, Hernandez LF, Nakayasu ES, Piehowski PD, 
Ansong C, Abdulreda MH,  Buchwald P. Longitudinal pro-
teomics analysis in the immediate microenvironment of islet 
allografts during progression of rejection. Journal of Proteom. 
2020;223:103826.

 24. Boyer DS, Yoon YH, Belfort R, Bandello F, Maturi RK, 
Augustin AJ, Li XY, Cui H, Hashad Y,  Whitcup SM. Three-
year, randomized, sham-controlled trial of dexamethasone 
intravitreal implant in patients with diabetic macular edema. 
Ophthalmology. 2014;121(10):1904–14.

 25. Mehta H, Gillies M,  Fraser-Bell S. Perspective on the role 
of Ozurdex (dexamethasone intravitreal implant) in the man-
agement of diabetic macular oedema. Ther Adv Chronic Dis. 
2015;6(5):234–45.

 26. Pileggi A, Molano RD, Ricordi C, Zahr E, Collins J, Valdes R, 
Inverardi L. Reversal of diabetes by pancreatic islet transplanta-
tion into a subcutaneous, neovascularized device. Transplantation. 
2006;81(9):1318–24.

 27. Pepper AR, Gala-Lopez B, Pawlick R, Merani S, Kin T,  
Shapiro AM. A prevascularized subcutaneous device-less site 
for islet and cellular transplantation. Nat Biotechnol. 2015; 
33(5):518–23.

 28. Juang JH, Bonner-Weir S, Ogawa Y, Vacanti JP,  Weir GC. 
Outcome of subcutaneous islet transplantation improved by 
polymer device. Transplantation. 1996;61(11):1557–61.

 29. Tatarkiewicz K, Hollister-Lock J, Quickel RR, Colton CK, 
Bonner-Weir S,  Weir GC. Reversal of hyperglycemia in mice 
after subcutaneous transplantation of macroencapsulated islets. 
Transplantation. 1999;67(5):665–71.

 30. Kawakami Y, Iwata H, Gu Y, Miyamoto M, Murakami Y, 
Yamasaki T, Cui W, Ikada Y, Imamura M,  Inoue K. Modified 
subcutaneous tissue with neovascularization is useful as the site 

for pancreatic islet transplantation. Cell Transplant. 2000;9(5): 
729–32.

 31. Kawakami Y, Iwata H, Gu YJ, Miyamoto M, Murakami Y, 
Balamurugan AN, Imamura M, Inoue K. Successful subcu-
taneous pancreatic islet transplantation using an angiogenic 
growth factor-releasing device. Pancreas. 2001;23(4):375–81.

 32. Kuwabara R, Hamaguchi M, Fukuda T, Sakaguchi S, Iwata H.  
Preparation of immunotolerant space under the skin and 
transplantation of islets in the space. Tissue Eng Part A. 2019; 
25(3–4):183–92.

 33. Yu M, Agarwal D, Korutla L, May CL, Wang W, Griffith 
NN, Hering BJ, Kaestner KH, Velazquez OC, Markmann JF, 
Vallabhajosyula P, et al. Islet transplantation in the subcutane-
ous space achieves long-term euglycaemia in preclinical models 
of type 1 diabetes. Nat Metab. 2020;2(10):1013–20.

 34. Yasunami Y, Lacy PE, Finke EH. A new site for islet  
transplantation—a peritoneal-omental pouch. Transplantation. 
1983;36(2):181–82.

 35. Ackermann PC, De Wet PD,  Loots GP. Microcirculation of 
the rat omentum studied by means of corrosion casts. Acta 
Anat (Basel). 1991;140(2):146–49.

 36. Guan J, Zucker PF, Atkison P, Behme MT, Dupre J, Stiller CR. 
Liver-omental pouch and intrahepatic islet transplants produce 
portal insulin delivery and prevent hyperinsulinemia in rats. 
Transplant Proc. 1995;27(6):3236.

 37. Damyar K, Farahmand V, Whaley D, Alexander M, Lakey 
JRT. An overview of current advancements in pancreatic 
islet transplantation into the omentum. Islets. 2021;13(5–6): 
115–20.

 38. Berman DM, O’Neil JJ, Coffey LC, Chaffanjon PC, Kenyon 
NM, Ruiz P Jr, Pileggi A, Ricordi C,  Kenyon NS. Long-
term survival of nonhuman primate islets implanted in an 
omental pouch on a biodegradable scaffold. Am J Transplant. 
2009;9(1):91–104.

 39. Schaschkow A, Mura C, Pinget M, Bouzakri K,  Maillard E. 
Intra-omental islet transplantation using h-omental matrix islet 
filliNG (hOMING). J Vis Exp. 2019;145:e58898.

 40. Schaschkow A, Sigrist S, Mura C, Dissaux C, Bouzakri K, 
Lejay A, Bruant-Rodier C, Pinget M,  Maillard E. Extra-
hepatic islet transplantation: validation of the h-omental matrix 
islet filliNG (hOMING) technique on a rodent model using an 
alginate carrier. Cell Transplant. 2018;27(8):1289–93.

 41. Berman DM, Molano RD, Fotino C, Ulissi U, Gimeno J, 
Mendez AJ, Kenyon NM, Kenyon NS, Andrews DM, Ricordi 
C, Pileggi A. Bioengineering the endocrine pancreas: intrao-
mental islet transplantation within a biologic resorbable scaf-
fold. Diabetes. 2016;65(5):1350–61.

 42. Krishnan R, Ko D, Foster CE III, Liu W, Smink AM, de Haan B, 
De Vos P,  Lakey JR. Immunological challenges facing transla-
tion of alginate encapsulated porcine islet xenotransplantation 
to human clinical trials. Methods Mol Biol. 2017;1479:305–33.

 43. Baidal DA, Ricordi C, Berman DM, Alvarez A, Padilla N, 
Ciancio G, Linetsky E, Pileggi A,  Alejandro R. Bioengineering 
of an intraabdominal endocrine pancreas. N Engl J Med. 
2017;376(19):1887–89.

 44. Nyqvist D, Speier S, Rodriguez-Diaz R, Molano RD, Lipovsek 
S, Rupnik M, Dicker A, Ilegems E, Zahr-Akrawi E, Molina J, 
Lopez-Cabeza M, et al. Donor islet endothelial cells in pancre-
atic islet revascularization. Diabetes. 2011;60(10):2571–77.



Tun et al 11

 45. Rodriguez-Diaz R, Speier S, Molano RD, Formoso A, Gans I, 
Abdulreda MH, Cabrera O, Molina J, Fachado A, Ricordi C, 
Leibiger I, et al. Noninvasive in vivo model demonstrating the 
effects of autonomic innervation on pancreatic islet function. 
Proc Natl Acad Sci U S A. 2012;109(52):21456–61.

 46. Ilegems E, Dicker A, Speier S, Sharma A, Bahow A, Edlund 
PK, Leibiger IB,  Berggren PO. Reporter islets in the eye reveal 
the plasticity of the endocrine pancreas. Proc Natl Acad Sci U 
S A. 2013;110(51):20581–86.

 47. Cardillo JA, Paganelli F, Melo LA Jr, Silva AA Jr, Pizzolitto 
AC,  Oliveira AG; Brazilian Ocular Pharmacology and 
Pharmaceutical Technology Research Group. Subconjunctival 
delivery of antibiotics in a controlled-release system: a novel 
anti-infective prophylaxis approach for cataract surgery. Arch 
Ophthalmol. 2010;128(1):81–87.

 48. Yavuz B,  Kompella UB. Ocular drug delivery. Handb Exp 
Pharmacol. 2017;242:57–93.

 49. Edelhauser HF, Rowe-Rendleman CL, Robinson MR, Dawson 
DG, Chader GJ, Grossniklaus HE, Rittenhouse KD, Wilson 
CG, Weber DA, Kuppermann BD, Csaky KG, et al. Ophthalmic 
drug delivery systems for the treatment of retinal diseases: 
basic research to clinical applications. Invest Ophthalmol Vis 
Sci. 2010;51(11):5403–20.

 50. Patel A. Ocular drug delivery systems: an overview. World J 
Pharmacol. 2013;2(2):47–64.

 51. Giles AJ, Hutchinson MKND, Sonnemann HM, Jung J, Fecci 
PE, Ratnam NM, Zhang W, Song H, Bailey R, Davis D, Reid 
CM, et al. Dexamethasone-induced immunosuppression: mech-
anisms and implications for immunotherapy. J Immunotherapy 
Cancer. 2018;6(1):51.

 52. Barnes PJ. How corticosteroids control inflammation: quintiles 
prize lecture 2005. Br J Pharmacol. 2006;148(3):245–54.

 53. Chang-Lin JE, Attar M, Acheampong AA, Robinson MR, 
Whitcup SM, Kuppermann BD,  Welty D. Pharmacokinetics 
and pharmacodynamics of a sustained-release dexamethasone 
intravitreal implant. Invest Ophthalmol Vis Sci. 2011;52(1): 
80–86.

 54. Schmitz K, Maier M, Clemens CR, Höhn F, Wachtlin J, 
Lehmann F, Bertelmann T, Rüdiger K, Horn M, Bezatis A, 
Spital G, et al. [Reliability and safety of intravitreal Ozurdex 
injections. The ZERO study]. Ophthalmologe. 2014;111(1): 
44–52.

 55. Lowder C, Belfort R, Lightman S, Foster CS, Robinson MR, 
Schiffman RM, Li XY, Cui H,  Whitcup SM. Dexamethasone 
intravitreal implant for noninfectious intermediate or posterior 
uveitis. Arch Ophthalmol. 2011;129(5):545–53.

 56. Haller JA, Bandello F, Belfort R Jr, Blumenkranz MS, 
Gillies M, Heier J, Loewenstein A, Yoon YH, Jacques ML, 
Jiao J, Li XY, et al. Randomized, sham-controlled trial of 
dexamethasone intravitreal implant in patients with macu-
lar edema due to retinal vein occlusion. Ophthalmology. 
2010;117(6):1134–46.

 57. Pommier S, Meyer F, Guigou S, Barthelemy T, Gobert F, Hajjar 
C, Merite PY, Parrat E, Rouhette H,  Matonti F. Long-term 
real-life efficacy and safety of repeated Ozurdex® injections 
and factors associated with macular edema resolution after 
retinal vein occlusion: the REMIDO 2 study. Ophthalmologica. 
2016;236(4):186–92.

 58. Billaudel B, Mathias PC, Sutter BC,  Malaisse WJ. Inhibition 
by corticosterone of calcium inflow and insulin release in rat 
pancreatic islets. J Endocrinol. 1984;100(2):227–33.

 59. Lambillotte C, Gilon P,  Henquin JC. Direct glucocorticoid 
inhibition of insulin secretion: an in vitro study of dexameth-
asone effects in mouse islets. J Clin Investig. 1997;99(3): 
414–23.

 60. Caprioli J, Sears M, Bausher L, Gregory D,  Mead A. Forskolin 
lowers intraocular pressure by reducing aqueous inflow. Invest 
Ophthalmol Vis Sci. 1984;25:268–77.

 61. Neufeld AH, Jampol LM,  Sears ML. Cyclic-AMP in the  
aqueous humor: the effects of adrenergic agents. Exp Eye Res. 
1972;14(3):242–50.

 62. Erickson-Lamy KA,  Nathanson JA. Epinephrine increases 
facility of outflow and cyclic AMP content in the human eye in 
vitro. Invest Ophthalmol Vis Sci. 1992;33:2672–78.


