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Abstract

We investigated the immunohistochemical distribution

of 3 components of the renin-angiotensin system (RAS),

angiotensin-converting enzyme (ACE), angiotensin II

(AngII) and AT1 receptor (AT1), in the human eye. ACE

and AngII were localized to nonpigmented epithelial cells

of the ciliary body, to endothelial and epithelial cells of

the cornea, to epithelial cells of the conjunctiva and to

trabecular meshwork cells in the anterior part of the eye.

In the posterior part of the eye, ACE and AngII were local-

ized to ganglion cells, some cells in the inner nuclear

layer, photoreceptor cells and to endothelial cells of the

retinal and choroidal vessels. The overall intensity of AT1

immunoreactivity was weak in all ocular tissues, but the

main localization was in ganglion cells. As a preliminary

investigation, we were able to include 2 Alzheimer’s dis-

ease (AD) cases. In AD, no differences from controls

were found in the cellular distribution and staining inten-

sity of all 3 antigens. The manifold localization sites of

the observed antigens point to rather generalized func-

tions of the RAS in human ocular tissues, such as regula-

tory effects on neuronal cells, vessels and vitreous hu-

mor homeostasis.
Copyright © 2004 S. Karger AG, Basel

Introduction

The renin-angiotensin system (RAS) is mainly impli-
cated in the regulation of fluid homeostasis and blood
pressure. Angiotensin II (AngII) is the vasoactive peptide
generated from the inactive peptide angiotensin I by the
enzymatic action of angiotensin-converting enzyme (ACE)
[1–3]. Angiotensin I, on the other hand, is generated by the
enzyme renin acting on the substrate angiotensinogen. The
first evidence that the CNS may have its own endogenous
RAS demonstrated the presence of precursor peptides and
synthesizing enzyme ACE in the canine brain [4–6]. It is
now well known that all components of the RAS exist in
the brain [7]. Besides its action as a vasoactive peptide,
AngII, as the active component of the RAS, exerts modula-
tory actions on neurons in the CNS [8, 9].

The immunohistochemical localizations of AngII and
ACE in different brain regions has been well studied in
rats [10–12] and humans [8, 9, 13], in particular the corti-
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cal distribution of the AT1 receptor (AT1), a 7-transmem-
brane receptor coupled to phospholipase C, calcium and
cAMP second-messenger systems, which mediates most
of the actions of AngII including blood pressure regula-
tion and growth-promoting effects [2, 8, 14, 15].

Ocular structures which belong to the CNS have their
own intraocular RAS independent of circulating RAS
peptides [16, 17]. There is biochemical and immunohisto-
chemical evidence for the localization of angiontensino-
gen, the precursor protein of angiotensins [18], AngII [19],
ACE [17, 20] and AT1 [21, 22] in ocular neurons and ves-
sels of rodents. In the human eye, angiotensin and ACE
gene expressions have been identified, supporting the
concept of intraocular synthesis of AngII, independent of
precursor substances in the circulation [17]. Besides its
vascular effects [23], the intraocular RAS has been postu-
lated to have neuromodulatory functions, and, here, it
may contribute to local pathologies such as proliferative
retinopathy [16, 17].

The role of ocular RAS during the course of neurode-
generation has not been studied yet. Studies in Alzheim-
er’s disease (AD) patients indicate a possible link between
RAS activity and cognitive decline [3, 24]. Vascular fac-
tors resulting from RAS disturbances may precede AD
[25]. Indeed, ACE activity has been found to be increased
in the cortex of AD patients [1, 8, 26] parallel to a decrease
in the cerebrospinal fluid levels [27]. Although contrary
results exist, most of the case-control studies indicate that
ACE gene polymorphism may provide a genetic suscepti-
bility factor for AD [24, 28, 29]. The aim of the present
study was to explore the morphological localizations of
ACE, AngII and AT1 in human ocular tissues and to
reveal possible alterations of the RAS in AD with immu-
nohistochemistry.

Materials and Methods

Paraffin-embedded human ocular samples were used. The non-
opened eye globes were fixed in 4% paraformaldehyde for 2 days and
cut in the sagittal plane into 4-Ìm-thick consecutive sections includ-
ing peripheral, central and macular regions. The study consisted of 9
controls and 2 AD cases (table 1). The mean postmortem delay was
23 h 57 min for controls and 16 h 15 min for AD cases (table 1). The
diagnosis of AD was made with clinical evaluation and confirmed by
postmortem neuropathological examination. In most cases, the cause
of death was heart failure or pneumonia. The sample collection was
approved by the Ethics Committee criteria and according to the Hel-
sinki Declaration of 1975.

The antigens were visualized by peroxidase staining using the
substrate 3-amino-9-ethylcarbazole according to the manufacturer’s
instructions (Vector Laboratories). The method for immunohisto-
chemistry has been described in detail elsewhere [30]. The primary

Table 1. Data of control (C) and AD cases

Case Clinical
diagnosis

Age
years

Gender PMD CD

1 C 85 M 31 h heart failure
2 C 97 F 26 h heart failure
3 C 91 F 24 h heart failure
4 C 69 F 20 h pancreatitis
5 C 76 F 9 h 40 min heart failure
6 C 88 F 31 h heart failure
7 C 76 F 9 h pneumonia
8 C 92 M 24 h 32 min heart failure
9 C 85 F 6 h 33 min heart failure

1 AD 83 M 15 h heart failure
2 AD 84 M 17 h 30 min pneumonia

PMD = Postmortem delay; CD = cause of death.

antibodies used were a mouse monoclonal antibody against the N-
terminal end of human ACE (Chemicon International, Temecula,
Calif., USA), an affinity-purified rabbit polyclonal antibody raised
against a peptide corresponding to the amino acids 306–359 of the
AT1 of human origin (Santa Cruz Biotechnology, Santa Cruz, Calif.,
USA) and a rabbit anti-AngII (human) serum (Phoenix Pharmaceuti-
cals, Belmont, Calif., USA). The specificity of the antibodies has
been ascertained by previous experiments [31, 32]. The optimal con-
centration of the primary antibody was experimentally determined
to be 1:100 for all antibodies. The samples were counterstained with
Mayer’s hemalum. The experiments were performed in duplicate.
Control samples were stained simultaneously following the same pro-
cedure as the test samples with the exception that the primary anti-
bodies were omitted. All sections were assessed for localization and
intensity of specific immunoreactivity on a semiquantitative scale of
+/+++ by two blind observers (table 2).

Results

The results presented here localize ACE, AngII and
AT1 immunoreactivities to different cellular and vascular
structures within the human eye. For cytoarchitectural
organization of ocular cells, we follow the detailed de-
scriptions by Spencer [33]. For the clarity of the overview
the anterior and posterior compartments will be discussed
separately, and the results are summarized in table 2
according to regional distribution and staining intensity.

Anterior Part of the Eye

In the anterior part of the human eye, the cornea and
ciliary body belong to the regions where notable amounts
of immunoreactive structures were present (table 2). In

D
o
w

n
lo

a
d
e
d
 b

y
: 

U
n
iv

e
rs

it
ä
t 
Z

ü
ri
c
h
, 
 Z

e
n
tr

a
lb

ib
lio

th
e
k
 Z

ü
ri
c
h
  
  
  
  
  

1
3
0
.6

0
.4

7
.2

2
 -

 7
/7

/2
0
1
6

 3
:2

8
:1

7
 P

M



314 Ophthalmic Res 2004;36:312–320 Savaskan/Löffler/Meier/Müller-Spahn/
Flammer/Meyer

Table 2. Semiquantitative assessment of the intensity of AngII-, ACE- and AT1-immunoreactive structures in the
human eye

Anterior eye

cornea

ACE AT1 AngII

ciliary body

ACE AT1 AngII

Posterior eye

retina

ACE AT1 AngII

choroidea

ACE AT1 AngII

Controls 1 + – + – – + ++ – ++ + – –
2 + + ++ ++ – + ++ + ++ + – –
3 + – + + – + ++ – ++ + – +
4 ++ + +++ + – + ++ – ++ + – –
5 + + ++ + – + + – + + – –
6 + – + + – + + + ++ + – –
7 + – + – – + + – + – – –
8 + + + + – + ++ – ++ + – –
9 ++ + ++ + – + ++ – ++ – – +

AD 1 ++ – ++ + – + ++ – ++ + – +
2 ++ – ++ – – + + – + + – –

– = No immunoreactivity; + = slight; ++ = moderate; +++ = high.

the ciliary body, nonpigmented epithelial cells presented
intracellular staining for ACE and AngII (fig. 1A, B),
whereas we could not observe any AT1 immunoreactivity
in this cellular localization. Endothelial and epithelial
cells of the cornea were distinctly immunoreactive for
both ACE and AngII in some cases (fig. 1E, F). AT1
immunoreactivity was also present on the surface of these
cells, but the overall intensity of the immunoreaction was
weak, even missing in about half of the cases. In addition,
single cells in the cornea, distinctly recognized as keroto-
cytes, were immunolabeled for AngII. Both ACE and
AngII immunoreactivities were also present in the epithe-
lial cells of the conjunctiva where we were not able to
detect AT1 labeling. Within the stroma of the iris single
blood vessels were immunoreactive for ACE and AngII in
their endothelial cells. Finally, trabecular meshwork cells
were mostly labeled for both ACE and AngII (fig. 1D).
The lens belonged to the regions displaying no staining for
the RAS components. In AD cases, the cellular localiza-
tions and staining intensity for ACE, AngII and AT1 were
comparable with the findings in controls (table 2).

Posterior Part of the Eye

The retina revealed the most intense labeling for the
RAS components ACE and AngII within the whole eye.
The inner region of the limiting membrane was distinctly
positive for ACE and AngII in its entire length (fig. 2A–
C). In the ganglion cell layer (GCL), some of the ganglion

cells with round somata, 10–14 Ìm in diameter and with a
vesicular nucleus, were stained for both ACE and AngII
(fig. 2A–C), whereas the AT1 immunoreactivity was very
weak and was found only in 2 controls on the cellular sur-
face of the ganglion cells (table 2). The GCL contained
also some ACE- and AngII-positive cellular processes.
The endothelia of small vessels within the GCL were posi-
tive for ACE and AngII. Some immunoreactive cells (ac-
cording to their shape probably bipolar cells) were scat-
tered in the inner nucleiform layer (fig. 2B). In addition to
the GCL and the inner plexiform layer, the outer plexi-
form layer contained cellular processes entirely stained
for ACE and AngII. Both the outer nucleiform layer, con-
taining the cell somata of the photoreceptor cells, and the
inner segments of these cells were stained for ACE and
AngII (fig. 2A–C).

Fig. 1. Sagittal sections through the anterior part of the human eye.
ACE- (A) and AngII-immunoreactive (B) cells in the nonpigmented
epithelium of the ciliary body as indicated by arrows. Low magnifica-
tion (LM), scale bar = 50 Ìm. C Control section through the ciliary
body stained simultaneously following the same procedure, with the
exception that the primary antibody was omitted. LM. D AngII
immunoreactivity in the trabecular meshwork (arrows). High magni-
fication (HM), scale bar = 120 Ìm. ACE- (E) and AngII-immunoreac-
tive (F) endothelial cells of the cornea as indicated by arrows. HM. 
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In the choroidea, endothelial cells of the large vessels
displayed ACE and AngII immunoreactivity (fig. 2F), but
no staining for AT1. The same was true for the central
vessels within the optic nerve. Sclera contained no immu-
noreactive structures. As in the anterior part of the eye,
there were no differences in cellular distribution and
staining intensity of the observed immunoreactivities be-
tween controls and AD cases.

Discussion

The data presented here reveal the differentiated local-
ization of the main RAS components in the human eye.
The results support previous findings that ACE is present
in ocular cells suggesting the local synthesis of AngII [17]
and provide additional information on the cellular local-
ization of AngII and its specific receptor AT1. In the
aforementioned study, pooled tissue samples were used,
and, using reverse-transcription polymerase chain reac-
tion, gene expressions of renin, angiotensinogen and ACE
were localized to the human retinal pigment epithelium,
choroid and neural retina [17]. Angiotensinogen and ACE
mRNAs were also found marginally in sclera samples.
Our data complete these findings with the additional
description of the RAS components in the anterior part of
the eye and their immunohistochemical localization to
distinct cells. Since 18 subjects with a mean age of 54
years and a range up to 78 years were included in the pre-
vious study in the human eye [17], the study samples are
comparable with the elderly subjects in our study.

Fig. 2. Sagittal sections through the posterior part of the human eye.
ILM = Inner limiting membrane; GCL = ganglion cell layer; GC =
ganglion cells; IPL = inner plexiform layer; INL = inner nucleiform
layer; OPL = outer plexiform layer; ONL = outer nucleiform layer
consisting of cell somata of photoreceptor cells; IS = inner segments
of photoreceptor cells; CV = choroidal vessels. LM = Low magnifica-
tion (scale bar = 50 Ìm); HM = high magnification (scale bar =
120 Ìm). Low (A) and high (B) magnifications of ACE-immunoreac-
tive structures in the retina. In B, ACE-immunoreactive ganglion
cells are indicated by an arrow. C AngII-immunoreactive structures
in the retina. LM. D AT1 immunoreactivity is very weak or even
missing in the retina. LM. E Control section stained simultaneously
following the same procedure, with the exception that the primary
antibody was omitted. LM. F Choroidal vessels revealing ACE
immunoreactivity in their endothelial cells. HM. 

AngII acting within the ocular tissues has been suggest-
ed to be local in origin since its leakage from the circula-
tion is minimal or even nonexistent, and both precursor
and synthesizing enzymes are present within the eye [19].
The retinal pigment epithelium separates the retina from
the choroid and forms, together with the pigment epithe-
lium of the ciliary body and the endothelium of the retina
vessels, the blood-retina barrier preventing the diffusion
of circulatory RAS components [19, 34, 35]. AngII con-
centration in the vitreous humor has been found to be
only about 10% of the plasma concentration, and in the
retina and choroid it was 10 and 86 times higher, respec-
tively, than in plasma [19] indicating a concentration of
AngII synthesis in the outer part of the eye [17]. This
interpretation is supported by the finding that a renin/
prorenin gradient exists in vitreous humor, with the low-
est levels present in the most anterior parts of the vitreous
[36]. The previous study failed to show renin mRNA
expression in the anterior part of the human eye [17].
However, in the bovine eye, renin has also been found in
the anterior part [36]. Our data clearly show that ACE and
AngII are present both in anterior and posterior parts of
the eye supporting the hypothesis of local synthesis of
AngII in the whole structure.

In the anterior part of the eye, ACE and AngII were
mainly localized to endothelial and epithelial cells of the
cornea and to nonpigmented cells of the ciliary body. The
ciliary body is also the main localization for renin in the
anterior part of the eye in a previous study in bovine ocu-
lar tissues [36]. Besides its expression in the posterior part
of the eye, ACE mRNA has also been detected in the iris/
ciliary body of the chicken eye [20]. It has been suggested
that vasoconstriction in this well-vascularized area can be
modulated by the local RAS, independently of the circula-
tion-derived AngII and also independently of ACE syn-
thesis by the other tissues [20], which is supported by our
findings that both ACE and AngII are present in cellular
localizations here. In addition to cellular structures, small
vessels in the anterior area were positive for ACE. The
effects of ACE inhibitors as highly effective antiglaucoma-
tous substances lowering intraocular pressure [37] and
preventing angiogenesis reducing the risk of diabetic pro-
liferative retinopathy [38] may be explained by their
actions on ocular vessels [20]. Since the epithelium of the
ciliary body is the site of aqueous humor secretion [39],
and the trabecular meshwork cells, which were immuno-
positive for both ACE and AngII in our series, are the
main site of outflow facility [33], the ocular RAS in this
region may be importantly involved in the regulation of
aqueous humor outflow regulation.
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The cellular localizations of ACE and AngII in the pos-
terior part of the eye confirm previous findings in chicken
[20, 40], rat [22], rabbit [19] and human [17] retina. In our
series, the ACE- and AngII-immunoreactive cells in the
GCL were clearly ganglion cells and the positive cells in
the inner nucleiform layer may correspond to bipolar
cells, probably amacrine or Müller cells. Similar to our
results, ACE and AngII have been found localized to gan-
glion, amacrine, bipolar and photoreceptor cells in the
retina [19, 20]. It has been suggested that amacrine cells
account mainly for AngII synthesis in the retina [19]
whereas ACE may be not an intrinsic enzyme of the
AngII-positive amacrine cells but rather taken up from
the intracellular space [20]. AngII in the retina may pri-
marily act as a neurotransmitter or neuromodulator [16,
19]. Besides AngII, substance P has been identified as a
target neuropeptide for the catabolic activities of ACE in
the retina [41] emphasizing the neuromodulatory role of
the RAS in this area. In particular, the ganglion cells were
strongly immunoreactive for ACE and AngII in our study.
The suprachiasmatic nucleus, the principal circadian pa-
cemaker in mammals, receives efferent projections from
the ganglion cells providing light information to entrain
circadian rhythms [30, 42] and contains AngII-positive
neurons [43] suggesting a possible neuromodulatory role
for the RAS in this pathway.

In the present study, both ACE and AngII were local-
ized to the inner segments of photoreceptor cells. ACE
immunoreactivity in photoreceptor cells has also been
previously described [19, 40], but, in contrast to the
present study, these reports have failed to localize AngII
in photoreceptor cells. It has been suggested that ACE
may act predominantly as a general peptidase here. Our
findings provide evidence for the presence of AngII in
photoreceptor cells, but, since the mentioned previous
studies were not performed in humans, we cannot exclude
interspecies differences.

AT1 immunoreactivity was slight in ocular tissues.
The detected immunoreaction was restricted to corneal
cells in the anterior part of the eye and to ganglion cells in
the retina. The overall intensity of the AT1 immunoreac-
tivity was very weak, and, in the retina, it could be
detected only in 2 controls. AT1 mRNA has been found in
the rat retina, iris/ciliary body and choroid by reverse-
transcription polymerase chain reaction [21, 22]. In only
one study using immunohistochemistry AT1 has been
localized to ganglion cells in the rat retina [22]. Since the
same AT1 antibody was used in our and the latter study
[22], species-specific differences may account for the dis-
crepancy. However, taken together, the results identify

ganglion cells as a favored action site of AngII. This
hypothesis is supported by the observation that AngII
modulates the calcium concentration of retinal ganglion
cells [44] emphasizing the role of AngII as a neuromodula-
tory substance.

ACE- and AngII-immunoreactive vessels were found
both in the GCL and choroidea, but no AT1 immunoreac-
tivity. This is in contrast with findings in the rat eye where
AT1 has been found to be expressed in the uveal and epi-
retinal arteries, but not in the vessels of the inner retina
leading to the suggestion that the neuronal retina may be
not involved in vasoconstrictive functions [22]. Our data
show that the RAS may be vasoactive both in the retina
and choroidea. The blood supply of the human eye origi-
nates from the arteria ophthalmica but separates to two
different sources, the arteria centralis retinae and choroi-
dal vessels, supplying the retina and the choroidea sepa-
rately [33]. The RAS may be effective in both vessel sys-
tems, but the vasoactive RAS components in the choroi-
dea may be, in contrast to retinal ACE and AngII, of circu-
latory origin, since both parts are separated by a blood-
retina barrier [19, 34, 35]. Besides its neuromodulatory
actions, AngII in the retina has vascular growth-promot-
ing effects, inducing neovascularization via angiopoietin
2, and, therefore, plays a role in the progression of prolif-
erative retinopathies in diabetes [45] extending the spec-
trum of RAS actions in the retina.

Neither the intensity nor the distribution of the ob-
served immunoreactivities was altered in the 2 AD cases.
In the CNS, findings are different: ACE density was
increased in the cortex [1, 8, 26] and in the striatum [1] of
AD patients parallel to an increased AngII immunoreac-
tivity in the AD hippocampus and striatum [8]. Physiopa-
thological hypotheses suggest a possible involvement of
the RAS components in the course of AD [24]. Most of the
performed case-control studies tend to suggest that the
ACE genetic polymorphism may constitute a genetic sus-
ceptibility factor for AD [24] and RAS disturbances may
contribute to the vascular pathology observed in AD [25].
Indeed, AngII immunoreactivity has been found to be
increased around small vessels in AD striatum supporting
the hypothesis of an underlying vascular pathology in AD
[8]. Several reasons may account for the finding that the
RAS components were not altered in the AD cases. First,
only 2 AD cases could be included in the study, which
precludes any generalization. Second, the diagnosis of the
2 AD cases confirmed with postmortem pathological
examination excluded the possibility that these had a dis-
tinct vascular pathology. It may be that those dementia
cases with more prominent vascular involvement are the
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ones showing RAS alterations. Third, RAS alterations
previously observed in AD were particularly localized in
brain regions such as the hippocampus or cortex, which
are highly and early implicated in AD pathology. RAS in
ocular tissues may not have the same impact on AD

pathology as brain regions involved in higher cognitive
functions. Nevertheless, the present data confirm that
ocular RAS alterations may contribute to pathological
changes of ocular fluid homeostasis, angiogenesis and
local neuromodulatory actions.

References

1 Arregui A, Perry EK, Rossor M, Tomlinson
BE: Angiotensin converting enzyme in Alz-
heimer’s disease: Increased activity in caudate
nucleus, and cortical areas. J Neurochem 1982;
35:1490–1492.

2 Wright JW, Harding JW: Important roles for
angiotensin III and IV in the brain renin-angio-
tensin system. Brain Res Rev 1997;25:96–124.

3 Gard PR: The role of angiotensin II in cogni-
tion and behaviour. Eur J Pharmacol 2002;
438:1–14.

4 Fischer-Ferraro C, Nahmod VE, Goldstein DJ,
Finkielman S: Angiotensin and renin in rat and
dog brain. J Exp Med 1971;133:353–361.

5 Ganten D, Marquez-Julio A, Granger P, Hay-
duk K, Karsunky KP, Boucher R, Genest J:
Renin in dog brain. Am J Physiol 1971;221:
1733–1737.

6 Ganten D, Minnich JL, Granger P, Hayduk K,
Brecht HM, Barbeau A, Boucher R, Genest J:
Angiotensin-forming enzyme in brain tissue.
Science 1971;173:64–65.

7 Ganten D, Printz M, Phillips MI, Scholkens
BA: The Renin-Angiotensin System in the
Brain. Berlin, Springer, 1982.

8 Savaskan E, Hock C, Olivieri G, Bruttel S,
Rosenberg C, Hulette C, Müller-Spahn F: Cor-
tical alterations of angiotensin converting en-
zyme, angiotensin II and AT1 receptor in Alz-
heimer’s dementia. Neurobiol Aging 2001;22:
541–546.

9 Savaskan E, Höchli M, Ganten D, Chan-Palay
V: Angiotensin II immunoreactivity in the hu-
man striatum and hippocampus of elderly con-
trols and patients with senile dementia of the
Alzheimer type and multi-infarct dementia.
Dement Geriatr Cogn Disord 1991;2:314–
323.

10 Fuxe K, Ganten D, Hökfelt T, Bolme P: Immu-
nohistochemical evidence for the existence of
angiotensin II-containing nerve terminals in
the brain and spinal cord in the rat. Neurosci
Lett 1976;2:229–234.

11 Weyhenmeyer JA, Phillips MI: Angiotensin-
like peptide in the brain of the spontaneously
hypertensive rat. Hypertension 1982;4:514–
523.

12 Lind RW, Swanson LW, Ganten D: Organiza-
tion of angiotensin II immunoreactive cells and
fibers in the rat central nervous system. Neu-
roendocrinology 1985;40:2–24.

13 Phillips MI, Quinlan JT, Weyhenmeyer J: An
angiotensin-like peptide in the brain. Life Sci
1980;27:2589–2594.

14 Bottari SP, de Gasparo M, Steckelings UM,
Levens NR: Angiotensin II receptor subtypes:
Characterization, signalling mechanisms, and
possible physiological implications. Front Neu-
roendocrinol 1993;14:123–171.

15 Dzau VJ: Molecular biology of angiotensin II
biosynthesis and receptors. Can J Cardiol
1995;11:21F–26F.

16 Jurklies B, Eckstein A, Jacobi P, Kohler K,
Risler T, Zrenner E: The renin-angiotensin sys-
tem – A possible neuromodulator in the human
retina? Ger J Ophthalmol 1995;4:144–150.

17 Wagner J, Jan Danser AH, Derkx FHM, de
Jong PTVM, Paul M, Mullins JJ, Schalekamp
MADH, Ganten D: Demonstration of renin
mRNA, angiotensinogen mRNA, and angio-
tensin converting enzyme mRNA expression in
the human eye: Evidence for an intraocular
renin-angiotensin system. Br J Ophthalmol
1996;80:159–163.

18 Murata M, Nakagawa M, Takahashi S: Angio-
tensinogen mRNA is synthesized locally in rat
ocular tissues. Ophthalmologica 1997;211:
301–304.

19 Kohler K, Wheeler-Schilling T, Jurklies B,
Guenther E, Zrenner E: Angiotensin II in the
rabbit retina. Vis Neurosci 1997;14:63–71.

20 Wheeler-Schilling TH, Sautter M, Guenther E,
Kohler K: Expression of angiotensin-convert-
ing enzyme (ACE) in the developing chicken
retina. Exp Eye Res 2001;72:173–182.

21 Murata M, Nakagawa M, Takahashi S: Expres-
sion and localization of angiotensin II type 1
receptor mRNA in rat ocular tissues. Ophthal-
mologica 1997;211:384–386.

22 Wheeler-Schilling TH, Kohler K, Sautter M,
Guenther E: Angiotensin II receptor subtype
gene expression and cellular localization in the
retina and non-neuronal ocular tissues of the
rat. Eur J Neurosci 1999;11:3387–3394.

23 Meyer P, Flammer J, Lüscher TF: Local action
of the renin angiotensin system in the porcine
ophthalmic circulation: Effects of ACE inhibi-
tors and angiotensin receptor antagonists. In-
vest Ophthalmol Vis Sci 1995;36:555–562.

24 Amouyel P, Richard F, Berr C, David-Fromen-
tin I, Helbecque N: The renin angiotensin sys-
tem and Alzheimer’s disease. Ann NY Acad Sci
2000;903:437–441.

25 Skoog I: Vascular aspects in Alzheimer’s dis-
ease. J Neural Transm 2000;59:37–43.

26 Barnes NM, Cheng CHK, Costall B, Nylor RJ,
Williams TJ, Wischik CM: Angiotensin con-
verting enzyme density is increased in tempo-
ral cortex from patients with Alzheimer’s dis-
ease. Eur J Pharmacol 1991;200:289–292.

27 Zubenko GS, Marquis JK, Volicer L, Direnfeld
LK, Langlais PJ, Nixon RA: Cerebrospinal
fluid levels of angiotensin-converting enzyme,
acetylcholinesterase, and dopamine metabo-
lites in dementia associated with Alzheimer’s
disease and Parkinson’s disease: A correlative
study. Biol Psychiatry 1986;21:1365–1381.

28 Crawford F, Abdullah L, Schinka J, Suo Z,
Gold M, Duara R, Mullan M: Gender-specific
association of the angiotensin converting en-
zyme gene with Alzheimer’s disease. Neurosci
Lett 2000;280:215–219.

29 Isbir T, Agaçhan B, Yilmaz H, Aydin M: An-
giotensin converting enzyme gene polymor-
phism in Alzheimer’s disease. Cell Biochem
Funct 2000;18:141–142.

30 Savaskan E, Wirz-Justice A, Olivieri G, Pache
M, Kräuchi K, Brydon L, Jockers R, Müller-
Spahn F, Meyer P: Distribution of melatonin
MT1 receptor immunoreactivity in human re-
tina. J Histochem Neurochem 2002;50:519–
525.

31 Falkenhahn M, Franke F, Bohle RM, Zhu Y-C,
Stauss HM, Bachmann S, Danilov S, Unger T:
Cellular distribution of angiotensin-converting
enzyme after myocardial infarction. Hyperten-
sion 1995;25:219–226.

32 Marrero MB, Schieffer B, Paxton WG, Heerdt
L, Berk BC, Delafontaine P, Bernstein KE:
Direct stimulation of Jak/STAT pathway by
the angiotensin II AT1 receptor. Nature 1995;
375:247–250.

33 Spencer WH: Ophthalmic Pathology, ed 4.
Philadelphia, Saunders, 1996.

34 Lind RW, Ganten D: Angiotensin; in Björk-
lund A, Hökfelt T, Kuhar MJ (eds): Handbook
of Chemical Neuroanatomy. New York, Else-
vier Science Publishers, 1990, vol 9: Neuropep-
tides in the CNS, pp 165–286.

35 Danser AH, Derkx FH, Admiraal PJ, Deinum
J, de Jong PT, Schalekamp MA: Angiotensin
levels in the eye. Invest Ophthalmol Vis Sci
1994;35:1008–1018.

36 Deinum J, Derkx FHM, Danser AHJ, Schale-
kamp MADH: Identification and quantifica-
tion of renin and prorenin in the bovine eye.
Endocrinology 1990;126:1673–1682.

D
o
w

n
lo

a
d
e
d
 b

y
: 

U
n
iv

e
rs

it
ä
t 
Z

ü
ri
c
h
, 
 Z

e
n
tr

a
lb

ib
lio

th
e
k
 Z

ü
ri
c
h
  
  
  
  
  

1
3
0
.6

0
.4

7
.2

2
 -

 7
/7

/2
0
1
6

 3
:2

8
:1

7
 P

M



320 Ophthalmic Res 2004;36:312–320 Savaskan/Löffler/Meier/Müller-Spahn/
Flammer/Meyer

37 Costagliola C, Di Benedetto R, De Caprio L,
Verde R, Mastropasqua L: Effect of oral capto-
pril (SQ 14225) on intraocular pressure in man.
Eur J Ophthalmol 1995;5:19–25.

38 Sjolie AK, Chaturvedi N: The retinal renin-
angiotensin system: Implications for therapy in
diabetic retinopathy. J Hum Hypertens 2002;
16:S42–S46.

39 Lutjen-Drecoll E: Functional morphology of
the ciliary epithelium; in Lutjen-Drecoll E (ed):
Basic Aspects of Glaucoma Research. Stutt-
gart, Schattauer, 1982.

40 Datum KH, Zrenner E: Angiotensin-like im-
munoreactive cells in the chicken retina. Exp
Eye Res 1991;53:157–165.

41 Britto LR, Hamassaki DE, Keyser KT, Karten
HJ: Neurotransmitters, receptors, and neuro-
peptides in the accessory optic system: An im-
munohistochemical survey in the pigeon (Co-
lumba livia). Vis Neurosci 1989;3:463–475.

42 Terman M, Remé CE, Wirz-Justice A: The
visual input stage of the mammalian circadian
pacemaking system. II. The effect of light and
drugs on retinal function. J Biol Rhythms
1991;6:31–48.

43 Abrahamson EE, Moore RY: Suprachiasmatic
neucleus in the mouse: Retinal innervation,
intrinsic organization and efferent projections.
Brain Res 2001;916:172–191.

44 Guenther E, Schmid S, Hewig B, Kohler K:
Two-fold effect of angiotensin II on voltage-
dependent calcium currents in rat retinal gan-
glion cells. Brain Res 1996;718:112–116.

45 Otani A, Takagi H, Oh H, Koyama S, Honda
Y: Angiotensin II induces expression of the
Tie2 receptor ligand, angiopoietin-2, in bovine
retinal endothelial cells. Diabetes 2001;50:
867–875.

D
o
w

n
lo

a
d
e
d
 b

y
: 

U
n
iv

e
rs

it
ä
t 
Z

ü
ri
c
h
, 
 Z

e
n
tr

a
lb

ib
lio

th
e
k
 Z

ü
ri
c
h
  
  
  
  
  

1
3
0
.6

0
.4

7
.2

2
 -

 7
/7

/2
0
1
6

 3
:2

8
:1

7
 P

M


