Ischemia-Reperfusion Causes Exudative Detachment of
the Rabbit Retina
Ortrud Uckermann,1,2 Susann Uhlmann,3 Thomas Pannicke,1 Mike Francke,1
Ruslan Gamsalijew,1 Felix Makarov,4 Elke Ulbricht,1 Peter Wiedemann,3
Andreas Reichenbach,1 Neville N. Osborne,5 and Andreas Bringmann3
PURPOSE. To characterize the activation of macroglial (Müller)
and microglial cells, as well as neuronal cell degeneration,
during ischemia-reperfusion in rabbit retina and to test the
possible effect of triamcinolone acetonide on gliosis.
METHODS. Transient retinal ischemia was produced by increasing intraocular pressure for 60 minutes. Triamcinolone (8 mg)
was intravitreally applied immediately after the cessation of
ischemia. At 3 and 8 days after reperfusion, the K⫹ currents of
acutely isolated Müller cells were recorded, and the Ca2⫹
responses of Müller cells on stimulation of P2Y receptors were
recorded fluorometrically in retinal wholemounts. Microglial/
immune cells in the nerve fiber layer of retinal wholemounts
were labeled with isolectin. To evaluate neuronal and Müller
cell loss, the numbers of cells were counted in retinal slices.
RESULTS. Transient ischemia caused exudative detachment of
the central retina that was characterized by disruption of the
pigment epithelial monolayer, the presence of scattered pigment epithelial and immune cells in the expanded subretinal
space, and retinal folds. A significant loss of photoreceptor
cells was observed at 8 days after reperfusion. At 3 and 8 days
after reperfusion, Müller cell gliosis was apparent, as indicated
by cellular hypertrophy, downregulation of K⫹ channel expression, and an increased number of cells that displayed P2Y
receptor-mediated Ca2⫹ responses. The number of microglial/
immune cells increased strongly after reperfusion. Intravitreal
triamcinolone did not affect the parameters of Müller cell
gliosis but decreased the number of microglial/immune cells.
CONCLUSIONS. Ischemia-reperfusion of the rabbit retina causes
exudative retinal detachment that is characterized by a loss of
photoreceptor cells, whereas the inner retina remains largely
preserved. Micro- and macroglial cells are activated early during reperfusion, even before dropout of the photoreceptor
cells. Intravitreal triamcinolone may decrease the degree of
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V

arious ocular and systemic diseases (e.g., central retinal
artery occlusion, carotid artery disease, diabetic retinopathy, hypertension, and possibly glaucoma) are accompanied by
retinal ischemia, which is a common cause of visual impairment and blindness.1 Retinal ischemia-reperfusion results in
neuronal cell degeneration and in activation of glial cells.
Neuronal cell degeneration is caused by oxygen and substrate
deprivation during ischemia, as well as by reperfusion injury,
mainly mediated by the formation of damaging free oxygen
radicals2– 4 and by glutamate excitotoxicity1,5,6 and is accompanied by opening of the barriers between blood and neural
tissues.7,8
In the rodent retina, pressure-induced transient ischemia
causes neuronal cell death predominantly in the ganglion cell
(GCL) and inner nuclear (INL) layers, via necrosis and apoptosis.9,10 The early neuronal degeneration results in a reduced
thickness of the inner retinal tissue within 7 days after reperfusion.11–15 In contrast, the outer nuclear layer (ONL) remains
stable in thickness during this early postischemia stage, and no
loss of photoreceptor somata is observed in the first week after
reperfusion.15,16 The ONL degenerates during later postischemia stages (2– 4 weeks after reperfusion).16 However, the
susceptibility of the inner versus the outer retina to ischemic
injury seems to be species dependent. A stronger sensitivity of
the outer than the inner retina to ischemic damage has been
reported in primate and rabbit retinas.17–19 The reasons for the
selective vulnerability of the inner rodent retina to transient
ischemia are unclear; possibilities include the fact that the rat
retina has a retinal blood supply in association with astrocytes,
whereas this is not present to the same extent in the rabbit
retina. The selective vulnerability of the inner rodent retina has
been associated with various pathogenetic mechanisms: noreflow problems in the postischemic retinal circulation,12 elevated expression of the p53 protein that is presumably involved in apoptotic cell death of inner retinal neurons,9
selective expression of glutamate receptors in inner retinal
neurons,1,20 and selective initial accumulation of leukocytes
that release cytotoxic free radicals and cytokines within the
inner retinal tissue.21 Indeed, it has been found that shortly
after transient ischemia in the rat retina, blood-derived leukocytes enter the inner retinal tissue and surround the neurons in
the GCL. Invading leukocytes are assumed to attack and kill
retinal neurons by a nitric oxide-dependent mechanism.22 After this initial stage, activated microglial cells may contribute to
ganglion cell degeneration, by a similar nitric oxide-dependent
mechanism.22 Excessive production of nitric oxide may be one
causative factor in the loss of retinal ganglion cells in glaucoma.23
Reactive gliosis may have cytoprotective and cytotoxic effects on retinal neurons. Müller glial cells are implicated in
cytokine-mediated protection of photoreceptor cells from
death.24,25 They release antioxidant substances such as glutathione, and they buffer the elevated extracellular K⫹ and proInvestigative Ophthalmology & Visual Science, July 2005, Vol. 46, No. 7
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tect neuronal cells from glutamate and nitric oxide toxicity,
particularly by glutamate uptake and subsequent detoxification
by glutamine synthesis.26 In contrast, activated retinal glial
cells may also exert cytotoxic effects by the expression of
proinflammatory cytokines such as tumor necrosis factor,27,28
by production of free radicals, and by dysregulation of the
uptake of glutamate29 and K⫹ that may exacerbate neuronal
hyperexcitation and glutamate toxicity.26 In addition to macroglial cells, microglial cells, the resident immune cells of the
neural tissue that serve important ameliorative functions such
as the protection against bacterial infection and the phagocytosis of destroyed cells,30 may have a role in neuronal cell
death.31 Microglial cells release a variety of potentially noxious
substances, including reactive oxygen species, nitric oxide,
and proinflammatory cytokines.32,33 In the developing retina,
microglial cells cause programmed neuronal cell death.34 Furthermore, retinal microglial cells have been shown to induce
degeneration of photoreceptor cells in vitro.35 Treatment of
the adult retina with microglia-inhibiting factors suppresses
axotomy-induced neuronal degradation.36 Retinal microglial
cells may modify photoreceptor survival by controlling the
neurotrophic factor production of Müller cells.37 However, the
protective or cytotoxic roles of microglial cells remain controversial.31
To investigate the cause of the vulnerability of the outer
rabbit retina to ischemic injury17,18 and to characterize early
glial cell activation, ischemia-reperfusion of the rabbit retina
was induced by transient elevation of the intraocular pressure.
The degree of Müller cell activation was characterized by using
two physiological parameters: (1) the expression level of the
plasma membrane K⫹ conductance, which is involved in the
ionic homeostasis of the normal retina38 and that has been
shown to be downregulated in various retinal diseases including ischemia-reperfusion injury of the rat retina,39 – 41 and (2)
the intracellular Ca2⫹ responsiveness on stimulation of purinergic P2Y receptors, which has been shown to be elevated in
experimental injury of the rabbit retina.42,43 To examine the
activation of microglial cells, the density of microglial/immune
cells in the nerve fiber layer (NFL) was investigated. Furthermore, the effect of intravitreal triamcinolone acetonide (9␣fluoro-16␣-hydroxyprednisolone), an anti-inflammatory corticosteroid commonly used in the treatment of inflammatory eye
diseases, on glial cell activation was investigated.

MATERIALS

AND

METHODS

Animals and Ischemia Model
All experiments were performed in accordance with applicable German and British laws and with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. Twenty-four young adult
rabbits (1.8 –2.3 kg, both sexes) were anesthetized by intramuscular
ketamine (50 mg/kg; Ratiopharm, Ulm, Germany) and xylazine (3
mg/kg; BayerVital, Leverkusen, Germany). The pupils of the eyes were
dilated by topical tropicamide (1%; Ursapharm, Saarbrücken, Germany) and phenylephrine hydrochloride (5%; Ankerpharm, Rudolstadt, Germany). Transient retinal ischemia was induced in one eye of
the animals, and the other eye remained untreated and served as the
control. The anterior chamber of the test eye was cannulated from the
cornea with a 30-gauge infusion needle connected to a bag containing
normal saline. Intraocular pressure was increased to 125 mm Hg for 60
minutes by elevating the saline bag. Records of the dark-adapted
electroretinogram that were made before and during high intraocular
pressure revealed a decrease of the b-wave by approximately 80% (not
shown). After cessation of the elevated intraocular pressure, triamcinolone acetonide (8 mg; stem solution in methanol, resuspended in 100
L saline before use) was intravitreally applied to surgical and control
eyes. After survival times of 3 or 8 days, the animals were anesthetized
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as described and were killed by intravenous embutramid mebezonium
iodide (T61; 3 mL; Hoechst, Unterschleissheim, Germany), and the
eyes were excised.

Ca2ⴙ Imaging
Wholemounts of retinal pieces (3 ⫻ 3 mm) isolated from the retina
ventrally to the visual streak were placed, vitreal surface up, in a
perfusion chamber and were incubated for 1 hour at room temperature in extracellular solution containing two different calcium-sensitive
fluorescence dyes, Fluo-4/AM (11 M) and Fura-Red/AM (17 M; Molecular Probes, Eugene, OR). The extracellular solution contained
(mM) 110 NaCl, 3 KCl, 2 CaCl2, 1 MgCl2, 1 Na2HPO4, 0.25 glutamine,
10 HEPES, 11 glucose, and 25 NaHCO3, adjusted to pH 7.4 with
Tris-base and bubbled with carbogen (95% O2, 5% CO2). After 10
minutes of washing by continuous perfusion of extracellular solution,
adenosine 5⬘-triphosphate (ATP, sodium salt; Serva Electrophoresis,
Heidelberg, Germany) was added by a rapid change of the perfusate.
Fluorescence images were recorded with a confocal laser scanning
microscope (LSM 510 Meta; Carl Zeiss Meditec, Oberkochen, Germany). The fluorescence dyes were excited at 488 nm; the emission of
Fluo-4 was recorded with a band-pass filter between 505 and 550 nm,
and the emission of Fura-Red was recorded with a 650 nm long-pass
filter. Images were taken of the vitread surface of retinal wholemounts
in an area of 230 m2.

Microglial/Immune Cell Reactivity
To label microglial cells, acutely isolated retinal wholemounts were
incubated in saline containing Cy3-tagged Griffonia simplicifolia agglutinin (GSA) isolectin I-B4 (25 g/mL) for 1 hour at room temperature, simultaneously with the calcium-sensitive dyes. The GSA lectin
labels D-galactose residues that are expressed by both resting and
activated microglial cells and by blood-derived immune cells in the
rabbit retina. The Cy3 fluorescence was recorded with a 543-nm HeNe
laser and a 560- to 615-nm band-pass filter. The degree of microglial/
immune cell activation was estimated by counting the density of GSA
lectin-stained cells at the vitreal surface (i.e., in the NFL).

Electrophysiological Recordings
Müller cells from the retina ventrally to the visual streak were acutely
isolated by using papain and DNase I-containing solutions, as described
previously.40 The cell suspensions were stored in serum-free modified
Eagle’s medium at 4°C (up to 4 hours) before use. Whole-cell voltageclamp recording were obtained at room temperature (22–25°C) with
an amplifier (Axopatch 200A; Axon Instruments, Foster City, CA) and
ISO-2 software (MFK, Niedernhausen, Germany). Patch pipettes were
pulled from borosilicate glass (Science Products, Hofheim, Germany)
and had resistances between 4 and 6 M⍀ when filled with the intracellular solution that contained (mM) 10 NaCl, 130 KCl, 1 CaCl2, 2
MgCl2, 10 EGTA, and 10 HEPES (pH 7.2). The series resistance (10 –18
M⍀) was compensated for by 30% to 50%; the signals were low-pass–
filtered at 3 kHz (eight-pole Bessel filter), and the sampling rate was 15
kHz. The recording chamber was continuously perfused with bath
solution consisting of (mM) 110 NaCl, 3 KCl, 2 CaCl2, 1 MgCl2 10
HEPES, 11 glucose, and Tris-base to adjust the pH to 7.4.
To evoke whole-cell K⫹ currents, de- and hyperpolarizing voltage
steps of 250-ms duration, with an increment of 20 mV, were applied
from a holding potential of ⫺80 mV. The membrane capacitance of the
cells was measured by the integral of the uncompensated capacitive
artifact evoked by a hyperpolarizing voltage step from ⫺80 to ⫺90 mV
when Ba2⫹ (1 mM) was present in the bath solution to block the
predominant K⫹ conductance. For recording the capacitive artifact,
the sampling rate was 30 kHz and the frequencies above 10 kHz were
cut off.
To evaluate the subcellular distribution of inward K⫹ conductance,
a solution containing 50 mM KCl was pressure ejected for 50 ms onto
four different membrane regions of isolated cells. The evoked currents
were recorded at a holding potential of ⫺80 mV through a patch
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FIGURE 1. Ischemia-reperfusion of
the rabbit retina caused exudative
retinal detachment. Semithin sections of a 3-day postischemic retina
(A–C) and a control retina (D), respectively. (A) Central part of the
postischemic retina. The subretinal
space was expanded and contained
scattered cells of different morphologies. The photoreceptor outer segments were severely degenerated.
(B) An enlarged retinal area from (A)
showing disruption of the RPE monolayer (arrowheads) and putative
blood-derived immune cells within
the subretinal space (arrow). (C) Another part of the central retina displays a retinal fold and an expanded
subretinal space containing dispersed RPE cells (arrow). (D) Central part of control retina with an
intact interface between photoreceptor outer segments and RPE cells. Ch,
choroidea; INL, inner nuclear layer;
ONL, outer nuclear layer; PRiS, photoreceptor inner segments; PRoS,
photoreceptor outer segments; RPE,
retinal pigment epithelium.

pipette at the soma of the cells. To evoke outward currents, a solution
containing 0.3 mM KCl was focally applied to the cells. Alterations of
the KCl concentration were made by equimolar changes of the NaCl
concentration.

Histochemistry and Cell Counting
The animals were perfused with 2% paraformaldehyde in saline, the
eyes were excised and fixed in 4% paraformaldehyde and embedded in
paraffin, and 5-m-thick sections through the eyes were produced in
dorsoventral direction (through the optic nerve head). The sections
were incubated overnight at 4°C with monoclonal anti-vimentin (clone
VIM3B4, 1:200; Progen Biotechnik, Heidelberg, Germany), and developed with a biotinylated secondary antibody. To determine the Müller
cell density, the number of vimentin-labeled Müller cell processes in
the inner plexiform layer (IPL) was counted. The number of cell nuclei
was determined in hematoxylin-stained slices. Five different retinal
regions were examined: the visual streak, retinal areas 3 mm dorsal and
ventral from the visual streak, and the retinal periphery at a 1-mm
distance from the dorsal and ventral retinal edges.

Data Analysis
The electrophysiological data were not leak subtracted and were not
corrected for liquid junction potentials, since these did not exceed 3
mV. The amplitude of the steady state whole-cell currents was measured at the end of 250-ms voltage steps. As a rough estimate of the
resting membrane potentials, the zero-current potentials of the steady
state I-V curves were determined. To evaluate the Ca2⫹ responses, the
fluorescence ratio FFluo-4/FFura-Red was calculated, and the obtained
values were normalized to the prestimulus value by calculation of the
ratio F/F0, where F0 represents the baseline fluorescence before agonist application. The incidence of responding Müller cells was estimated by using a procedure previously described in detail.44
Statistical analysis was performed on computer (Prism; GraphPad
Software, San Diego, CA). Significance was determined by Student’s
t-test for two groups or by ANOVA followed by comparisons for
multiple groups. Data are expressed as the mean ⫾ SD (histologic data)
or SEM (electrophysiological and imaging data); n represents the number of retinal wholemounts (calcium imaging) and the number of
isolated cells investigated (electrophysiological recordings).

Semithin Retinal Sections

RESULTS

After pars plana sclerotomy, the excised eyes were fixed in a buffered
mixture of 2% glutaraldehyde and 4% paraformaldehyde overnight, and
postfixed in 1% osmium tetroxide for 2 hours. The tissues were rinsed,
dehydrated in ethanol, and stained overnight in 70% ethanol saturated
with uranylacetate. After further dehydration in absolute ethanol and
propylene oxide, the samples were embedded in Araldite (502 Kit;
Sigma-Aldrich, Steinheim, Germany) and sectioned by using an ultramicrotome (Nova; LKB, Turku, Finland). Semithin sections (0.5 m)
were stained with toluidine blue and visualized by using a conventional
light microscope.

Retinal Histology
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The retinal histology was investigated at 3 and 8 days after
reperfusion by using semithin retinal slices. At 3 days after
reperfusion, an exudative (serous) retinal detachment was observed in central parts of the postischemic retinas (Figs. 1A–C),
but not in the far periphery. In central parts of postischemic
retinas, the monolayer of the retinal pigment epithelial (RPE)
cells was severely disrupted. The subretinal space was expanded and contained scattered RPE cells and blood-derived
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immune cells (Figs. 1A–C). Retinal folds were regularly observed in the detached areas (Fig. 1C). The outer segments of
photoreceptors in the detached retina were in the process of
degeneration. Areas with exudative retinal detachment and
disrupted RPE were also observed at 8 days after reperfusion
(not shown). There were hypertrophied Müller cell fibers but
no other apparent histologic alterations in the inner layers of
postischemic retinas (not shown).

Müller Cell Density
To determine the density of Müller cells, retinal slices were
immunostained against vimentin, and the density of stained
Müller cell processes was counted in the IPL. Because the
Müller cell density depends on the site of the retina (with a
decreasing gradient from center to periphery),45 slices of central and peripheral tissues were investigated, and the results
were pooled. The density of Müller cells was not significantly
altered at 3 or 8 days after reperfusion (12,438 ⫾ 1,236 cells/
mm2) compared with the control cells (14,153 ⫾ 449 cells/
mm2).

Neuronal Cell Degeneration
At 3 days after reperfusion, the ONL displayed a certain disorganization of its histoarchitecture, with a less dense packing of
photoreceptor cell nuclei compared with the control retinas.
Single nuclei were displaced into the outer plexiform layer or
extruded into the inner segment layer (not shown). At 8 days
after reperfusion, the number of rows of photoreceptor nuclei
in the ONL decreased from five to seven in control retinas to
approximately two in postischemic retinas. Neuronal degeneration was estimated by counting the number of neuronal cell
nuclei per Müller cell in slices from five different retinal regions. At 3 days after reperfusion, no decrease of neuronal cell
numbers was observed (Fig. 2). However, at 8 days after reperfusion, the neuronal cell number in the postischemic retinas
was decreased when compared with that in control retinas.
This decrease was clearly significant in ventral retinal areas
(Fig. 2A). In all retinal regions investigated, the number of
neurons in the GCL was not significantly altered (Fig. 2B).
Similarly, the number of neurons within the INL remained
largely unaltered at 8 days after reperfusion. A significant reduction was found only in the ventral peripheral retina (Fig.
2C). In contrast, a relatively strong reduction of the number of
photoreceptor cells was observed at 8 days after reperfusion,
especially in the ventral retina (Figs. 2D, 2E). The data suggest
that the inner retina remains largely preserved up to 8 days
after reperfusion while the photoreceptor cells undergo degeneration, especially in ventral retinal areas.

Müller Cell Reactivity: Kⴙ Currents
Electrophysiological records were made to reveal whether
Müller cells change their K⫹ channel expression after reperfusion. Examples of whole-cell current records of typical cells
from control and 8-day postischemic retinas are shown in
Figure 3A. The predominant plasma membrane conductance of
Müller cells from control retinas is a K⫹ current with a relatively weak inward rectification. Retinal ischemia-reperfusion
caused a significant decrease in the density of inward K⫹
currents in Müller cells to 47% ⫾ 8% at 3 days (P ⬍ 0.001) and
to 39% ⫾ 5% at 8 days after reperfusion (P ⬍ 0.001), compared
with the control (100%; Fig. 3B). In postischemic Müller cells
of the rat, the outward K⫹ currents have been found more
reduced than the inward currents.41 In contrast, in the rabbit
cells, the ratio of outward to inward currents around the
resting membrane potential of ⬃ ⫺80 mV decreased only
slightly, from 0.68 in control cells to 0.66 at 3 days and to 0.57
at 8 days after ischemia (Fig. 3C). The downregulation of the
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K⫹ currents was not accompanied by alterations of the resting
membrane potential (not shown). Significant Müller cell hypertrophy (measured as the whole-cell membrane capacitance in
acutely isolated cells) was evident at 3 days after reperfusion
(by 22% ⫾ 7%; P ⬍ 0.05); however, after 8 days of reperfusion,
the cell membrane area returned to near control levels (Fig.
3D).
The subcellular distribution of the K⫹ conductance was
determined by focal application of a high-K⫹ solution onto four
different plasma membrane domains of acutely isolated Müller
cells, evoking inward K⫹ currents at the holding potential of
⫺80 mV (i.e., close to the resting membrane potential of the
cells; Fig. 4A). In cells from control and postischemic retinas,
the highest K⫹ conductance was found at the end feet of the
cells abutting the vitreous body in situ (Fig. 4B), as previously
described.46 After reperfusion, the relative decrease in K⫹
conductance was equal in all membrane domains investigated
(Fig. 4B). Similar alterations were observed when a low-K⫹
solution, evoking outward K⫹ currents, was ejected onto the
cells (not shown), with amplitude decreases of the currents
similar to the inward currents (e.g., the outward currents
evoked at the end feet were: control, 145 ⫾ 44 pA; 3 days after
ischemia, 72 ⫾ 7 pA; and 8 days after ischemia, 27 ⫾ 11 pA,
P ⬍ 0.05).

Müller Cell Reactivity: ATP-Evoked
Ca2ⴙ Responses
It has been shown that in wholemounts of normal adult rabbit
retinas, only a small subpopulation of Müller cells respond to
extracellular application of ATP with a transient increase of the
cytosolic Ca2⫹, via activation of purinergic P2Y receptors (Fig.
5A).43 In the present study, approximately 15% of the Müller
cells present in control tissues showed Ca2⫹ responses to
application of ATP (Fig. 5B). Retinal ischemia-reperfusion
caused a significant increase of the incidence of Müller cells
showing ATP-evoked Ca2⫹ responses (Fig. 5A), with ⬃50% and
⬃59% of responding cells in 3- and 8-day postischemic retinas,
respectively (Fig. 5B). The data suggest that an increasing
number of Müller cells express functional P2Y receptors after
transient ischemia.

Microglial/Immune Cell Reactivity
Cell proliferation is a characteristic feature of microglial cell
reactivity under various pathologic conditions.30 Ischemiareperfusion of the rabbit retina caused a strong increase in the
number of GSA lectin-stained microglial/immune cells in the
NFL of retinal wholemounts (Fig. 6A) that was more pronounced at 8 days than at 3 days of reperfusion (Fig. 6B).

Effect of Triamcinolone
The effect of intravitreal triamcinolone on the degree of glial
cell activation was investigated in 8-day postischemic retinas.
Intravitreal triamcinolone did not change the density of K⫹
currents in Müller cells isolated from control or postischemic
retinas (Fig. 3B), the cell membrane capacitance of isolated
Müller cells (not shown), or the number of Müller cells that
showed Ca2⫹ responses on purinergic receptor stimulation
(Fig. 5B). The increase of the number of GSA lectin-stained
microglial/immune cells in the NFL, however, was significantly
decreased in the presence of intravitreal triamcinolone (Fig.
6B). Taken together, intravitreal triamcinolone did not affect
Müller cell gliosis but may have decreased microglial cell proliferation and/or immune cell invasion.

DISCUSSION
The present study confirms previous observations17,18 showing that the pattern of neuronal cell degeneration in the post-
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FIGURE 2. Ischemia-reperfusion of
the rabbit retina caused selective loss
of photoreceptor cells. (A–D) The
number of neuronal cell nuclei per
Müller cell in 3-day (left) and 8-day
(right) postischemic retinas are
shown. The nuclei were counted in
five different retinal regions. Control:
nontreated contralateral eyes. (A) All
neuronal cell nuclei. (B) Nuclei in
the GCL. (C) Neuronal cell nuclei in
the INL. (D) Photoreceptor (PRS)
cell nuclei. (E) Representative slices
through the ventral center of the
control, in 3- and 8-day postischemic
retinas. Scale bar, 20 m. *P ⬍ 0.05,
**P ⬍ 0.01 versus control.

ischemic rabbit retina is contrary to that observed in the
postischemic rodent retina. Whereas the inner retina appeared
to remain largely preserved up to 8 days after reperfusion, with
no neuronal degeneration in the GCL and only a slight degeneration in the INL, the photoreceptor cells degenerated rapidly
during the first week after reperfusion, especially in the ventral
retina (Fig. 2). However, the reason for the vulnerability of the
outer rabbit retina during ischemia-reperfusion is presently
unclear. Our results show that ischemia-reperfusion causes a
disruption of the RPE monolayer and the development of
exudative retinal detachment that is accompanied by the inva-
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sion of leukocytes into the expanded subretinal space and by a
degeneration of photoreceptor cells.
Though there is a large body of literature regarding the
factors that may cause ischemia–reperfusion injury of the retina, the pathomechanisms of neuronal cell degeneration are
still not fully understood. In addition to various other factors,
two main mechanisms have been suggested1: cellular damage
by free oxygen radicals, formed during reperfusion in the
retinal tissue or released by infiltrating immune cells,2– 4,22 and
cell injury by glutamate toxicity.5,6 Glutamate toxicity has been
implicated particularly in the degeneration of the inner retinal
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FIGURE 3. Ischemia-reperfusion of the rabbit retina causes downregulation of K⫹ currents in Müller glial cells. (A) Examples of current recordings
in cells from control (left) and 8-day postischemic (right) retinas. Voltage steps were applied from a holding potential of ⫺80 mV to increasing deand hyperpolarizing potentials between ⫺160 and 0 mV. Small bars at left indicate zero-current levels. (B) Mean densities of the inward currents
measured in voltage steps from ⫺80 to ⫺140 mV, depending on the duration of reperfusion. The number of cells is shown within the bars. (C)
Mean I-V relationships of the whole-cell currents of Müller cells from control and postischemic retinas. The steady state currents were measured
at the end of 250-ms voltage steps. (D) Mean cell membrane capacitance. *P ⬍ 0.05; **P ⬍ 0.01; ***P ⬍ 0.001 versus the respective control. •P ⬍
0.05.

layers, containing neurons that express ionotropic glutamate
receptors.1,20 In the present study, we investigated the retina
of the rabbit that is (with the exception of the medullary rays)
nonvascularized (i.e., all oxygen and glucose consumed by
retinal neurons and glial cells is supplied via diffusion from the
choriocapillaris). We observed no marked cell loss in the inner
retina up to 8 days after reperfusion. (However, one should
keep in mind that distinct changes of the inner retinal histoarchitecture may occur as early as 3 days after reperfusion, such
as altered expression patterns of choline acetyltransferase and
parvalbumin by amacrine cells,47 as well as Müller cell and
microglial activation [present data].) The present results suggest that the early vulnerability of the outer rabbit retina is due
to retinal detachment and the infiltration of blood serum and
leukocytes into the subretinal space. The release of free oxygen radicals such as nitric oxide and of cytotoxic cytokines by
leukocytes has been implicated in the degeneration of the

FIGURE 4. Subcellular distribution of the K⫹ conductance in Müller
glial cells. Focal ejection of a 50 mM-K⫹ solution onto four different
membrane domains was used to evoke inward K⫹ currents. The control K⫹ concentration was 3 mM. (A) Representative traces of inward
currents of a cell from a control retina and from an 8-day postischemic
retina. The high-K⫹ solution was ejected onto the end feet of the cells;
(䡺) ejection time. (B) Subcellular distribution of the inward K⫹ conductance in cells from control (n ⫽ 9 cells), 3-day (n ⫽ 7), and 8-day
postischemic retinas (n ⫽ 11). *P ⬍ 0.05; **P ⬍ 0.01; ***P ⬍ 0.001
versus control. •P ⬍ 0.05; ••P ⬍ 0.01; •••P ⬍ 0.001 versus end foot
current.
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inner rodent retina during ischemia–reperfusion injury.21,22
Glutamate toxicity is apparently not a main causative factor for
neuronal degeneration in the postischemic rabbit retina.
The time courses, patterns, and degrees of both neuronal
degeneration and glial reactivity in the present study are very
similar to what was observed in a rabbit model of rhegmatogenous retinal detachment. During rhegmatogenous detachment, the number of photoreceptor cells was unchanged after
2 days but was significantly reduced after 1 week of detachment, when the inner retina remained largely preserved.40,48
During rhegmatogenous detachment, the Müller cells displayed early reactivity with an increase of the ATP-induced
Ca2⫹ responsiveness and decrease of the K⫹ currents (both
beginning within 1 day of detachment) and maximum reactivity after 3 days of detachment.43 Moreover, the extent of
cellular hypertrophy is similar in Müller cells during rhegmatogenous43 and serous detachment (Fig. 3D). The decrease in
the cell membrane area observed at 8 days after reperfusion
may be related to the dropout of photoreceptor cells that may
cause a retraction of Müller cell processes that formerly surrounded the photoreceptor cell somata. The lack of ganglion
cell loss up to 8 days after reperfusion, despite significant
microglial (Fig. 6) and Müller cell activation (Figs. 4, 5) in the
NFL and GCL, does not support the assumption that glial cell
activation plays a significant role in neuronal degeneration after
retinal ischemia.
Recently, we described a downregulation of the K⫹ conductance of Müller cells during ischemia-reperfusion of the rat
retina.41 However, there are significant differences between
Müller cells from postischemic rat and rabbit retinas: (1) The
K⫹ current downregulation in rat cells was accompanied by a
significant increase in the inward rectification of the K⫹ currents due to an almost complete absence of K⫹ outward
currents.41 However, in rabbit cells, the inward rectification
remained largely unaltered (Fig. 3C). (2) In contrast to Müller
cells of the postischemic rat retina, which showed the strongest downregulation of the K⫹ conductance in perisomatic
membrane domains,41 the cells of the postischemic rabbit
retina decreased their conductance at all membrane domains
to a similar degree and showed, similar to the cells from
control retinas, their highest conductance at the end foot
membrane (Fig. 4B). A similar rather uniform downregulation
of the K⫹ conductance at all membrane domains has been
found recently in rabbit Müller cells during experimental rhegmatogenous detachment (Pannicke T, unpublished observa-
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FIGURE 5. Ischemia-reperfusion of
the rabbit retina caused upregulation
of ATP-evoked Ca2⫹ responses in
Müller cell end feet. Confocal images
were recorded by laser scanning microscopy at the vitread surface of
acutely isolated retinal wholemounts
(i.e., in the NFL). (A) The wholemounts from a control retina and
an 8-day postischemic retina were
stained with the calcium-sensitive
dyes Fluo-4/AM (green) and FuraRed/AM (blue). The images show
dye-filled axon bundles and microglial/immune cells that lie among the
end feet of Müller cells, before (left
micrographs) and during the peak
Ca2⫹ response on extracellular application of ATP (200 M; right micrographs). Arrows: end feet that
showed Ca2⫹ responses; arrowheads: nonresponding end feet; right: time-dependent changes of the relative fluorescence ratio of the end feet.
A fluorescence ratio of 1 means no change in the cytosolic free-Ca2⫹ level. Scale bar, 50 m. (B) Mean number (⫾SEM) of Müller cell end feet that
showed Ca2⫹ responses to ATP, depending on the duration of reperfusion. The number of responding end feet is expressed as a percentage of all
end feet investigated (100%). The number of investigated wholemounts is shown within the bars. **P ⬍ 0.01 versus control.

tion, 2004). Although the reasons for these species differences
are unclear, they may be explained by the dominant expression of K⫹ channels in cell membrane domains that surround
retinal vessels in the case of rat cells,41 whereas rabbit Müller
cells seem to express their K⫹ channels more evenly in the
whole cell membrane,49 with the exception of a pronounced
expression at the end foot membrane.46 Furthermore, Müller
cells from rat and rabbit retinas may express different subtypes
of K⫹ channels. Rodent Müller cells express both weakly
rectifying Kir4.1 channels and strongly rectifying K⫹ channels
(e.g., Kir2.1),50 whereas in rabbit cells, the virtually exclusive
expression of the weakly rectifying Kir4.1 channel subtype in
the entire cell membrane has been suggested.49 However, such
a difference in the patterns of Kir4.1 protein expression between rat and rabbit Müller cells remains to be demonstrated
unequivocally, as well as the proposed specific downregulation of the Kir4.1 (but not of the Kir2.1) protein in rat Müller
cells.
Triamcinolone acetonide is used clinically for the treatment
of inflammatory diseases such as macula edema51,52 and is
presently tested in experimental models of various retinal dis-

eases. Until now, the mechanisms of triamcinolone’s rapid
edema-resolving effect are incompletely understood, and research has been focused on mechanisms of inhibition of the
development of vasogenic edema and inflammatory processes.
Triamcinolone decreases the leakage of blood–retinal barriers,53,54 decreases the paracellular permeability of cultured
epithelial cells, and downregulates the inflammatory expression of endothelial adhesion molecules,55 resulting in an inhibition of leukocyte-endothelial interactions in the ischemic
retina (Mizuno S, et al. IOVS 2004;45:ARVO E-Abstract 3602).
An inhibited leakage of the RPE barrier should counteract the
development of serous detachment and, therefore, the activation of glial cells. However, we did not find an alteration of
distinct parameters of Müller glial cell activation by intravitreal
triamcinolone. Similarly, intravitreal triamcinolone did not
modulate the glial cell activation in a rabbit model of rhegmatogenous detachment (Uckermann O et al., unpublished observation, 2004). The decreasing effect of triamcinolone on the
density of microglial/immune cells in the NFL/ and GCL (Fig.
6B) may suggest an inhibition of immune cell infiltration.

FIGURE 6. The density of GSA lectin-labeled microglial/immune cells at the vitreous surface of rabbit
retinal wholemounts increased during ischemia-reperfusion. (A) Image of the vitreal surface (i.e., view of
the NFL) of acutely isolated wholemounts from a control retina and from an 8-day postischemic retina,
displaying microglial/immune cells labeled by GSA lectin. (B) Mean number (⫾SEM) of GSA lectin-labeled
cells per unit area of vitreal retinal surface (230 m2). The number of investigated wholemounts is shown
within the bars. **P ⬍ 0.01; ***P ⬍ 0.001 versus control. •••P ⬍ 0.001, 3 versus 8 days of reperfusion.
••
P ⬍ 0.01, significant blocking effect.
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In summary, transient ischemia-reperfusion of the rabbit
retina causes retinal detachment that may explain the vulnerability of the outer retina to ischemic injury. There is an early
activation of Müller and microglial cells in the postischemic
retina that is very similar to the glial cell activation previously
observed during rhegmatogenous retinal detachment.43 The
postischemic rabbit retina may be a useful model to investigate
the pathogenetic mechanisms and to test novel therapeutic
approaches for serous retinal detachment.
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20. Brandstätter JH, Koulen P, Wässle H. Diversity of glutamate receptors in the mammalian retina. Vision Res. 1998;38:1385–1397.
21. Hayashi A, Koroma BM, Imai K, de Juan E Jr. Increase of protein
tyrosine phosphorylation in rat retina after ischemia-reperfusion
injury. Invest Ophthalmol Vis Sci. 1996;37:2146 –2156.
22. Neufeld AH, Kawai S, Das S, et al. Loss of retinal ganglion cells
following retinal ischemia: the role of inducible nitric oxide synthase. Exp Eye Res. 2002;75:521–528.
23. Neufeld AH. Nitric oxide: a potential mediator of retinal ganglion
cell damage in glaucoma. Surv Ophthalmol. 1999;43:S129 –S135.
24. Wen R, Song Y, Cheng T, et al. Injury-induced upregulation of
bFGF and CNTF mRNAs in the rat retina. J Neurosci. 1995;15:
7377–7385.
25. Harada T, Harada C, Nakayama N, et al. Modification of glialneuronal cell interactions prevents photoreceptor apoptosis during light-induced retinal degeneration. Neuron. 2000;26:533–541.
26. Bringmann A, Francke M, Reichenbach A. Müller cells in retinopathies. In: Hertz L, ed. Non-neuronal Cells in the Nervous System:
Function and Dysfunction. Part III: Pathological Conditions. Amsterdam, Elsevier; 2004:1117–1132.
27. Yuan L, Neufeld AH. Tumor necrosis factor-alpha: a potentially
neurodestructive cytokine produced by glia in the human glaucomatous optic nerve head. Glia. 2000;32:42–50.
28. Tezel G, Wax MB. Increased production of tumor necrosis factoralpha by glial cells exposed to simulated ischemia or elevated
hydrostatic pressure induces apoptosis in cocultured retinal ganglion cells. J Neurosci. 2000;20:8693– 8700.
29. Martin KR, Levkovitch-Verbin H, Valenta D, Baumrind L, Pease ME,
Quigley HA. Retinal glutamate transporter changes in experimental glaucoma and after optic nerve transection in the rat. Invest
Ophthalmol Vis Sci. 2002;43:2236 –2243.
30. Kreutzberg GW. Microglia: a sensor for pathological events in the
CNS. Trends Neurosci. 1996;19:312–318.
31. Streit WJ. Microglia as neuroprotective, immunocompetent cells of
the CNS. Glia. 2002;40:133–139.
32. Banati RB, Gehrmann J, Schubert P, Kreutzberg GW. Cytotoxicity
of microglia. Glia. 1993;7:111–118.
33. Hopkins SJ, Rothwell NJ. Cytokines and the nervous system. I.
Expression and recognition. Trends Neurosci. 1995;18:83– 88.
34. Frade JM, Barde YA. Microglia-derived nerve growth factor causes
cell death in the developing retina. Neuron. 1998;20:35– 41.
35. Roque RS, Rosales AA, Jingjing L, Agarwal N, Al-Ubaidi MR. Retinaderived microglial cells induce photoreceptor cell death in vitro.
Brain Res. 1999;836:110 –119.
36. Thanos S, Mey J, Wild M. Treatment of the adult retina with
microglia-suppressing factors retards axotomy-induced neuronal
degradation and enhances axonal regeneration in vivo and in vitro.
J Neurosci. 1993;13:455– 466.
37. Harada T, Harada C, Kohsaka S, et al. Microglia-Müller glia cell
interactions control neurotrophic factor production during lightinduced retinal degeneration. J Neurosci. 2002;22:9228 –9236.
38. Newman EA, Reichenbach A. The Müller cell: a functional element
of the retina. Trends Neurosci. 1996;19:307–312.
39. Francke M, Pannicke T, Biedermann B, et al. Loss of inwardly
rectifying potassium currents by human retinal glial cells in diseases of the eye. Glia. 1997;20:210 –218.
40. Francke M, Faude F, Pannicke T, et al. Electrophysiology of rabbit
Müller (glial) cells in experimental retinal detachment and PVR.
Invest Ophthalmol Vis Sci. 2001;42:1072–1079.
41. Pannicke T, Iandiev I, Uckermann O, et al. A potassium channellinked mechanism of glial cell swelling in the postischemic retina.
Mol Cell Neurosci. 2004;26:493–502.
42. Francke M, Weick M, Pannicke T, et al. Up-regulation of extracellular ATP-induced Müller cell responses in a dispase model of
proliferative vitreoretinopathy. Invest Ophthalmol Vis Sci. 2002;
43:870 – 881.
43. Uhlmann S, Bringmann A, Uckermann O, et al. Early glial cell
reactivity in experimental retinal detachment: effect of suramin.
Invest Ophthalmol Vis Sci. 2003;44:4114 – 4122.
44. Uckermann O, Grosche J, Reichenbach A, Bringmann A. ATPevoked calcium responses of radial glial (Müller) cells in the
postnatal rabbit retina. J Neurosci Res. 2002;70:209 –218.

2600

Uckermann et al.

45. Reichenbach A, Wohlrab F. Morphometric parameters of Muller
(glial) cells dependent on their topographic localization in the
nonmyelinated part of the rabbit retina: a consideration of functional aspects of radial glia. J Neurocytol. 1986;15:451– 459.
46. Newman EA. Distribution of potassium conductance in mammalian Müller (glial) cells: a comparative study. J Neurosci. 1987;7:
2423–2432.
47. Osborne NN, Wood JPM, Cupido A, Melena J, Chidlow G. Topical
flunarizine reduces IOP and protects the retina against ischemiaexcitotoxicity. Invest Ophthalmol Vis Sci. 2002;43:1456 –1464.
48. Faude F, Francke M, Makarov F, et al. Experimental retinal detachment causes widespread and multilayered degeneration in rabbit
retina. J Neurocytol. 2001;30:379 –390.
49. Ishii M, Horio Y, Tada Y, et al. Expression and clustered distribution of an inwardly rectifying potassium channel, KAB-2/Kir4.1, on
mammalian retinal Müller cell membrane: their regulation by insulin and laminin signals. J Neurosci. 1997;17:7725–7735.
50. Kofuji P, Biedermann B, Siddharthan V, et al. Kir potassium channel subunit expression in retinal glial cells: implications for spatial
potassium buffering. Glia. 2002;39:292–303.

Downloaded from iovs.arvojournals.org on 05/05/2021

IOVS, July 2005, Vol. 46, No. 7
51. Ip M, Kahana A, Altaweel M. Treatment of central retinal vein
occlusion with triamcinolone acetonide: an optical coherence
tomography study. Semin Ophthalmol. 2003;18:67–73.
52. Massin P, Audren F, Haouchine B, et al. Intravitreal triamcinolone
acetonide for diabetic diffuse macular edema: preliminary results
of a prospective controlled trial. Ophthalmology. 2004;111:218 –
224.
53. Ando N, Sen HA, Berkowitz BA, Wilson CA, de Juan E Jr. Localization and quantification of blood-retinal barrier breakdown in experimental proliferative vitreoretinopathy. Arch Ophthalmol.
1994;112:117–122.
54. Sakamoto T, Miyazaki M, Hisatomi T, et al. Triamcinolone-assisted
pars plana vitrectomy improves the surgical procedures and decreases the postoperative blood-ocular barrier breakdown.
Graefes Arch Clin Exp Ophthalmol. 2002;240:423– 429.
55. Penfold PL, Wen L, Madigan MC, Gillies MC, King NJ, Provis JM.
Triamcinolone acetonide modulates permeability and intercellular
adhesion molecule-1 (ICAM-1) expression of the ECV304 cell line:
implications for macular degeneration. Clin Exp Immunol. 2000;
121:458 – 465.

