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Pharmacological strategies to block rod
photoreceptor apoptosis caused by calcium
overload: a mechanistic target-site approach
to neuroprotection
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PurpPose: Photoreceptor apoptosis and resultant visual deficits occur in humans and ani-
mals with inherited, and disease-, injury- and chemical-induced retinal degeneration. Our
aims were three-fold: 1) to determine the kinetics of rod apoptosis and Ca2* overload in
Pde6b'd! mice and developmentally lead-exposed rats, 2) to establish a pathophysiologi-
cally-relevant model of Ca2* overload/rod-selective apoptosis in isolated rat retina and 3)
to examine different mechanistic based neuroprotective strategies that would abrogate or
mollify rod Ca2* overload/apoptosis.

MEeTHODS: Retinal morphometry and elemental calcium content ([Ca]) determined the kinet-
ics of rod apoptosis and Ca2* overload. A multiparametric analysis of apoptosis including
rod [Ca], a live/dead assay, rod oxygen consumption, cytochrome ¢ immunoblots and cas-
pase assays was combined with pharmacological studies of an isolated rat retinal model of
rod-selective Ca2* overload/apoptosis.

ResuLTs: Ca2?* overload preceded rod apoptosis in mice and rats, although the extent and
kinetics in each differed significantly. The isolated rat model of rod Ca2* overload/apopto-
sis showed that blockade of Ca2* entry through rod cGMP-activated channels with L-cis
diltiazem was partially neuroprotective, whereas blockade of CaZ* entry into rods through
L-type Ca?* channels with D-cis diltiazem or verapamil provided no protection. Inhibition
of the mitochondrial Na*/Ca2* exchanger with D-cis diltiazem provided no protection. CsA
and NIM811, mitochondrial permeability transition pore (mPTP) inhibitors, blocked all Ca2*-
induced apoptosis, whereas the caspase-3 inhibitor DEVD-fmk only blocked the downstream
cytochrome c-induced apoptosis.

ConcLusions: The successful pharmacological neuroprotective strategies for rod Ca2* over-
load/apoptosis targeted the rod cGMP-activated channels or mPTP, but not the rod L-type
Ca2* channels. Eur J Ophthalmol 2003; 13 (Suppl. 3): S 44-S56
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INTRODUCTION

Impairment and loss of vision resulting in blindness
are major human health problems. The majority of
these cases involve the photoreceptors or retinal gan-
glion cells (1). For example, rod photoreceptor cell
apoptosis occurs in humans and animals with dif-
ferent forms of inherited retinal degenerations, can-
cer-associated retinopathy (CAR), Batten’s disease,
lead exposure during development and adulthood,
chemical or drug exposure, mild hypoxic-ischemia
injury, or light-induced damage (1-12; also see Tab.
I and references therein). Alterations in the expres-
sion, structure and/or function of photoreceptor vi-
sual transduction cascade proteins, visual cycle pro-
teins, outer segment disc structural proteins, ATP uti-
lizing transport proteins, transcription factors and mi-
tochondrial proteins underlie most of the photore-
ceptor apoptosis in retinal degenerations (8, 10, 16,
37, 38). Although the mutation(s) or upstream initia-
tors of photoreceptor cell death may be known and
characterized (8,10,13,14, 16, 37-40; see Tab. 1), the
exact molecular mechanism(s) of photoreceptor
apoptosis are mostly unknown.

The kinetics of neuronal cell death in 12 different
models of inherited photoreceptor degeneration and
of photoreceptor dysfunction in patients with retini-
tis pigmentosa and cone-rod dystrophy have been mod-

eled. Results show that rod cell death and rod elec-
troretinographic functions - in all except the rd1 mouse
(allele symbol: Pde6bl) - follow an exponential de-
cline that results from either a constant or decreas-
ing risk of cell death with time (41). This suggests that
a single stochastic biochemical event triggers pho-
toreceptor cell death. Ca2* overload, Bax or the gen-
eration of reactive oxygen species (ROS) in photore-
ceptors could initiate and/or amplify the apoptotic process
(14, 41, 42). The findings from this kinetic model of
cell death have important implications and ramifica-
tionsin the therapeutic treatment and outcome of neu-
rodegenerative retinal and neuronal diseases.
Numerous studies report that a sustained elevation
of intracellular [Ca?*] ([Ca2*];) results in apoptotic cell
death (14, 43, 44). During the effector phase of apop-
tosis the mitochondrial permeability transition pore
(mPTP) is irreversibly opened by sustained increas-
es in matrix Ca2* leading to mitochondrial depolar-
ization, release of cytochrome c, activation of cas-
pases, chromatin cleavage and apoptotic nuclear mor-
phology (44-47). Mutations (13, 48) or chemical-in-
duced (Pb2*)inhibition of rod-specific cyclic GMP phos-
phodiesterase (cGMP PDE: Pde6) (27, 28) should re-
sultinincreased or prolonged opening of the rod cGMP-
gated channel, rod photoreceptor Ca%* overload and
eventually rod cell death (13, 14, 49, 50). Recently, Fras-
son et al (50) reported that the Ca2*-channel blocker

TABLE | - HUMAN AND ANIMAL RETINAL DEGENERATIONS INVOLVING PHOTORECEPTOR Ca?* OVERLOAD

Retinal photoreceptor degeneration

Classification Initiating event References
arRP Mutations in gene for B-subunit of rod cGMP PDE 10,13-16
arRP Mutations in gene for a-subunit of rod cGMP PDE 17,18
RP-like Mutation in gene for y-subunit of rod cGMP PDE 19
adCD, adCRD Mutations in gene for GCAP1 20-22
Batten’s Disease Mutations in CLN3 gene 23,24
CAR Autoantibodies and monoclonal antibodies to recoverin 2,9

Lead exposure Inhibition of rod cGMP PDE and Na*, K*-ATPase 14,25-29
Na,K-ATPase KO B2 subunit null mutant or f2/B1 knock-in mice 30-32
Ischemia-Reperfusion Oxygen deprivation 33-35
Photic Injury Photon absorption 4,36

ad= Autosomal dominant; ar= Autosomal recessive; CAR= Cancer-associated retinopathy; CD= Cone dystrophy;
cGMP PDE= Cyclic GMP phosphodiesterase; CRD= Cone-rod dystrophy; GCAP1= Guanylate cyclase activating protein 1;

KO= Knock out; RP= Retinitis pigmentosa
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TABLE Il - BLOOD (pg/dl) AND RETINAL (ppm) LEAD
CONCENTRATIONS IN CONTROLS AND RATS EX-
POSED TO LEAD ONLY DURING EARLY POSTNATAL
DEVELOPMENT 2

Age Tissue Control Lead-Exposed
(days)
7 Blood 0.7+0.5 40.3 +5.9¢
Retina 0.01 +0.01 0.18 + 0.03°¢
14 Blood 1.2 +0.9 49.9 + 6.8¢
Retina 0.01 + 0.01 0.27 + 0.03¢
21d Blood 1.4+1.1 59.0 + 8.0¢
Retina 0.02 + 0.01 0.61 + 0.04¢
45 Blood 4.4+2.2 19.0 + 8.0¢
Retina 0.03 +0.02 0.18 + 0.05°¢
90d Blood 54+2.4 6.8+2.1
Retina 0.04 +0.01 0.12 £ 0.02b

a Values for lead represent the mean + SEM for 6-14 rats per
lead treatment condition as described under Materials and
Methods

b Significantly different from control at p < 0.05

¢ Significantly different from control at p < 0.02

d Blood and retinal lead values at PN21 and PN90 previously
reported (25)

D-cis diltiazem (51), aweak inhibitor of the rod cGMP-
gated conductance (52), partially rescued the degenerating
rod photoreceptors of rd1 mice retinas with a muta-
tion in the beta-subunit of the Pde6 gene (Pde6b?
mice). They suggested that the rescue resulted from
blocking L-type Ca2* channels in rods. In marked con-
trast, other investigators using Pde6b™! mice and the
same D-cis diltiazem treatment protocol found no res-
cue (53). Moreover, Pearce-Kelling et al (54) found no
rescue by D-cis diltiazem in dogs with a similar mu-
tation in the Pde6 gene (Pde6b™d1) and Bush et al
(55) found no rescue of rod degeneration by D-cis dil-
tiazem in rats with a Pro23His rhodopsin mutation. To
date, no such rescue experiments have been performed
in developmentally lead-exposed rodents or in in vit-
ro retinal experiments modeling these rod degenera-
tions.

The aims of these experiments were threefold: 1) to
determine the extent and kinetics of rod cell death
and Ca?* overload in Pde6b™! mice and developmentally
lead-exposed rats in order to obtain data for an in vit-
ro model of Ca2* overload, 2) to establish a patho-

physiologically-relevant model of Ca2* overload in iso-
lated whole rat retina to determine the mechanism of
rod cell death, and 3) to examine the role of five dif-
ferent sites of action using selected pharmacological
agents that could modify Ca?* flux, [Ca?*], and/or apop-
tosis by different mechanisms in order to develop ra-
tional pharmacological approaches that would abro-
gate or mollify photoreceptor cell death.

MATERIALS AND METHODS
Experimental animals

All experimental and animal care procedures were
in compliance with the principles of the American Phys-
iological Society and the NIH Guide for the Care and
Use of Laboratory Animals (NIH Publication No. 85-
23, 1985). Animal care and maintenance, the envi-
ronmental lighting conditions and the developmental
lead protocol in rats were described previously (25).
Briefly, pregnant Long-Evans hooded dams were ran-
domly divided into two groups: control and lead-ex-
posed. On the day of birth (postnatal day 0: PNO) the
tap water used for the lead-exposed group was re-
placed by 0.20% lead acetate solution (1090 ppm lead)
and the litter was culled to eight pups. The lead drink-
ing solution was provided ad libitum to dams through-
out lactation so that the pups were exposed to lead
only via the mother’s milk from PNO to weaning (PN21).
Litter sizes were maintained at eight pups through-
out lactation by cross-fostering. At weaning the pups
were transferred to hanging stainless steel cages, fed
Purina chow and tap water ad libitum. Blood and reti-
nal lead concentrations were determined at PN7, 14,
21, 45 and 90 as described (25).

Retinas were obtained from developing and adult
C57 BL/6N normal mice (+/+) and C57 BL/6J homozygous
retinal degeneration (rdl) mice (allele symbol:
Pde6b'1). Mice homozygous for the rd1 mutation have
an almost complete retinal degeneration early during
postnatal development due to a nonsense mutation
in exon 7 of the Pde6b gene encoding the B-subunit
of rod-specific cGMP PDE (48). Mice were weaned on
PN21 and litter sizes were maintained at six pups through-
out lactation by cross-fostering. The Pde6b™ mice
were kindly provided by Dr. Paul Overbeek at Baylor
College of Medicine, Houston, TX.
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Histology, confocal microscopy and retinal
calcium content

Counts of rod and cone cells (nuclei) were made in
four retinal quadrants in PN7-PN45 rats and mice (3-
5 animals per age): posterior pole (central retina) and
far periphery of the superior and inferior temporal quad-
rants as described (3, 56).

Fluo-3 Ca2?* imaging and confocal laser scanning
microscopy were used as described (44) to localize
the distribution and to determine the relative con-
centrations of free Ca2* in dark- and light-adapted
adult rat retinas (n = 2-3 retinas per condition). Reti-
nas were mounted photoreceptor side down,
scanned every 2 um, and following the experiments
the 90-100 images were aligned and stacked using
the 3-dimensional software program in NIH Image (Ver-
sion 1.62). Dark-adapted retinas were incubated at
37°Cin physiological Tris buffer (30 mM Tris-HCI, 120
mM NacCl, 5 mM KCI, 3 mM MgCl,, 1 mM free Ca?*,
10 mM glucose, pH 7.4, 310 mOsm). After scanning,
retinas were exposed to a rod-saturating light stim-
ulus and the procedure was repeated.

Retinal elemental Ca2* ([Ca]) was measured in 3-5
rats and mice from each treatment group at each age
as described (26, 57). To determine the extent of rod
photoreceptor Ca2* overload in different buffers, rod
outer-inner segment [Ca] was measured as de-
scribed (57, 58).

Rat retinal incubations

Rat neural retinas were isolated and used essen-
tially as described (44, 58, 59). Briefly, each retina
was incubated at 37°C for 15 minutes in 10 ml of Tris
buffer (30 mM Tris-HCI, 120 mM NaCl, 5 mM KCI, 3
mM MgCl,, with or without 1 mM free Ca?*, 10 mM
glucose, pH 7.4, 310 mOsm) with or without 0.5 mM
3-isobutyl-1-methylxanthine (IBMX). IBMX was used
to partially inhibit rod cGMP PDE (27, 49) in order to
produce Ca?* overload similar to that observed in
Pde6b'1 mice and developmentally lead-exposed rats
(Fig. 1). There were no differences, on any measure,
between control retinas incubated in the absence of
Ca?* and with or without IBMX, so the data for these
two conditions were combined and presented as con-
trol buffer.
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Fig. 1 - Kinetics of rod photoreceptor degeneration and Ca2* over-
load in (A) Pde6b™! mice retinas and (B) developmentally lead-
exposed rat retinas. The kinetics of the apoptotic rod cell loss in the
Pde6b'! mice is characterized by a sigmoidal decline indicating an
increasing risk of rod cell death with time and in the lead-exposed
rats is characterized by an exponential decline (y = 102.3¢70-006;
r = 0.99) indicating a constant risk of rod cell death with time (41).
Note that the increase in elemental [Ca2*] ([Ca]) precedes the onset
and peak of rod apoptosis in both animal models and that the level of
Ca?* overload correlates with the extent of rod cell loss. Percent val-
ues represent the mean + SEM of whole retinal [Ca] for 3-5 dark-
adapted mice and rats per treatment group compared to age-
matched controls as described (26, 57).

Pharmacological experiments

Five different sites of action were examined using
pharmacological agents at the indicated concentra-
tions. L-cis diltiazem (25 pM) was used to block the
rod cGMP-activated conductance (53) since it is a
weak inhibitor of L-type Ca2* channels (51) and a very
weak inhibitor of the mitochondrial Na*/Ca2* exchanger
(60) present in rods (57). D-cis diltiazem (CGP
37157™ or Cardizem™: 25 uM) was used to block the
mitochondrial Na*/Ca2* exchanger (61, 62) and L-type
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Ca?* channels (51), although itis also a weak inhibitor
of the rod channel (53). Verapamil (100 uM) was pri-
marily used to block voltage-sensitive Ca2* channels
(51) because it does not block the rod cGMP-acti-
vated conductance (53) and it is a weak inhibitor of
the mitochondrial Na*/Ca2* exchanger (63). Cy-
closporin A (CsA: 5 uM) and NIM811 (n-methyl-4-
isoleucine-cyclosporin: 5 pM), a nonimmunosup-
pressive cyclosporin analog (64), were used to inhibit
the mPTP (44, 47, 65). FK506 (100 nM) was used as
a control for CsA because both inhibit calcineurin but
FK506 does not inhibit the mPTP (47, 66). DEVD-fmk
(1 nM) was used to preferentially inhibit the group Il
caspases (67). All drugs were added to the buffers.
The vehicle controls, either DMSO or ethanol, exhib-
ited no effects on any measure.

Rod photoreceptor oxygen consumption (QOpg)

QO of individual adult rat retinas (n = 3-5 retinas
per condition), incubated in Tris buffers, was deter-
mined polarographically and recorded in the dark or
during presentation of a rod-saturating light adapt-
ing stimulus as described (58, 59).

Detection and quantification of apoptosis, cas-
pase assay and cytochrome ¢ immunoblot

To quantify the number of apoptotic and necrotic
cells and to determine the location and type(s) of reti-
nal cells undergoing apoptosis, retinas incubated in
Tris buffers (n = 3-5 retinas per condition) were stained
with acridine orange/ethidium bromide (AO/EtBr) as
described (44) and viewed on an Olympus IX-70 in-
verted microscope equipped for epifluorescence. All
layers of the central and mid-peripheral retinas were
scanned and stained nuclei were counted in ten vi-
sual fields in four different retinal areas using stere-
ological procedures. Values represent means + SEM
of the combined number of early and late apoptotic
nuclei per mm?2 of retina.

Caspase-3 activity was measured using DEVD-pNA
as described (44). Absorbance was measured at 405
nm. The arbitrary values are presented as means +
SEM for 3-5 experiments per condition.

To detect and quantify the cytosolic cytochrome ¢
(n =3-4 experiments per treatment), cytosolic (S100)
fractions were prepared, assays were performed and

the intensities of the bands on the immunoblots were
quantified using NIH Image software as described
(44). Immunoblot analysis was carried out using an
ECL Plus kit (Amersham) according to manufactur-
er’s instructions. To confirm that there was no mi-
tochondrial contamination in the cytosolic fractions,
immunoblots used for cytochrome c detection were
stripped and examined for cytochrome oxidase IV
as described (44).

Statistical analysis

All group data were studied using the appropriate
analysis of variance (ANOVA) and post hoc multiple
comparisons using Tukey’s Honestly Significant Dif-
ference test (StatView, Abacus Concepts, Inc.,
Berkeley, CA). All statistical analysis was performed
onuntransformed data. All data is presented as means
+ SEM. For all data, the difference from controls was
regarded as significant if p < 0.05.

RESULTS

Kinetics of rod photoreceptor loss and cal-
cium overload in Pde6b'1 mice and devel-
opmentally lead-exposed rats

As previously reported, rod photoreceptors of
Pde6b'! mice undergo a massive and almost com-
plete apoptotic cell death between PN7 and PN21 (6,
7, 13; Fig. 1A). The kinetics of this apoptotic rod cell
loss is characterized by a sigmoidal decline indicat-
ing an increasing risk of rod cell death with time (41;
Fig. 1A). Approximately two days prior to the onset
of rod apoptosis the retinal [Ca] of these mice begins
to increase (120-140% of control). This increase in
[Ca] continues throughout the period of massive rod
apoptosis peaking at ~200% of the age-matched con-
trol value on days PN10-PN15: the period during which
~50% of the rods are lost (Fig. 1A). By PN21, 95-98%
of the rods in the Pde6b™! mice are lost and the reti-
nal [Ca] is ~60% of the age-matched control value.

A similar correlation between an early rise in reti-
nal [Ca] and [Pb] and the onset of apoptotic rod cell
death (3, 8) was observed in lead-exposed rats (Fig.
1B, Tab. Il). However, there are three distinguishable
and important differences between the results in the
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rat and mouse models of clinically relevant retinal
degeneration. First, the kinetics of the lead-induced
apoptotic rod-selective cell loss, that occurs over a
50 day period in the rats, is characterized by an ex-
ponential decline indicating a constant risk of rod
cell death with time (41; Fig. 1B). Second, the total
number of rods lost in the rats is ~22% (3). Third,
early during development the retinal [Ca] is 115-120%
of the age-matched control value and then it reach-
es a plateau of ~130% of the age-matched values
from PN17 to PN45: the period when ~60% of the
apoptotic rod cell death occurs in the rat (Fig. 1B).
Overall, the lead-induced model of rod cell death is
consistent with most models and cases of slow pro-
gressive retinal and neuronal degenerations (41).

Confocal localization of calcium during dark
and light adaptation

During dark adaptation the [Ca2+]i in rods is con-
siderably higher (400-500 nM) than during light adap-
tation (50-80 nM) (68, 69). We utilized fluo-3 Ca2*imag-
ing and confocal laser scanning microscopy (44) to
ascertain whether the rods of isolated intact rat reti-
naincubated in Tris buffer containing 1 mM Ca2* main-
tain their normal regulation of [Ca2+]i during dark and
light adaptation and to examine the relative distribu-
tion of [Ca2*], in the dark- and light-adapted rat reti-
na. During dark adaptation, the fluo-3 fluorescence
was localized almost exclusively in the outer retina
(i.e., photoreceptors) as evidenced by the high intensity
of the dye in several rods (Fig. 2). In the light-adapt-
ed retina, the Ca2*-induced fluo-3 fluorescence lev-
el in the outer retina was markedly decreased. The
fluo-3 fluorescence was consistently lower in the in-
ner than outer retina during both dark and light adap-
tation (Fig. 2). These findings show that the rod pho-
toreceptors in the isolated rat retina maintain their
normal physiological regulation of Ca2* fluxes.

Retinal Ca2* overload and apoptotic rod cell
death: strategies for cytoprotection

To establish an in vitro model of Ca2* overload sim-
ilar to that observed in vivo (Fig. 1), the rod [Ca] from
light-adapted retinas was measured after incubation in
different buffers. The rod [Ca] content from retinas in-
cubated in control buffer in the absence of added Ca?*

was ~25 ppm and this only increased 7-8% in the pres-
ence of 1 mM Ca?*. Rod [Ca] in buffer containing 1 mM
Ca?* and IBMX increased ~30% compared to the Ca?*-
free buffer. This buffer was used to produce Ca%* over-
load in all subsequent experiments as the percent [Ca]
increase was similar to that measured in rat retinas dur-
ing developmental lead exposure (Fig. 1B).

AO/EtBr staining was used to distinguish between
viable, early apoptotic, late apoptotic and necrotic
cells (44). All early and late apoptotic nuclei were iden-
tified as rod photoreceptor cells as determined by their
localization within the outer nuclear layer and nuclear
diameter. Light-adapted retinas incubated in physio-
logical control buffer (CON) in the absence or pres-
ence of 1 mM Ca?* had 20-25 apoptotic rods/mm?2 of
retina (Fig. 3). The number of apoptotic rods in reti-
nas incubated in buffer containing 1 mM Ca?2* and
IBMX increased over 5-fold. Electron microscopy con-
firmed that the Ca2*-induced retinal cell death in the
presence of IBMX was rod-specific and apoptotic (da-
ta not shown). L-cis diltiazem partially blocked this
Ca?*-induced increase in rod apoptosis, whereas D-

Dark-
Adapted

Light-
Adapted

Fig. 2 - Fluo-3 Ca2* imaging and confocal laser scanning microscopy
of dark-adapted and light-adapted rat retinas. Fluo-3 Ca2* imaging
and confocal laser scanning microscopy were used as described
(44). Dark-adapted retinas were incubated at 37°C in physiological
Tris buffer containing 1 mM free Ca2* as described in the Methods.
The retinas were whole mounted photoreceptor side down and
examined with the confocal laser scanning microscopy following
fluo-3 loading as described (44). The images were processed using
NIH Image Software. The arrowheads mark the outer retinal (photore-
ceptor) region. The fluo-3 signal was localized mainly to the photore-
ceptors during both adaptation states. These images are representa-
tive of 2-3 retinas for each adaptation condition.
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cis diltiazem and verapamil had no effect (Fig. 3). These
results suggest that excess Ca?* enters the rod through
the cGMP-gated channel, and not through the L-type
Ca2* channel in the rod inner segment or synaptic ter-
minal (71). NIM811, CsA and DEVD-fmk completely
blocked the Ca2*-induced increase in rod apoptotic
cell death, but FK506 had no effect (data not shown).
These results confirm and extend our earlier findings
(44) that pathophysiologically relevant levels of Ca?*
overload selectively kill rod photoreceptors by open-
ing the mPTP and activating the cytochrome c-cas-
pase cascade of apoptosis. The number of necrotic
cells did not vary with any incubation condition: ~2
necrotic cells/mm?2 of retina.

Retinal Ca2* overload decreases photoreceptor
respiration (QOpR)

The above results, in combination with our previous
data showing a concentration-dependent inhibition of
retinal mitochondrial respiration by Ca?* (57), suggest
that retinal Ca2* overload decreases rod mitochondr-

ial function. To assess the overall bioenergetics of rod pho-
toreceptors during Ca?* overload, we measured QOpg
during dark and light adaptation in the absence and
presence of various pharmacological inhibitors (Fig.
4). In control adult rat retinas incubated in physiolog-
ical buffer containing 1 mM Ca?*, the dark-adapted
QOpi Was 1.8 pmole O, mg dry wt? hr! and it de-
creased 37% during light adaptation (Fig. 4). Relative
to dark- and light-adapted controls, the QO of reti-
nas during Ca?* overload (Ca2* plus IBMX buffer) de-
creased 31% and 15%, respectively. Interestingly,
L-cis diltiazem blocked the Ca?*-induced decrease in
QO during light adaptation when fewer rod cGMP
channels are open (53) and the apoptosis assays were
performed, but not during dark adaptation. D-cis dil-
tiazem had no neuroprotective effect. NIM811 and CsA
(data not shown) blocked the Ca?*-induced decrease
in QOpg during both dark and light adaptation (Fig. 4),
whereas FK506 and verapamil had no cytoprotective
effect (data not shown). These results suggest that Ca2*
inhibits rod mitochondrial respiration by opening the
mPTP and releasing cytochrome c.
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Fig. 3 - The Ca?* overload-induced rod-selective apoptosis is not
blocked by D-cis diltiazem or verapamil, but is blocked by L-cis dilti-
azem, NIM811, CsA and DEVD-fmk. The number of combined early
and late apoptotic rod cells for each treatment condition, identified
and defined by AO/EtBr staining as described (44), is presented as the
mean = SEM of the number of apoptotic rod cells per mm?2 of retina
for 3-5 retinas for each treatment condition. Retinas were incubated in
control buffer in the absence of Ca2* (CON), or in buffers containing
Ca?* and IBMX plus vehicle (No Drug), either 25 uM L-cis diltiazem
(Dilt), 25 uM D-cis diltiazem (Dilt), 100 uM verapamil (VER), 5 uM
NIM811, 5 uM CsA or 1 nM DEVD-fmk. All values with asterisks are
significantly different from controls at: * p < 0.05 and ** p < 0.02.
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Fig. 4 - The Ca?* overload-induced decrease in photoreceptor oxygen
(QOpg) consumption during dark and light adaptation is partially
blocked by L-cis diltiazem and blocked by NIM811. The photorecep-
tors were pharmacologically-isolated from the inner retina as described
(58, 59). The retinas were incubated in control buffer in the presence of
1 mM free Ca?* (Control) or in buffers containing Ca?* and IBMX plus
vehicle (No Drug) with either 25 pM L-cis diltiazem or 5 pM NIM811.
Each retina was used for only one experiment. Values represent the
mean * SEM for 3-5 retinas per each measure. All values with asterisks
are significantly different from controls at: * p < 0.05.
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The Ca2*-induced cytochrome c release is
completely inhibited by CsA, but not by
DEVD-fmk or L-cis diltiazem

To directly determine whether cytochrome c was re-
leased during Ca2* overload and whether selected phar-
macological agents could block its release, we ex-
amined the S100 fraction of retinas following various
incubations (Fig. 5). Retinas incubated in Ca2* plus
IBMX buffer (control) had a significant amount of cy-
tochrome c in the cytosolic fraction (Fig. 5: lane 1).
DEVD-fmk did not change the amount of cytochrome
c released into the cytosolic fraction (Fig. 5: lane 2;
96 + 6% of control), showing that activation of Group
Il caspases during rod Ca?* overload is not required
for cytochrome c release. L-cis diltiazem slightly de-
creased the amount of cytochrome c released (Fig. 5:
lane 3; 81 + 5% of control) consistent with its partial
decrease in Ca2*-induced rod apoptosis (Fig. 3 and
6). CsA (Fig. 5: lane 4) and NIM811 (data not shown)
completely blocked cytochrome c release, whereas
FK506 had no effect (data not shown), indicating that

rod Ca2* overload opened the mPTP (47). A mitochondrial
fraction from control retinas was loaded as a positive
control (Fig. 5: mito). The absence of cytochrome ox-
idase subunit 1V in the cytosolic fractions (Fig. 5: lanes
1-4) reveals no contamination of mitochondria.

Caspase-3 was activated during Ca2* overload

Because cytochrome c interacts with caspase-9 to
activate the Group Il executioner caspases (71), we
determined if caspase-3 was activated during incu-
bation with the different Ca2* buffers. DEVD-pNA, which
is selectively cleaved by caspase-3, -7 and -8 (72, 73),
was used as a substrate. Our previous work demon-
strated that procaspase-7 was present in the adult
rat retina, but was not activated by Ca?* plus Pb2*
and that caspase-8 was not involved in Ca2?* plus Pb2*-
induced pathway of rod apoptosis (44). Therefore, we
interpret increased DEVDase activity as solely due to
activation of caspase-3 by caspase-9. Control reti-
nas incubated in the absence or presence of Ca2* ex-
hibited a minimal amount of caspase-3 activity (Fig.

1BMX + Ca®* | ol o
DEVD-mk - % | = |-
L-ois diltiazam = = + =
Cuh = | =] = |+
Lane Imito] 121318 |
cytochrome ¢
cytochrome
oxidase IV

Fig. 5 - The Ca?* overload-induced cytochrome c release from mito-
chondria is partially blocked by L-cis diltiazem and blocked by CsA.
The retinas were incubated in buffers containing Ca2* and IBMX or
Ca?* and IBMX plus either 25 uM L-cis diltiazem or 5 pM CsA. West-
ern Blot analysis and quantification of cytosolic cytochrome ¢ and
cytochrome oxidase IV were conducted as described (44). A repre-
sentative blot shows that mitochondrial cytochrome ¢ was released
from retinas incubated with Ca2* and IBMX (lane 1: control) and this
release was not inhibited by 1 nM DEVD-fmk (lane 2: 96 + 6% of con-
trol), partially inhibited by 25 pM L-cis diltiazem (lane 3: 81 + 5% of
control) or completely inhibited by 5 uM CsA (lane 4). A mitochondri-
al fraction (mito) was loaded as a positive control for cytochrome c.
The absence of cytochrome oxidase IV in the cytosolic fractions
(lanes 1-4) indicates no mitochondrial contamination. These blots are
representative of 3-4 experiments for each treatment condition.

(Arbitrary Units)
N w

Caspase-3 Cleavage

=

I

NIM DEVD-

CON Ca2* No
Drug Diltiazem 811 fmk

L-cis

+ Ca2+ and IBMX

Fig. 6 - The Ca?* overload-induced activation of caspase-3 is partial-
ly blocked by L-cis diltiazem and blocked by NIM811 or DEVD-fmk.
The retinas were incubated in buffers in the absence of Ca2* (CON),
containing 1 mM free Ca2* (Ca2*), or Ca?* and IBMX with vehicle (No
Drug) or either 25 pM L-cis diltiazem, 5 uyM NIM811 or 1 nM DEVD-
fmk and the caspase assay was performed as described (44). The
arbitrary values represent the means + SEM of 3-5 experiments for
each treatment condition. All values with asterisks are significantly
different from controls at: * p < 0.05 and ** p < 0.02.
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6). In contrast, retinas incubated in the Ca2* plus
IBMX buffer exhibited an ~4-fold increase in caspase-
3 activity. The Ca?*-induced increase in caspase-3
activity was inhibited by NIM811 and DEVD-fmk and
slightly by L-cis diltiazem (Fig. 6), but not by FK506
(data not shown). The possibility that the increased
caspase-3 activity resulted from a direct effect of Ca2*
on caspase-3 was eliminated because caspase-3 ac-
tivity was inhibited by CsA and NIM811 and because
high concentrations of EGTA (2.5 mM) and dithiothreitol
(10 mM) were in the assay buffers. This is consistent
with the findings that caspase activity is not affect-
ed by concentrations of Ca2* below 100 mM (74).

DISCUSSION

The results from this study determined the kinetics
of rod cell death and Ca2* overload in two different
animal models of developmental retinal degeneration,
identified rod photoreceptors as selective targets of
both in vivo and in vitro Ca2* overload, delineated the
major biochemical mechanisms in the cytochrome c-
caspase apoptotic signaling cascade during Ca2* over-
load, and identified potential neuroprotective strate-
gies aimed at abrogating or mollifying the effects of
Ca?* overload. Moreover, the results clearly demon-
strate that D-cis diltiazem, in contrast to L-cis dilti-
azem, provides no neuroprotection at any cellular lev-
el against low-to-moderate rod Ca2* overload. The ki-
netics and degree of rod-selective apoptosis produced
by pathophysiologically relevant concentrations of Ca2*
is similar to that observed in a wide variety of human
and animal retinal degenerations where Ca2* overload
appears to have a fundamental role (Tab. | and refer-
ences therein). Therefore, the concepts generated by
these results may be useful to clinical therapy.

During developmental lead exposure, the rod [Pb] and
[Ca] slowly increased and the kinetics of cell loss ex-
hibited an exponential decline indicating a constant
risk of apoptotic rod cell death with time. Similar ki-
netics of rod degeneration are seen in patients with in-
herited photoreceptor degenerations (41). Interesting-
ly, it appears that developing rods and CNS neurons
may be more sensitive to Ca2* overload and other

divalent cations such as Pb2* and Hg2* than mature
rods or neurons (8,14,75,76), although some immature
neurons appear more resistant to Ca2* overload (77).

The maximal increase of retinal [Ca] in lead-exposed
rats was a modest 30%. However, in the Pde6b™! mouse
retina the maximum rod Ca?* overload was ~7-fold high-
er (~200%) and apoptosis was rapidly and markedly
increased: characterized by a sigmoidal decline indi-
cating an increasing risk of rod cell death with time. In
contrast to the kinetic pattern of rod apoptosis ob-
served in the lead-exposed rats, the one in Pde6bdl
mouse retina has a much lower potential for therapeutic
rescue (41). The rod selectivity is hypothesized to re-
sult from a sustained increase in rod [Ca] compared to
cones (8, 44) because the Na*/Ca2*(K*) exchanger in
the rods is 8-10 times slower than in cones (78).
Pharmacological approaches, targeted overex-
pression of anti-apoptotic bcl-2 family members and
survival/growth factor have been tried as neuropro-
tectants in animal models of rod photoreceptor de-
generation and in isolated neurons exhibiting these
two different kinetic patterns of apoptosis. The for-
mer two have specifically approached the idea of block-
ing or diminishing Ca2* overload. The results to date
have been equivocal in rods and neurons where there
is an increasing risk of cell death associated with cu-
mulative damage due to a sustained Ca2* overload.
In rods or neurons with sustained Ca2* overload the
mPTP will stabilize in the high-conductance open state
such that the inner mitochondrial membrane will per-
meabilize causing an irreversible decrease in mito-
chondrial membrane potential, loss of ATP, swelling
and release of pro-apoptotic proteins into the cytosol,
and activation of the apoptotic cascade (45-47). Nor-
mally, rod mitochondria contain low levels of Ca2* dur-
ing both dark and light adaptation (79). A therapeu-
tically useful pharmacological agent should decrease
Ca?* entry into the cell, decrease entry of Ca2* into
the mitochondria, or block the cytochrome c-caspase
of apoptosis. Our results with CsA and the nonim-
munosuppressive cyclosporin analog NIM811 (64) are
consistent with the latter and suggest that NIM811
be tested in animal models of retinal degeneration.
Following the initial report that D-cis diltiazem par-
tially protected rods in the developing retina of
Pde6b'! mice (50), several other laboratories initiat-
ed similar studies. Three other studies - one in Pde6b"1
mice, one in Pde6brcd?! dogs and one in Pro23His rats
- found no protection with D-cis diltiazem (53-55). The
results of our in vitro study with low-to-moderate rod
Ca?* overload supports these latter findings and of-
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fers possible reasons for these results. D-cis diltiazem
is a potentinhibitor of the neuronal and rod mitochondrial
Na*/Ca?* exchanger as well as L-type Ca?* channel,
however, it is a weak and ineffective racemic inhibitor
(compared to L-cis diltiazem) of the rod cGMP-acti-
vated conductance. In contrast, L-cis diltiazem is a
potent inhibitor of the rod cGMP-activated conduc-
tance and a weak inhibitor of the neuronal and rod
mitochondrial Na*/Ca2* exchanger as well as the L-
type Ca?* channel (51, 53, 57, 60-62).

Our morphological, biochemical and functional
studies with D-cis diltiazem, L-cis diltiazem and ve-
rapamil strongly suggest that rod Ca2* overload and
subsequent rod-selective apoptosis results from en-
try of Ca2* through rod cGMP channels - especially
in the dark - and not through L-type Ca?* channels
present in the rod inner segments and synaptic ter-
minals (70). Therefore, D-cis diltiazem would not be
expected to provide neuroprotection from rod Ca2*
overload and apoptosis, although L-cis diltiazem was
partially effective. Moreover, once excess Ca?* en-
ters the rod mitochondria, inhibition of the mitochondrial
Na*/Ca?* exchanger by D-cis diltiazem could poten-
tiate the apoptotic inducing effects of Ca2* overload
by causing further uptake of Ca2* (63) and thus sub-
sequent mPTP opening.

Alternatively, protection from Ca2* overload could
be achieved by increasing the mitochondrial buffer-
ing capacity of Ca2* (80, 81). Interestingly, Bcl-2 or
Bcl-x overexpression does not protect rods, neurons
and other cells from high Ca2* overload, but does pro-
tect them from low-to-moderate Ca2* and/or Pb2* over-
load (14, 80-84). This approach represents a differ-
ent avenue for pharmacological therapy.

In conclusion, we established a pathophysiologi-
cally-relevant in vitro model of low-to-moderate Ca?*
overload with subsequent rod-selective apoptosis and
then employed five different potential neuroprotec-
tive strategies with selected pharmacological agents.
The strategies were designed: 1) to block Ca2* entry
into rod photoreceptors through the cGMP-activated
conductance, 2) to block CaZ* entry into rod photoreceptors
through L-type Ca2* channels, 3) to inhibit the rod mi-
tochondrial Na*/Ca2* exchanger, 4) to inhibit rod mi-
tochondrial cytochrome c release and 5) to inhibit ac-
tivation of caspase-3 and downstream events. Block-
ade of Ca?* entry into rods with L-cis diltiazem was
partially successful, whereas blockade of Ca2* entry

into rod photoreceptors through L-type Ca2* chan-
nels with D-cis diltiazem or verapamil was not suc-
cessful. Inhibition of the mitochondrial Na*/Ca?* ex-
changer with D-cis diltiazem also provided no pro-
tection. CsA and NIM811, potent inhibitors of the mi-
tochondrial permeability transition pore, blocked all
Ca?*-induced apoptosis. The caspase-3 inhibitor
DEVD-fmk only blocked the events downstream of cy-
tochrome c-induced apoptosis. Thus, the successful
pharmacological neuroprotective strategies for rod Ca2*
overload/apoptosis targeted the rod cGMP-activated
channels or mPTP, but not the rod L-type Ca2* chan-
nels. The mechanistic knowledge gained from these
results will hopefully be utilized to develop future suc-
cessful neuroprotective pharmacological strategies for
Ca?* and other divalent cation-induced rod photoreceptor
apoptotic cell death.
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