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ABSTRACT

The purpose of this study was to determine the efficacy and
putative mechanisms of action of tetracycline and minocycline
in inhibiting retinal cell apoptosis after glutamate-induced ex-
citotoxicity and trophic factor deprivation in a retinal cell line
(E1A-NR.3) and in primary mixed retinal cell cultures. In addi-
tion, a differentiated PC-12 cell line was used to determine
whether minocycline was neuroprotective after trophic with-
drawal in a pure neuronal cell line devoid of glia. Results from
this study demonstrated that minocycline, but not tetracycline,
is protective in in vitro models of excitotoxicity-induced retinal
cell apoptosis. Moreover, the protective effects provided by
minocycline in retinal cells seemed independent of actions on
N-methyl-p-aspartate receptors (NMDARs) and glutamate re-
ceptor-mediated Ca®" influx. Doses of the NMDAR antagonist
MK-801 (dizocilpine) and minocycline that alone provided no

significant neuroprotection resulted in enhanced retinal cell
survival when applied concurrently, suggestive of distinct sig-
naling pathways, and minocycline was without effect on gluta-
mate-induced Ca®" influx, as assessed by calcium imaging.
Minocycline was also neuroprotective after trophic factor with-
drawal, producing a decrease in apoptosis and caspase-3 ac-
tivation in both retinal cells and the PC-12 neuronal-like cell
line. These results support a role for minocycline as a retinal
neuroprotectant and demonstrate that the antiapoptotic ac-
tions of minocycline in retinal cells do not arise from the block-
age of NMDARs or glutamate receptor-mediated Ca®* influx
but do involve inhibition of caspase-3 activation. In addition,
the survival-promoting actions of minocycline may arise via
actions on both neuronal and non-neuronal cell targets.

Compounds with neuroprotective properties are of consid-
erable interest in the treatment of retinal neurodegenerative
conditions such as glaucoma, where the potential exists to
limit disease progression and preserve vision by promoting
the survival of affected neurons (for review, see Weinreb and
Levin, 1999). Glaucoma, a leading cause of vision loss and
blindness, is characterized by the loss of retinal ganglion
cells (RGCs). Although the exact cause of the development of
damage is unclear, mechanical trauma, local ischemia and
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hypoxia, glutamate excitotoxicity, and the loss of trophic
support may individually or collectively contribute to the
death of RGCs (for review, see Quigley, 1999). In experimen-
tal animal models of glaucoma and RGC death, there is
evidence that the loss of RGCs occurs through caspase-de-
pendent apoptosis (Kermer et al., 1998; Tezel and Wax, 1999;
McKinnon, 2003; Tahzib et al., 2004). In other neurodegen-
erative diseases, drugs that target key proteins involved in
apoptotic cell signaling cascades have shown potential as
neuroprotectants in experimental models (Larner, 2000;
Friedlander, 2003; Liu and Hong, 2003), and several of these,
including the glutamate receptor antagonist, memantine,
and the glutamate release inhibitor riluzole, are now ap-
proved for clinical use in Alzheimer’s disease (Reisberg et al.,
2003) and amyotrophic lateral sclerosis (Lacomblez et al.,
1996), respectively.

ABBREVIATIONS: RGC, retinal ganglion cell; CNS, central nervous system; BDNF, brain-derived neurotrophic factor; CNTF, ciliary neurotrophic
factor; NMDAR, N-methyl-p-aspartate receptor; DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal bovine serum; PBS, phosphate-buffered
saline; NGF, nuclear growth factor; NA, numerical aperture; RT-PCR, reverse transcription-polymerase chain reaction; TBS, Tris-buffered saline;
HBSS, Hanks’ balanced salt solution; MK-801, dizocilpine; MPTP, 1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine.
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Minocycline is a highly lipophilic semisynthetic derivative
of tetracycline that is capable of crossing the blood-brain
barrier and exerting anti-inflammatory actions that are dis-
tinct from its ability to inhibit bacterial protein synthesis
(Yrjanheikki et al., 1999). Minocycline is neuroprotective
against glutamate excitotoxicity in primary CNS cultures,
and the increase in neuronal survival was associated with
inhibition of microglial activation and proapoptotic media-
tors (Tikka and Koistinaho, 2001; Tikka et al., 2001). In other
experimental studies of neurodegeneration, minocycline has
been reported to inhibit cytochrome c release from mitochon-
dria as well as inhibit caspase-dependent and caspase-inde-
pendent pathways of neuronal death (Zhu et al., 2002; Cao et
al., 2003; Wang et al., 2003; Hughes et al., 2004; Scarabelli et
al., 2004).

In the present study, we examined the neuroprotective
abilities of minocycline and tetracycline in a rat retinal cell
line and primary retinal cell cultures. This research had two
objectives. First, we investigated whether these compounds
could protect retinal cells in in vitro cell models of neuronal
degeneration, namely glutamate excitotoxicity or trophic fac-
tor deprivation. Second, we attempted to better define the
cellular targets involved in the antiapoptotic actions of
the minocycline by determining whether the mechanism
of the neuroprotection involves, at least in part, inhibition of
NMDARs and associated Ca®* influx and/or caspase-3 inhi-
bition.

Materials and Methods

Materials. All culture reagents were obtained from Invitrogen
(Carlsbad, CA) unless otherwise noted. Acridine orange and
ethidium bromide dyes were purchased from Molecular Probes (Eu-
gene, OR). RQ1 RNase-Free DNase and RNasin Ribonuclease Inhib-
itor were purchased from Promega (Madison, WI). One-Phor-All
Buffer PLUS and pd(T),5_;5 [(poly)thymidine tail for reverse tran-
scription] were purchased from Amersham Biosciences Inc. (Piscat-
away, NJ). First-strand cDNA buffer, INTP Mix, and a recombinant
Taq kit were purchased from MBI Fermentas (Burlington, ON, Can-
ada). All other drug chemicals were obtained from Sigma-Aldrich (St.
Louis, MO), except brain-derived neurotrophic factor (BDNF) and
ciliary neurotrophic factor (CNTF) (both kindly provided by Regen-
eron Pharmaceuticals, Tarrytown, NY) and Zap-Oglobin (Beckman
Coulter, Fullerton, CA). In all cases, L-glutamate was used but is
referred to simply as glutamate.

Cell Cultures. We used a rat retinal precursor cell line, E1A-
NR.3, derived from P6 rat retinal tissue immortalized by a replica-
tion-incompetent retrovirus containing the 12S portion of the E1A
gene, which contains immortalizing but lacks transforming functions
of the gene (Whyte et al., 1988). This cell line exhibits contact-
inhibited and anchorage-dependent growth and is considered to be at
the preglial/neuronal commitment stage, containing cells that ex-
press antigens specific for a number of different retinal phenotypes,
including photoreceptors, bipolar cells, retinal ganglion cells, and
retinal glial cells (Seigel, 1996; Seigel et al., 1998). The retinal
precursor cell line expresses functional ionotropic NMDARs and
non-NMDARs as well as GABA receptors (Sun et al., 2002) and has
been used successfully for studies of retinal cell apoptosis in various
experimental models of retinal cell death, including simulated isch-
emia, hypoxia, excitotoxicity, and serum withdrawal (Tezel and Wax,
1999; Seigel et al., 2000). E1A-NR.3 cells were seeded at an initial
density of 1 X 10° cells/ml and maintained in growth media consist-
ing of Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 3% sodium bicarbonate, 1% each

of L-glutamine, minimal essential medium nonessential amino acids,
and vitamins, and 0.0125% gentamicin before experiments.

Primary retinal cultures, consisting of neurons and glial cells,
were obtained from postnatal 6- to 10-day Long-Evans rats. All
procedures were carried out in accordance with the Association for
Research in Vision and Ophthalmology statement for the use of
animals in ophthalmic and vision research. In brief, rat pups were
anesthetized with halothane and decapitated. The eyes were enucle-
ated, and posterior eyecups were placed in DMEM containing 1%
gentamicin. The neural retinas were gently peeled off with fine
forceps and incubated at 37°C in 1.25% trypsin for 5 min. FBS (10%)
was added to end the trypsin reaction. Retinal cells were obtained
after trituration through a narrow bore fire-polished Pasteur pipette,
centrifugation at low speed for 3 min, aspiration of the supernatant,
and resuspension in fresh growth medium (DMEM, 5% FBS, 1 ng/ml
CNTF, 10 ng/ml BDNF, 1% N2 supplement, 1% gentamicin, and 100
png/ml penicillin/streptomycin). The resulting cell suspension was
seeded at a density of 2.5 X 10° cells/ml in culture dishes pretreated
with poly-D-lysine (10 pg/ml) and laminin (2 pg/ml). Cultures were
maintained at 37°C in a humidified atmosphere of 5% CO,/95% air,
and half of the growth medium was replaced every 2 to 3 days.

Culture and differentiation of PC-12 cells were carried out using
established protocols (Greene, 1978). In brief, PC-12 cells main-
tained in media containing DMEM supplemented with 10% horse
serum, 5% FBS, 2 mM L-glutamine, and 100 pg/ml penicillin/strep-
tomycin and maintained at a cell density of 6 X 10%ml in 35-mm
diameter culture dishes (BD Biosciences, Oakville, ON, Canada)
precoated with rat-tail collagen (1 mg/ml). PC-12 cells were differ-
entiated by adding 100 ng/ml nerve growth factor (7S NGF; Collab-
orative Research Inc., Bedford, MA). Differentiated cells were main-
tained for 7 days in a humidified atmosphere of 5% CO4/95% O,, and
media were replenished every 2 to 3 days with fresh media.

Excitotoxic Cell Death Model. Glutamate-induced cell death
was carried out in E1A-NR.3 cells and primary retinal cells at days
5 and 7 in vitro, respectively. The cell cultures, maintained in 24-well
culture dishes, were divided into the following treatment groups:
treatment media consisting of DMEM with Ham’s F-12 nutrients
(1:1 mixture), 10 mM CaCl,, 5% FBS, 1% N2 supplement, 10 ng/ml
BDNTF, 1 ng/ml CNTF, and 1% gentamicin; treatment media with an
additional 100 uM exogenous glutamate; and treatment media with
an additional 100 uM glutamate and various concentrations of test
drug. The formulation of DMEM/Ham’s F-12 used for these experi-
ments is known to enhance excitotoxicity, because it is Mg?"-free
and contains 30 uM glycine and 50 uM glutamate (Pellegrini and
Lipton, 1993). This media formulation has been used previously for
retinal excitotoxicity assays with additional increases in extracellu-
lar glutamate concentration (>100 uM), resulting in the selective
death of retinal neurons with no significant effect on glia (Baptiste et
al., 2002). In the present excitotoxicity assays, the final glutamate
concentration for the treatment media with additional 100 uM ex-
ogenous glutamate was 150 uM. The transfer of the retinal cell line
from growth media to treatment media resulted in no discernible
decreases in cell survival; however, the transfer of primary retinal
cultures to Mg?*-free treatment media produced a small, but not
significant, decrease in cell numbers (15-20%) compared with cell
numbers in growth media. Therefore, in assays using primary reti-
nal cell cultures, cell numbers in treatment medium were normal-
ized with respect to cell numbers in growth media.

Trophic Withdrawal Cell Death Model. After 3 days in cul-
ture, primary and E1A-NR.3 rat retinal cells were gently washed
three times with sterile phosphate-buffered saline (PBS) to remove
trace amounts of growth medium containing trophic factors. The
E1A-NR.3 retinal cell line cultures were divided into treatment
groups consisting of treatment media containing 10% FBS, treat-
ment media minus 10% FBS, treatment media minus 10% FBS, and
various doses of minocycline (0.002—20 uM). Trophic factor-deprived
primary rat retinal cell cultures had 5% FBS, CNTF (1 ng/ml), and
BDNF (10 ng/ml) deleted from the media. Primary retinal cell and
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E1A-NR.3 cultures were deprived of trophic factors for 24 and 48 h
periods, respectively. NGF-differentiated PC-12 cell cultures were
divided into treatment groups consisting of treatment media contain-
ing 10% horse serum, 5% FBS, and NGF (100 ng/ml); treatment
media minus 10% horse serum, 5% FBS, and NGF (100 ng/ml); and
various doses of minocycline (0.002-20 uM). NGF-differentiated
PC-12 cell cultures were deprived of trophic support for a 24-h
period.

Measurement of Cell Viability and Apoptosis. We used a cell
lysis method (Baptiste et al., 2002) and acridine orange/ethidium
bromide staining (Giuliano et al., 1998; Bertolesi et al., 2002) to
determine viable and apoptotic cells in the glutamate excitotoxicity
and trophic withdrawal models.

For the cell lysis assay, media and cells were removed from 24-well
culture plates and placed into numbered test tubes for centrifuga-
tion. The supernatant was aspirated, and the resulting cell pellet of
each well was resuspended in 200 ul of a 1:10 dilution of Zap-Oglobin
detergent cell lysing solution. Viable, phase-bright nuclei, visible
under inverted light microscopy, were quantified with a hemocytom-
eter. Mean nuclei counts were obtained from 3 to 4 wells per treat-
ment group and expressed as a percentage of viable nuclei in the
media only group. Mean percentage data = S.E.M. were obtained
from 3 to 8 separate experiments. The drugs investigated were
minocycline and tetracycline, and the effects of each drug were tested
over a 3-log range (2-200 M) in primary retinal cultures and a 4-log
range (0.002—-2 uM) in E1A-NR.3 cell lines, respectively.

For acridine orange and ethidium bromide staining, the media
was removed, and cells were washed gently with PBS. After aspira-
tion of the PBS, cells were treated with a mixture of acridine orange
(100 pwg/ml) and ethidium bromide (100 ug/ml) in PBS for 3 min.
Cells were then visualized using fluorescence microscopy (Nikon
Eclipse 800; Nikon, Mississauga, ON, Canada) with filters appropri-
ate for fluorescein (Nikon B-2E; 450-490 nm excitation, 520-560 nm
emission, 505 nm barrier). Images of the cells were captured with a
Nikon FDX 35-mm digital camera through a Nikon Multi-Point
Sensor System U-IIT using either Nikon 20X Plan Fluor (0.50 nu-
merical aperture) or 100X Plan Fluor (1.30 numerical aperture)
objectives. The number of viable (fluorescent green) and apoptotic
(fluorescent orange with condensed, pyknotic nuclei) cells as a per-
centage of the total cells was calculated and analyzed after counting
by a blinded observer.

Reverse Transcription-Polymerase Chain Reaction (RT-
PCR). Total cellular RNA was obtained from E1A-NR.3 cells using
TRIzol reagent according to the manufacturer’s protocol. DNase
I-treated RNA samples (2 pug) were used to generate single-stranded
c¢DNA with Moloney murine leukemia virus reverse transcriptase
after trophic factor withdrawal treatments. All PCR amplifications
were carried out in a total volume of 25 ul with 2 ng of cDNA, 0.4 uM
primers, 50 mM KCl, 10 mM Tris-HCL, pH 8.8, 1.5 mM MgCl,, 0.2
mM dNTP, and 2.5 units of recombinant Tag polymerase. Primer
sequences have been published previously for caspase-3 (Harrison et
al., 2001) and cyclophilin (Hirooka et al., 2002). To compare mRNA
expression levels between treated and untreated cells, the number of
PCR cycles was first determined to be in the linear range. The
number of cycles and annealing temperatures for each gene investi-
gated were 20 cycles at 50°C for cyclophilin and 30 cycles at 55°C for
caspase-3. The PCR products were resolved by staining with
ethidium bromide and electrophoresis in 1.5% agarose gels. Results
were visualized under UV illumination using a Gel Doc apparatus
(Bio-Rad, Mississauga, ON, Canada). Images of the PCR bands were
analyzed semiquantitatively using Molecular Analyst image analy-
sis software version 1.5 (Bio-Rad).

Western Blotting. E1A-NR.3 cells were washed with PBS and
transferred to a 1.5-ml tube and centrifuged at 5000 rpm for 1 min at
4°C. The cells were resuspended in 100 ul of cell lysis buffer (Cell
Signaling Technology Inc., Beverly, MA), incubated on ice for 20 min,
and then centrifuged for 15 min at 13000 rpm at 4°C. The resulting
supernatant was transferred to a fresh 1.5-ml tube, and the protein
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concentration was determined using the bicinchoninic acid protein
assay kit (Pierce, Rockford, IL) with bovine serum albumin as a
calibration standard. Protein samples were then diluted to equiva-
lent concentrations with aliquots of SDS buffer and heated at 95°C
for 5 min. Proteins were separated by SDS-polyacrylamide gel elec-
trophoresis (12%). Proteins were electrotransferred to a nitrocellu-
lose membrane at 95 V for 1 h. The membranes were dried for 2 h,
incubated first in blocking buffer (0.1% Tween 20 with 5% nonfat dry
milk in Tris-buffered saline; TBS) for 2 h, and then incubated with a
1:1000 dilution (in blocking buffer) of cleaved caspase-3 antibody
(rabbit, Asp175; Cell Signaling Technology) overnight at 4°C on an
orbital shaker. Membranes were then washed three times with TBS-
Tween 20 for 10 min before the application of horseradish peroxi-
dase-conjugated goat anti-rabbit IgG secondary antibody (Vector
Laboratories, Burlington, ON, Canada) at room temperature on an
orbital shaker for 1 h. After this, membranes were washed three
times with TBS-Tween 20 at room temperature on the orbital shaker
for 20 min. Protein bands were visualized with the enhanced chemi-
luminescence detection system (ECL System; Amersham Biosciences
Inc.) and exposed to film (Hyperfilm ECL; Amersham Biosciences
Inc.).

Calcium Imaging. Calcium imaging experiments were per-
formed on primary mixed retinal cell cultures consisting of neurons
and glia that had survived 6 to 7 days in vitro. The cells were
incubated in 5 uM Fura-2/acetoxymethyl ester (Molecular Probes)
dissolved in a modified Mg?*-free Hanks balanced salt solution
(HBSS; 2.6 mM CaCl,, 15 mM HEPES, pH 7.4) for 30 min in the dark
at 37°C. The Fura-2/acetoxymethyl ester was first dissolved in di-
methyl sulfoxide (0.1% final concentration in HBSS) and then solu-
bilized in HBSS containing 0.1% pluronic acid F-127 (Molecular
Probes).

The coverslip-plated retinal cells loaded with Fura-2 were then
transferred to a microscope chamber that was constantly superfused
with the Mg2*-free HBSS at 34 to 36°C and bubbled with 100%
oxygen. The calcium imaging rig, consisting of a cooled charged-
coupled device camera fitted to a microscope with a water-immersion
objective (numerical aperture, 0.8 W; Achroplan 40X; Carl Zeiss,
Thornwood, NY), has been described in detail elsewhere (Baptiste
et al., 2002). Fura-2 fluorescence was produced by excitation from a
75-W Xenon lamp (Ludl Electronic Products, Hawthorne, NY) and
appropriate filters (XF04 set; excitation, 340 or 380 nm; emission,
510 nm; dichroic, >430 nm) (Omega Optical Inc., Brattleboro, VT).
Ratiometric (340 nm/380 nm) images were generated by an imaging
system (Imaging Workbench 2.2; Axon Instruments, Union City, CA)
and saved to the hard disk of a computer. The background fluores-
cence was measured and subtracted from each image. The mean
Fura-2 ratio for each cell was calculated over a large area of the cell
soma, well separated from the edge of the cell.

All treatment solutions were dissolved in the Mg?"-free HBSS and
delivered to the chamber by a peristaltic pump (Gilson Medical
Electronics, Middleton, WI) at a rate of approximately 1 ml/min. The
Fura-2 ratio, indicative of the free intracellular calcium levels
([Ca%*],), was elevated in the isolated neurons by the application of
a short pulse (30 s) of 100 uM glutamate. Glycine (100 puM), a
coagonist of glutamate at the NMDARs, was added to the glutamate
solution to enhance potential NMDAR activation (Johnson and As-
cher, 1987). During treatments, image pairs were collected as often
as every 3 s, but to limit photodamage, images were collected less
frequently (20 s) during intervening periods.

Statistical Analysis. Unless otherwise noted, data were ana-
lyzed by repeated measures analysis of variance followed by Dun-
nett’s multiple comparison test. The criterion for significance was set
at p < 0.05.

Results

Effects of Tetracycline Derivatives on Glutamate-
Induced Retinal Cell Death. Figure 1 shows data from
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experiments studying the survival of E1A-NR.3 retinal cell
cultures in treatment media containing 100 uM additional
glutamate alone or in combination with various concentra-
tions (0.002-2 M) of tetracycline or minocycline. Tetracy-
cline failed (p > 0.05, n = 3) to increase the survival of retinal
cell line cultures at all concentrations tested (0.002—2 uM)
compared with that observed in the glutamate-only treated
group (Fig. 1A). In contrast, minocycline produced a dose-
dependent increase in viable E1A-NR.3 cells at concentra-
tions between 0.002 to 0.2 uM (Fig. 1B). Viable cell numbers
(mean * S.E.M.) in the presence of 0.002, 0.02, 0.2, and 2 uM
minocycline were 77 = 5,83 = 6,85 *= 5, and 67 = 7% of the
control media-only group compared with 60 = 5% of the
control in the glutamate-only group (n = 4). This increase in
cell viability was significant at 0.02 and 0.2 M minocycline
(p <0.05 and p < 0.01, respectively), with a diminished effect
at higher concentrations of minocycline (2 uM, p > 0.05).

A similar dose-dependent increase in cell survival was

A

Il Media + 100 1M Glutamate
[T Media + 100 uM Glutamate
+ Tetracycline (0.002-2 uM)
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B
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3 T £ T
Z T t L
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g " I
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Minocycline Concentration (uM)

Fig. 1. Effect of tetracycline and minocycline on glutamate-induced E1A-
NR.3 retinal cell death. Percentage of survival of the E1A-NR.3 rat
retinal cell line cultures treated with tetracycline (n = 3) (A) or minocy-
cline (n = 4) (B) after 24 h of glutamate excitotoxicity. Viable cells were
assessed by counting the density of intact nuclei after Zap-Oglobin cell
lysis. Treatment groups consisted of the following: media containing
DMEM/Ham’s F-12 formulation; media plus an additional 100 uM glu-
tamate; and media and glutamate plus various doses of the tetracycline
or minocycline (0.002—2 uM). Data are expressed as the mean + S.E.M.
percentage of survival relative to the media-only control group. *, p <
0.05 and ##, p < 0.01 compared with the media plus glutamate group.

produced by minocycline in primary retinal cell cultures ex-
posed to 100 uM additional glutamate (Fig. 2). Viable pri-
mary retinal cell numbers in the presence of 2, 20, and 200
M minocycline in the treatment media were 99 * 11, 120 *
18, and 115 = 11% compared with 56 = 4% for cells in the
glutamate-only group (n = 3). Increases in cell survival were
significant at all concentrations tested (p < 0.05, p < 0.01,
and p < 0.01 for 2, 20, and 200 uM minocycline, respectively).
At concentrations below 2 uM, minocycline was not effective
in increasing cell survival in all primary retinal cultures
tested (n = 2, data not shown). As an internal control, mino-
cycline (20 uM) was added to wells receiving treatment me-
dia only. Cell viability for this group was not significantly
different (117 = 19%, p > 0.5, n = 4) from the control
treatment media-only group.

Drugs that block NMDARSs or alter glutamate-induced in-
creases in [Ca®"]; have been shown to increase retinal cell
viability after excitotoxic insult (Pellegrini and Lipton, 1993;
Osborne et al., 1999; Baptiste et al., 2002). To determine
whether the neuroprotective actions of minocycline in retinal
cell cultures may occur, in part, via actions on NMDARSs, we
examined whether the cell survival observed with minocy-
cline was additive or synergistic with the selective noncom-
petitive NMDAR antagonist MK-801 (dizocilpine). If common
mechanisms or pathways of inhibition underlie the actions of
both of these classes of drugs, then the effects should be
additive, and the survival-promoting effects of both drugs
should be close to the sum of that measured with either drug
alone. In contrast, if the effects of combined treatments are
much greater than that expected from the sum of either
treatment alone, this suggests that the drugs may act by
synergistic pathways that are largely independent.

We first established the doses of MK-801 that produced
increased cell survival in retinal cell cultures to determine a

M Media

Media + 20 M Minocycline

Ml Media + 100 uM Glutamate

[] Media + 100 uM Glutamate
+ Minocycline (2-200 uM)

150+ . .
*
ks
S 100- I
=2 1 T
o
o
S 50-
X
0
0 20 0 2 20 200

Minocycline Concentration (uM)

Fig. 2. Effect of minocycline on glutamate-induced primary retinal cell
death. Percentage of survival of primary mixed rat retinal cell cultures
treated with minocycline after 24 h of glutamate excitotoxicity. Viable
cells were assessed by counting the density of intact nuclei after Zap-
Oglobin cell lysis. Treatment groups consisted of the following: media
containing DMEM/Ham’s F-12 formulation; media plus an additional 100
nM glutamate; and media and glutamate plus various doses of minocy-
cline (2-200 puM). Data are from three separate experiments and are
expressed as the mean = S.E.M. percentage of survival relative to the
media-only control group. *, p < 0.05 and **, p < 0.01 compared with the
media plus glutamate group.
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submaximal or threshold dose for neuroprotection. Figure 3A
shows data from experiments studying the survival of E1A-
NR.3 retinal cell cultures in treatment media containing
glutamate, both alone and in combination with increasing
concentrations (1-100 uM) of the NMDAR antagonist MK-
801. A dose-dependent increase in E1A-NR.3 survival was
seen with MK-801; mean cell survival for six separate exper-
iments increased from 60 * 4% for the glutamate-only group
to71 = 11,85 = 8 (p < 0.05), and 103 = 9% (p < 0.01) of the
untreated control group with 1, 10, and 100 uM MK-801,
respectively.

Figure 3B shows the results of three experiments in which
submaximal concentrations of MK-801 (1 uM) and minocy-
cline (0.002 uM) that failed to show significant protection in
excitotoxicity assays with E1A-NR.3 cultures were tested
separately and in combination. In the glutamate-only group,

A

Il Media + 100 uM Glutamate
[IMedia + 100 uM Glutamate
+ MK-801 (1-100 M)

120

*xk

, 7
[}
o T
S 80+ T 1
z 1
9
Q2
)
>
X

1 10 100

Minocycline Concentration (uM)

Il Media + 100 uM Glutamate
(] Media + 100 uM Glutamate
+ 1 uM MK-801
Media + 100 uM Glutamate
+ 0.002 uM Minocycline
I Media + 100 uM Glutamate
+ 1 uM MK-801
+0.002 uM Minocycline

120

HH

% Viable Nuclei

Media

MK-801 Minocycline Minocycline

+ MK-801

Fig. 3. Effect of MK-801 and minocycline on E1A-NR.3 retinal cell via-
bility after exposure to excitotoxic media. Percentage of survival of the
E1A-NR.3 rat retinal cell line cultures treated with the NMDAR blocker
MK-801 (1-100 uM) alone (n = 6) (A) or the combination of submaximal
doses of MK-801 (1 uM) with minocycline (0.002 uM) (n = 3) (B) after 24 h
of glutamate excitotoxicity. Viable cells were assessed by counting the
density of intact nuclei after Zap-Oglobin cell lysis. Treatment groups
consisted of the following: media containing DMEM/Ham’s F-12 formu-
lation; media plus an additional 100 uM glutamate; and media and
glutamate plus various doses of the drug. Data represent the mean *
S.E.M. %, p < 0.05 and ##, p < 0.01 compared with the media plus
glutamate group.
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cell viability was reduced to 68 + 4% of control. On their own,
neither 1 uM MK-801 nor 0.002 uM minocycline significantly
protected retinal cells from excitotoxic death (72 = 7 and
68 * 3%, respectively, compared with the glutamate-only
group). On the other hand, the combination of submaximal
doses of MK-801 and minocycline produced a significant in-
crease in viability (99 = 6%, p < 0.01) compared with the
glutamate-only group. The enhanced cell viability seen with
the combination of submaximal doses of MK-801 and mino-
cycline was significantly greater than groups receiving either
drug alone (p < 0.01). The effect of combined treatment with
0.002 uM minocycline and 1 uM MK-801 produced a neuro-
protective effect that was comparable with 100 uM MK-801
(Fig. 2) and exceeded the effect of the maximum dose (0.2
pM) of minocycline (Fig. 1B). It is clear, therefore, that the
combined treatment was synergistic, enhancing the effect so
that it exceeded what would be expected from a simple addi-
tive effect of this dose of either drug alone. This suggests that
the effect of minocycline is in large part independent of an
action at NMDARSs, the site of action of MK-801, although it
does not exclude actions of minocycline at targets down-
stream of NMDARs in addition to the activation of concur-
rent NMDAR-independent signaling pathways.

To further confirm that the neuroprotective effects of mi-
nocycline were independent of actions at glutamate recep-
tors, we used Ca®* imaging to determine the effects of mino-
cycline on glutamate-induced increases of [Ca®"]; in cultured
primary retinal neurons. Figure 4A illustrates the effect of
minocycline on glutamate-induced [Ca®*]; increase in a rep-
resentative retinal neuron. Glutamate (100 uM) increased
the Fura-2 fluorescence ratio from a resting level of approx-
imately 0.50 to a peak of approximately 0.85 during a 4.5-s
exposure of 100 uM glutamate (+100 uM glycine). A second
application of glutamate in the presence of 1 M minocycline
did not affect the response (peak ratio) to glutamate, and the
magnitude of the response to glutamate was maintained
after washout of minocycline. Similar results (Fig. 4B) were
found in all the retinal neurons studied (n = 13).

Effects of Minocycline on Trophic Withdrawal-In-
duced Apoptosis in Retinal Cells. Because the neuropro-
tective effects of minocycline seemed independent of gluta-
mate-receptor mediated Ca®" influx in retinal models of
excitotoxicity, further experiments examined whether mino-
cycline was neuroprotective in a serum and trophic factor
withdrawal model of cell death in E1A-NR.3 cells and pri-
mary retinal cell cultures, respectively. Figure 5 shows the
results of a cell viability assay with acridine orange and
ethidium bromide carried out with E1A-NR.3 cells main-
tained in serum-containing media for 48 h and cells deprived
of serum for 48 h in the absence or presence of minocycline.
E1A-NR.3 cells maintained in serum-containing media (me-
dia + serum) take up acridine orange to display green viable
nuclei (Fig. 5A). On the other hand, E1A-NR.3 maintained in
serum-free media (media — serum) incorporated both acri-
dine orange and ethidium bromide within cellular DNA to
display an increased population of pyknotic orange/red nuclei
that are characteristic of cells undergoing apoptosis (Fig. 5B).
Upon adding 0.02 or 0.2 uM minocycline to cells lacking
serum (media — serum + minocycline) (Fig. 5, C and D,
respectively), an increased density of viable nuclei were ob-
served. The percentage of pyknotic nuclei (mean = S.E.M.,
n =3 was 15 + 3,39 = 2,16 * 4, and 21 * 3% for cells
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cultured in serum-containing media, serum-free media, and
serum-free media plus 0.02 and 0.2 uM minocycline, respec-
tively (Fig. 5E). The decreases in pyknotic nuclei observed
were significant for cells receiving serum-containing media
(p < 0.01) as well as for serum-deprived retinal cells supple-
mented with either dose of minocycline (p < 0.01) compared
with the cells receiving just serum-free media.

Similar results were also obtained using primary retinal
cell cultures deprived of trophic support (Fig. 6). Cell viability
assays demonstrated that the exposure of primary retinal
cultures to serum and trophic factor-free media for 24 h
reduced viable cells to 52 = 5% (n = 3) compared with
primary cell cultures receiving serum and trophic factor sup-
port. In trophic factor-deprived primary retinal cultures sup-
plemented with increasing minocycline concentrations of
0.002, 0.02, 0.2, 2, and 20 uM, cell viability was increased to
54 + 4,53 = 1,66 = 4,78 = 10, and 61 * 8%, respectively
(n = 3). The increase in viability noted at 2 uM minocycline
was significant (p < 0.05) compared with control. The addi-
tion of 20 uM minocycline to control media containing trophic
factors did not result in a significant increase in the number
of viable cells compared with control (p > 0.05, n = 3) but was
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Fig. 4. Effect of minocycline on glutamate-induced calcium influx in
isolated retinal neurons. Minocycline does not affect glutamate-induced
calcium influx in isolated retinal neurons. A, example trace from an
individual retinal neuron illustrating that the increase in the Fura-2
fluorescence ratio induced by 100 uM glutamate (GLUT) was the same
whether 1 uM minocycline (MINO) was present or absent. B, mean data
(n = 13) for calcium imaging experiments, normalized to the initial
glutamate response.

significantly increased compared with trophic factor-de-
prived cultures in the absence of minocycline (p < 0.01, n =
3).

Effect of Minocycline on Caspase-3 Expression in
Retinal Cells after Serum Withdrawal. Previous studies
in different experimental models have indicated that the
neuroprotective properties of minocycline may be attributed
in part to inhibition of caspase activation (Chen et al., 2000;
Zhu et al., 2002). Furthermore, several studies in E1A-NR.3
retinal cells have indicated that apoptosis in these cells after
simulated ischemia, excitotoxicity, and serum deprivation
include a proteolysis cascade involving caspase-3 (Tezel and
Wax, 1999; Barber et al., 2001). We therefore examined
whether the neuroprotective actions of minocycline in retinal
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Fig. 5. Effect of minocycline treatment on serum withdrawal-induced
apoptosis in E1A-NR.3 retinal cells. Cell viability assay was assessed 48 h
later with acridine orange and ethidium bromide dye exclusion in E1A-
NR.3 cells treated with growth media containing serum (A), no serum (B),
no serum plus 0.02 uM (C), or 0.2 uM minocycline (D). Viable nuclei with
acridine orange incorporation stain green (arrows), whereas dead cells
have both acridine orange and ethidium bromide intercalated within
genomic DNA to display orange/red pyknotic nuclei characteristic of
apoptosis (arrowheads in A-D). E, histogram of the percentage of py-
knotic nuclei observed from five high-powered fields (area = 0.23 mm?)
per treatment group in three separate experiments. ##, p < 0.01 com-
pared with the no serum group.
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cell cultures after serum deprivation was associated with
alterations in caspase-3 activation. We used RT-PCR to ex-
amine caspase-3 mRNA expression in cultures of E1A-NR.3
retinal cells incubated for 18 h with either media containing
serum, serum-free media, or serum-free media plus 0.02 or
0.2 uM minocycline. Figure 7A shows PCR products obtained
using primers specific for caspase-3 and cyclophilin, visual-
ized by UV fluorescence after gel electrophoresis. Increased
caspase-3 mRNA expression was seen for E1A-NR.3 cells
maintained in serum-free media for 18 h, consistent with
caspase-3 dependent apoptosis in retinal cells previously re-
ported after serum withdrawal (Barber et al., 2001). Al-
though a decrease in caspase-3 mRNA was not seen for
serum-free cells treated with 0.02 uM minocycline (lane 3),
caspase-3 was reduced in serum-free cells treated with 0.2
M minocycline (lane 4). Figure 7B shows densitometry re-
sults of caspase-3 mRNA, normalized to cyclophilin, from
three separate experiments in which E1A-NR.3 cells were
grown for 18 h in serum-containing media, serum-free media
only, and serum-free media with 0.02, 0.2, or 2.0 uM mino-
cycline. Densitometry values of caspase-3, relative to cyclo-
philin, for serum-containing, serum-free, and serum-free
plus 0.02 and 0.2 uM minocycline were 26 + 8,48 + 11,57 +
22, and 19 * 7%, respectively.

The effect of minocycline on caspase-3 protein expression
was also examined in serum-free E1A-NR.3 cells using West-
ern blotting. The presence of caspase-3 activation was as-
sessed via the expression of the 17- and 19-kDa subunits that
were derived from the proteolytic cleavage of the 32-kDa
proenzyme caspase-3. As shown in Fig. 7C, serum with-
drawal increased caspase-3 activation, but this increase was
reduced after a 48-h incubation with minocycline at 0.2 and
2.0 uM. Densitometry of the 19-kDa band showed a 286%
(n = 2) increase when serum was absent. Minocycline at both
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Fig. 6. Effect of minocycline treatment on trophic factor deprivation-
induced primary retinal cell death. Percentage of survival of primary
mixed rat retinal cell cultures treated with minocycline after a 24-h
exposure to media without trophic factors. Viable cells were assessed by
counting the density of intact nuclei after Zap-Oglobin cell lysis. Treat-
ment groups consisted of media + trophic factors, media — trophic fac-
tors, or media — trophic factors + minocycline (0.002-20 uM). Data are
from three separate experiments and are expressed as the mean = S.E.M.
of the media + trophic factor control group (100%). #, p < 0.05 and **, p <
0.01 compared with the no serum group.
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0.2 (n = 2) and 2.0 uM (n = 1) reduced the density of the
19-kDa band by about 15% relative to the density under
serum-free conditions. However, consistent with our RT-PCR
results, lower doses of minocycline (0.02 uM) did not decrease
the density of cleaved caspase-3 (n = 2) after serum with-
drawal.

Because E1A-NR.3 retinal cells and primary retinal cul-
tures represent a mixed cell population of retinal neurons
and glia, we also tested the effects of minocycline on NGF-
differentiated PC-12 cells, a well established model for neu-
ronal neuroprotection studies (for example, see Boniece and
Wagner, 1993; Wirtz-Brugger and Giovanni, 2000; Weinreb
et al.,, 2004), to confirm whether minocycline could exert
neuroprotective effects by targeting neurons directly in the
absence of glia (Fig. 8). Once differentiated to a pure neuro-
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Fig. 7. Effect of minocycline on caspase-3 expression after trophic factor
deprivation. A, electrophoresis of RT-PCR products for caspase-3 (646
base pairs) and cyclophilin (371 base pairs) after an 18-h incubation in
growth media containing trophic factors (lane 1), no trophic factors (lane
2), and no trophic factors but supplemented with 0.02 (lane 3) and 0.2 uM
(lane 4) minocycline. (n = 3). B, results of caspase-3 ratio of PCR products
to that of cyclophilin densitometry. Data represent the mean = S.E.M.
ratio. C, Western blot results using antibodies specific for cleaved 17- and
19-kDa caspase-3 subunits in E1A-NR.3 cells after a 48-h incubation in
media containing no trophic factors (lane 1), trophic factors (lane 2), no
trophic factors but supplemented with 0.02 uM (lane 3), and 0.2 (lane 4)
or 2.0 uM (lane 5) minocycline.
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nal phenotype, trophic factor-starved PC-12 cells cannot ded-
ifferentiate by re-entering the cell cycle and are committed to
apoptosis (Lambeng et al., 1999). PC-12 cell cultures were
cultured in the presence or absence of serum and NGF for
24 h. PC-12 cells maintained in the presence of serum and
trophic factors extended neurites (Fig. 8A) and incorporate
acridine orange within cellular DNA to demonstrate viable
green nuclei (Fig. 8, B and C). The removal of trophic support
resulted in the degeneration of neuronal processes (Fig. 8D),
and the resulting acridine orange and ethidium bromide
DNA incorporation revealed an increased generation of or-
ange/red pyknotic nuclei (Fig. 8, E and F). PC-12 cells treated
with 0.02 uM minocycline after trophic factor withdrawal
showed increased neurite numbers (Fig. 8G) and decreased
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Fig. 8. Effect of minocycline treatment on trophic factor deprivation-
induced apoptosis in NGF-differentiated PC-12 cells. Cell viability as-
sessed 24 h later with acridine orange/ethidium bromide (acridine or-
ange/ethidium bromide) dye exclusion in NGF-differentiated PC-12 cell
cultures treated with growth media containing serum and NGF (B and
C), no serum or NGF (E and F), and no serum or NGF plus 0.02 uM
minocycline (H and I). Viable nuclei with acridine orange incorporation
stain green (arrows in C and I), whereas dead cells have both acridine
orange and ethidium bromide intercalate within genomic DNA to display
orange/red pyknotic nuclei characteristic of apoptosis (arrowheads in C,
F, and I). The effect of trophic factor deprivation on PC-12 neuronal
processes can be seen in the phase photomicrographs (A, D, and G). J,
histogram of the ratio of pyknotic-to-live nuclei obtained from five high-
powered fields (area = 0.23 mm?) per treatment group in three separate
experiments. #*, p < 0.01 compared with the no serum or NGF group.

numbers of apoptotic nuclei (Fig. 8, H and I). Figure 8J shows
that increasing minocycline concentrations (0.002-20 uM)
produce a dose-dependent decrease in the number of apopto-
tic nuclei up to 0.2 uM minocycline. The proportion of py-
knotic nuclei for differentiated PC-12 cells in the presence,
absence, and absence of trophic support plus minocycline
(0.002, 0.02, 0.2, 2, and 20 uM) in three separate experiments
was1=0,48 + 4,43 + 6,29 + 3,26 = 4,26 = 2, and 34 *
4%, respectively. The reduction in the pyknotic/live nuclei
ratio for the 0.02 to 2 uM minocycline and 20 uM minocycline
treatment groups was significant at p < 0.01 and p < 0.05,
respectively.

Discussion

This work compared the neuroprotective actions of the
tetracycline derivatives minocycline and tetracycline in in
vitro retinal cell models of apoptosis (excitotoxicity and tro-
phic withdrawal). We used an immortalized retinal cell line,
E1A-NR.3, and mixed primary retinal cultures. A major find-
ing of this study was that minocycline, but not tetracycline,
was able to prevent excitotoxic death of cultured retinal cells.
Our previous studies have demonstrated that the cell death
seen after glutamate excitotoxicity in primary retinal cul-
tures results from the loss of neurons and not glia (Baptiste
et al., 2002), supporting a neuroprotective action of minocy-
cline for retinal neurons. Our present findings demonstrate
that minocycline is neuroprotective, regardless of whether
excitotoxic stress or serum or trophic factor withdrawal in-
duced retinal neuron apoptosis. The neuroprotective actions
of minocycline in retinal cells involving, in part, inhibition of
caspase-3, were independent of NMDAR inhibition and did
not arise via a reduction in glutamate receptor-induced Ca®*
influx.

In other studies in primary spinal cord cultures (Tikka and
Koistinaho, 2001) and cultured cortical neurons (Zhu et al.,
2002), minocycline has also been reported to provide neuro-
protection against N-methyl-pD-aspartate neurotoxicity. The
actions of minocycline in these studies included inhibition of
proliferating microglial cells and N-methyl-p-aspartate-in-
duced activation of p38 mitogen-activated protein kinase,
inhibition of caspase-1, caspase-3, and the inducible form of
nitric-oxide synthase and a decrease in mitochondrial perme-
ability transition-mediated cytochrome c release. Although
the actions of minocycline on different cellular targets still
remain to be clarified, it is likely that the multifaceted ac-
tions of this tetracycline derivative may arise from actions at
multiple targets, involving both direct actions on neurons as
well as on microglia. For example, in our study, minocycline
was neuroprotective in mixed retinal cell cultures composed
of neurons and glia but was also able to protect differentiated
PC-12 cells from apoptosis after trophic withdrawal. Both
caspase-3 (Vaghefi et al., 2004) and mitogen-activated pro-
tein kinase (Lambeng et al., 2003) apoptotic pathways are
activated in NGF-deprived PC-12 cells. In our trophic factor
withdrawal experiments using differentiated PC-12 cells, mi-
nocycline maintained PC-12 neuronal-like processes and pre-
vented morphological nuclear condensation, confirming that
the neuroprotective actions of minocycline are not confined to
inhibition of microglia or secondary to the release of glial-
derived trophic factors but can arise from direct actions on
neuronal targets.
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In other experimental studies using mouse models of
amyotrophic lateral sclerosis (Kriz et al., 2002) and Parkin-
son’s disease (Liberatore et al., 1999; Wu et al., 2002), mino-
cycline was found to effectively inhibit activated microglia
with minimal effects on astrocytes. However, the neuropro-
tective effects of minocycline seen in the 1-methyl-4-phenyl-
1,2,5,6-tetrahydropyridine (MPTP) Parkinson’s mouse model
seemed to exceed the beneficial effects that would be ex-
pected by microglial-derived inducible nitric-oxide synthase
inhibition, implying an additional direct protective effect of
minocycline on neurons and/or inhibition of other microglial-
associated cytotoxins (Wu et al., 2002). In contrast, a more
recent study using a different dosing regimen found that
although minocycline blocked MPTP-induced microglial acti-
vation, MPTP toxicity to dopaminergic neurons was exacer-
bated by minocycline (Yang et al., 2003).

Unlike minocycline, our results indicated that tetracycline
did not significantly affect cell survival in retinal cell cul-
tures. Previous experimental studies of brain ischemia have
demonstrated that minocycline is significantly more lipid-
soluble than tetracycline and is able to effectively cross the
blood-brain barrier to distribute throughout the CNS, includ-
ing the retina, producing a reduction in ischemic neuronal
damage (Yrjanheikki et al., 1998, 1999). The lack of effect of
tetracycline in this and other studies has been attributed to
the poor tissue distribution of this drug to the CNS. Our
results in the E1A-NR.3 retinal cell cultures indicate that,
despite adequate drug concentrations at cellular targets, tet-
racycline is still markedly less efficacious than minocycline
and produced no significant neuroprotection. Therefore, the
neuroprotective efficacy of minocycline, compared with tet-
racycline, may be the result of more than tissue penetration,
suggesting that its neuroprotective property may not be a
feature shared by all other members of the tetracycline fam-
ily of molecules.

On average, the optimal neuroprotective concentrations for
minocycline in the retinal cell line were different from the
primary retinal cultures, probably because the cell line is
more homogenous and consistent in that the numbers of the
different cell phenotypes present is relatively constant from
culture to culture under the conditions used. In contrast, in
the primary cultures there is much more heterogeneity lead-
ing to more variability in the net response to neuropro-
tectants.

Our results also demonstrated that the neuroprotective
actions of minocycline in retinal cultures do not result from
inhibition of NMDARs or glutamate-receptor induced in-
creases in Ca2" influx, because the NMDAR blocker MK-801
and minocycline together produced supra-additive survival
at submaximal doses, suggestive of distinct signaling path-
ways, and because minocycline had no significant effects on
glutamate-induced Ca®" influx in retinal neurons. This re-
sult is consistent with the finding that combined treatment
with MK-801 and the nonselective caspase inhibitor N-ben-
zyloxycarbonyl-VAD-fluoromethyl ketone results in synergis-
tic neuroprotection in an in vivo rat model of cerebral hyp-
oxia/ischemia (Schulz et al., 1998) and the finding that
minocycline was not able to inhibit Ca®mediated loss of
mitochondrial membrane potential (Zhu et al., 2002).

Minocycline neuroprotection probably involves inhibition
of caspase-mediated cell death (Friedlander, 2003; Wang et
al., 2003; Hughes et al., 2004; Scarabelli et al., 2004). An
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investigation of caspase-3 activation in E1A-NR.3 cells after
serum withdrawal indicated that minocycline can inhibit
caspase-3 activation in retinal cells. Previous studies using
the E1A-NR.3 retinal cell line or R28 cells, which are a
subclone of E1A-NR.3, demonstrated that excitotoxicity and
serum withdrawal-induced apoptosis involved activation of
caspase-3 (Tezel and Wax, 1999; Barber et al., 2001). In R28
cells, the activation of caspase-3 after serum withdrawal was
mediated through the phosphatidylinositol 3-kinase/Akt
pathway. However, although our results support caspase-3-
dependent mechanisms of apoptosis in E1A-NR.3 cells, the
concentration of minocycline that was able to produce a re-
duction in caspase-3 mRNA and activated caspase-3 protein
was higher than that at which measurable increases in cell
viability were seen, suggesting that caspase-3 may be only
one of several targets involved in minocycline-mediated ret-
inal cell neuroprotection. Caspase-independent pathways
leading to apoptosis may include the mitochondrial release of
apoptosis inducing factor or endonuclease G (Cao et al.,
2003). Furthermore, minocycline has also been reported to
block caspase-independent death triggered by etoposide in
striatal neurons (Wang et al., 2003).

Minocycline has recently been shown to significantly re-
duce 6-hydroxydopamine-induced production of reactive ox-
ygen species in cerebellar granule neurons (Lin et al., 2003).
Excitotoxicity leads to mitochondrial instability and in-
creased production of reactive oxygen species; thus, the neu-
roprotective effects of minocycline in retinal cell excitotoxic-
ity may involve antioxidant properties.

In conclusion, this report extends previous observations on
the actions of minocycline as a neuroprotectant. First, we
demonstrated that minocycline, but not tetracycline, can
function as a neuroprotective compound in retinal cell cul-
ture models. Second, our results indicate that the retinal
neuroprotective actions of minocycline occur via mechanisms
that are independent of NMDARSs and glutamate-dependent
Ca®" influx but result in inhibition of caspase-3 and probably
additional caspase-3-independent pathways. Last, our data
demonstrate that the actions of minocycline in neuronal cul-
tures do not require non-neuronal cells, because minocycline
was able to effectively protect PC-12 cells in the absence of
glia. Together, these results provide the rationale for further
investigation of minocycline as a possible therapeutic agent
for degenerative diseases of retina and optic nerve.
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