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Abstract
Following transection of the optic nerve (ON), retinal ganglion
cells (RGCs) upregulate Bax protein expression and undergo
apoptosis. The present study aimed at reducing Bax
expression in order to test whether Bax plays a causative
role in the induction of secondary RGC apoptosis. Following
injection into the vitreous, fluoresceinated oligonucleotides
transfected RGCs in vivo at the injection site in the temporal
superior retina. Following ON lesion, and repeated injections
of a partially phosphorothioated Bax antisense oligonucleo-
tide, but not following injection of control oligonucleotides,
expression of Bax protein was locally inhibited, and the
number of surviving RGCs was increased in Bax antisense
treated rats 8 days after axotomy. Our results indicate that Bax
induction is a prerequisite for the execution of RGC apoptosis
following ON axotomy. While the Bax antisense strategy offers
an exciting perspective to inhibit secondary neuronal
degeneration in vivo, both limited transfection efficacy, and
the temporal restriction of this effect currently limit the use of
this approach with respect to clinical applications for the
treatment of neurodegeneration.
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Introduction

Following optic nerve (ON) lesion in rats, approximately 85%
of the retinal ganglion cell (RGC) population die by apoptosis
within 14 days.1 ± 3 RGC death is maximal 6 ± 8 days following
axonal injury, and is preceded by an early upregulation of the
pro-apoptotic protein Bax in the same cell population.4 The

temporal course of Bax upregulation and apoptotic RGC
death, together with the known function of Bax as a Bcl-2
antagonising, cell death promoting activity,5 suggested a
causal role of Bax overexpression in the induction of axotomy-
induced RGC death. Further evidence for a crucial role of both
Bcl-2 and Bax proteins in regulating RGC survival comes from
transgenic animals. While Bcl-2 deficient mice have less
RGCs than their wild-type littermates,6 mice overexpressing
Bcl-2 in RGCs from a NSE promoter have increased numbers
of RGCs,7 and show enhanced RGC survival following ON
axotomy.8 Likewise, in Bax knockout mice RGC numbers are
increased.9

However, it has remained less clear if Bax plays a
causative role in the induction of axotomy-induced RGC
death in the adult organism. Thus, while immunocytochem-
ical approaches allowed for a characterisation of the time
course of regulatory events preceding RGC apoptosis,3,4

these studies did not prove a causative role of Bax
overexpression in secondary RGC death. In the present
study, we employed an in vivo antisense approach in order
to address this question.

Transfection efficacy of RGCs was determined following
injection of fluoresceinated oligonucleotides (F-ODNs) into
the vitreous. In addition, F-ODNs were complexed with the
liposome-forming agent, DOTAP,10,11 as well as with the
cationic polymer, polyethyleneimine12,13 in order to exam-
ine if these reagents were able to enhance uptake of
fluoresceinated ODNs by RGCs in vivo, as has been
described in other experimental paradigms. We then
examined if repeated administration of Bax antisense
oligonucleotides (Bax antisense ODNs) was efficient to
inhibit expression of Bax protein following ON lesion.
Finally, we asked if Bax antisense ODNs ± by blocking of
Bax protein expression ± increased RGC survival in
response to ON axotomy.

Results

Transfection ef®cacy

Two hours following intravitreous injection of F-ODNs, few
RGCs in the temporal superior middle (TSM) segment of the
retina showed cytoplasmic fluorescein labelling (Figure 2A).
The number of fluorescein-labelled RGCs increased with time
and reached a maximum at 3 days. Thereafter, this number
decreased again (Table 1; Figure 2A ± C). From 24 h following
injection, RGCs displayed, in addition to cytoplasmic
fluorescence, also nuclear fluorescence, indicating nuclear
entry of the F-ODNs (Figure 2D ± F). With the exception of few
scattered cells, fluorescein labelled RGCs were exclusively
present in the TSM segment of the retina, at approximately 3/6
to 4/6 retinal radius, with no labelled cells in the other three
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retinal quadrants, nor in the adjacent temporal superior inner
(TSI) or in the temporal superior outer (TSO) retinal segments.
From 2 days after transfection, there was also fluorescence
present in the ON, indicating anterograde transport of the F-
ODNs (see below). As evaluated by means of conventional
histology (H&E; Nissl; DAPI), and GFAP immunochemistry,
and by examination of flat mounted retinae, there were no
toxic effects detectable for any of the ODNs employed (not
shown).

Formation of cationic liposomes with DOTAP (Boehrin-
ger Mannheim) also resulted in efficient transfection, with
numbers of transfected RGCs in the range of those after
transfection of naked F-ODNs. With this technique, F-ODNs
were preferentially located in the cytoplasm of RGCs, in
cytoplasmic processes (Figure 3A), and particularly in RGC
axons (Figure 3B). As with naked F-ODNs, axonal transport
was observed, that resulted in the presence of fluorescent
labelling in the ipsilateral ON (Figure 3C), and contralateral
optic tract (Figure 3D). In contrast, complexion of F-ODNs
with PEI resulted in the formation of small spheroids that

were stuck in the vitreous, and never yielded transfection of
RGCs (Figure 3E).

These experiments demonstrated that the numbers of
RGCs transfected in vivo using lipofection were very similar
to those achieved with naked ODNs. However, since naked
ODNs entered the nucleus more efficiently, and DOTAP-
complexed ODNs seemed to remain in the cytoplasm, and
were axonally transported to considerable extent, further
experiments were continued with naked ODNs.

Bax antisense ODN inhibit overexpression of Bax
protein

The specificity of the Bax peptide antibodiy used in this study
was demonstrated previously by protein blots, as well as by
preabsorption with specific peptides.4,14,15 In the current
study, sections in which the primary antibody was omitted
were used as controls in every experiment and resulted in no
background staining. In addition, staining patterns previously
described for these antibodies14 were reproduced in normal
adult rat brain (data not shown).

We have recently shown that Bax protein is over-
expressed in RGCs following ON crush lesion.4 This
upregulation of Bax protein expression was detected as
early as 2 h following crush, and reached a maximum at 3
days post-lesion. Expression of Bax protein was upregu-
lated throughout the entire retina in untreated rats (not
shown; compare4). Repeated injections of control ODNs
into the vitreous at the temporal half of the retina had no
effect on Bax overexpression 3 days post-lesion in the
nasal (Figure 4A and B) nor in the temporal half of the
retina (Figure 4C and D). In contrast, repeated injections of
Bax antisense ODNs markedly reduced Bax protein
expression after ON crush lesion in the temporal half of
the retina (where Bax antisense ODNs were injected;
Figure 4G and H), but not in the nasal half (Figure 4E and

Figure 1 Experimental setup. (A) Injection technique. A glass pipette is inserted into the eye at the temporal half of the retina (dotted line) at the ora serrata, and
ODNs are deposited into the vitreous at approximately 3-4/6 retinal radius. Squares indicate the regions that were examined immunocytochemically for Bax
expression following ON lesion (compare Figure 4). (B) RGC counts on flat mounted retinae. For flat mounting, incisions were made at the temporal (t), nasal (n),
superior (s), and inferior (i) face, and the retina thus divided in four quadrants (temporal superior, TS; temporal inferior, TI; nasal superior, NS; and nasal inferior,
NI). Labelled RGCs (Tables 2 and 3) were counted at 1/6, 3/6, and 5/6 retinal eccentricity (shown as three dark circles for the TI quadrant). F-ODNs were only seen
in the TS quadrant, at approximately 3 ± 4/6 retinal radius (bright circle)

Table 1 Numbers of F-ODN transfected RGCs

Time n Mean+S.E.M.

2 h
6 h
12 h
18 h
1 day
2 days
3 days
5 days
7 days

4
4
4
4
4
4
4
4
4

51+30
95+40

160+32
170+42
250+61
278+130
480+122
243+103

35+24

Numbers of ¯uorescein-labelled RGCs in the temporal superior retinal quadrant,
middle segment (TSM) following a single intravitreous injection of 1 mM F-ODN
as analysed 2 h to 7 days after injection
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F). However, this reduction of Bax protein expression was
incomplete and locally restricted to a circumscribed
segment at the injection site in the TSM segment of the
retina (compare Figure 1). At both, 5 and 7 days after ON
crush, Bax protein expression in the temporal retina was
indistinguishable from untreated and control ODN treated
retina following ON crush, indicating that the reduction of
Bax protein expression was only transient (not shown).

Immunoblot analysis of whole retina preparations 3 days
following ON crush did not reveal a significant decrease in
total Bax protein following ON crush, and injection of Bax
antisense ODNs, as compared to untreated, or control ODN
treated retinae (not shown).

Total RGC survival at 8 and 14 days following ON
transection

In order to examine RGC survival following ON lesion, the ON
was transected close to the eye bulb, and RGCs were
retrogradely labelled with FB. In untreated animals, approxi-
mately 85% of the RGC population had degenerated 14 days
following ON axotomy, comparable to the results of our
previous studies.16,17 These numbers were similar in both
control ODN and Bax antisense ODN treated groups, with no
statistical difference in total numbers of surviving RGCs
(Table 2).

Likewise, 8 days following ON axotomy, no significant
difference in overall RGC survival was detected between
untreated, control ODN, and Bax antisense ODN treated
animals. At this time point, approximately 60% of the total
RGC population were still viable, comparable to the
numbers reported by other groups.18,19 However, since at
this time point many RGCs are undergoing apoptotic cell

death, survival numbers varied considerably between
individual animals (Table 2). Thus, in order to identify
possible regionally limited effects of Bax antisense ODNs
on RGC survival in the TSM segment, where ODNs were
shown to be present and taken up by RGCs, we compared
survival numbers in the TSM segment with numbers in
other retinal segments in individual retinae.

Regional RGC survival at the site site of Bax
antisense ODN administration 8 and 14 days
following ON transection

Two ratios were calculated that related surviving RGCs in the
TSM segment to surviving RGCs in the other retinal
segments: ratio (1)=TSM/[(TIM+NSM+NIM)/3]; ratio
(2)=TSM/TSI (compare Materials and Methods; Table 3).

Eight days following ON axotomy, ratio (1) did not differ
between untreated rats (0.97+0.084), or rats treated with
control ODNs (1.02+0.14; P40.05). In contrast, this ratio
was significantly increased in rats treated with Bax
antisense ODNs (1.37+0.19; P50.05). Likewise, ratio (2)
did not differ between untreated rats (0.75+0.06), or rats
treated with control ODNs (0.71+0.09; P40.05), but was
significantly increased in rats treated with Bax antisense
ODNs (0.96+0.06; P50.05). However, this effect did not
persist through the entire 14 days experimental period. At
this time point, both ratio (1) [1.082+0.110 for untreated
controls; 1.031+0.131 for rats treated with control ODNs;
1.356+0.029 for rats treated with Bax antisense ODNs;
P40.05], and ratio (2) [0.983+0.097 for untreated controls;
0.847+0.107 for rats treated with control ODNs;
0.823+0.072 for rats treated with Bax antisense ODNs;
P40.05], failed to yield a significant increase of surviving

Figure 2 RGC transfection by naked F-ODN. (A) Six hours after injection, relatively few RGCs are transfected; (B) 24 h after injection, a larger number of RGCs
has incorporated F-ODNs; (C) shows the overall extent and distribution of labelled RGCs at this time point. (D, E, F) subcellular localisation in the cytoplasm (D, E),
and nucleus (F) of RGCs. E, F are confocal images. Scale bars, 100 mm in A, B, C; 10 mm in D, E, F
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RGCs in the Bax antisense ODN treated group (Table 3).
These data indicate that, in spite of variability in overall
survival numbers between different retinae, Bax antisense
ODNs specifically reduced axotomy-induced RGC death at
the site of injection in a temporally restricted manner. Thus
Bax antisense ODNs not only blocked Bax protein
expression following ON lesion locally, but also reduced
RGC death in vivo.

Discussion

In the present study, we examined the ability of ODN to
transfect RGCs in vivo. We then investigated the effects of
Bax antisense ODNs on axotomy-induced upregulation of
Bax protein expression in RGCs and on RGC survival. Bax
antisense ODNs focally and transiently inhibited overexpres-
sion of Bax protein following ON lesion, thereby delaying
secondary RGC death.

Transfection of RGCs by ODN in vivo

RGCs were readily transfected by injection of naked F-ODNs
into the vitreous. Following a single injection, F-ODNs were
detected intracellularly in RGCs within a few hours, and
fluorescence was present within these cells for up to 5 days
(Figure 2A ± C; Table 1). Thus, cell entry was retarded as
compared to the uptake kinetics of the same F-ODNs in
neurons in vitro,20 or injection of F-ODNs into the brain.21,22

Slower uptake of ODNs by RGCs as compared to neurons in
the striatum is most likely due to the biological barrier of the
glia limitans present in the retina.

While transduction with adenoviral vectors, that were
injected into the vitreous using the same technique,
infected mainly MuÈ ller glial cells, and only a minor
proportion of neurons,17,23 F-ODNs transfected almost
exclusively RGCs, and no fluorescein-labelled glial cells
were identified as evaluated by exclusive location of
labelled cells in the RGC layer of the retina, and on the
size and morphology of fluorescein labelled RGCs. This is
in keeping with other studies that showed that naked
fluoresceinated ODNs injected into the caudoputamen were
efficiently incorporated by neurons, and only to a much
lesser extent by glial cells.22,24

Initially, F-ODNs were distributed rather homogeneously
throughout the cytoplasm of transfected RGCs (Figure 2A
and B). From 12 h on, staining was more punctuate (Figure
2D and E), and from 24 h after transfection, in addition to
cytoplasmic distribution, F-ODNs were also localised in the
nucleus of transfected RGCs (Figure 2F). This observation
is similar to findings in neurons in vitro,20 and in other CNS
regions in vivo,22 where ± again, with faster kinetics ± it was
shown that transfected F-ODNs initially display homoge-
neous cytoplasmic distribution that is later followed by a
more punctuate staining, most likely reflecting localisation
in endocytic vesicles, and eventually nuclear staining.20,22

The liposome-forming agent, DOTAP, did not enhance
uptake of F-ODNs by RGCs. While total numbers of
transfected RGCs were similar to the numbers achieved
with naked F-ODNs, following complexion with DOTAP, F-
ODNs were present to a higher extent in the cytoplasm,
and in cellular processes of transfected cells (Figure 3A
and B). This finding is in agreement with other reports

Figure 3 Transfection of RGCs following complexion with DOTAP or PEI. (A) The liposome-forming agent, DOTAP, led to efficient transfection of RGCs in vivo,
with marked distribution of F-ODNs in the cytoplasm, and cellular processes, as well as in RGC axons (B). (C) cross section of the ipsilateral ON, and (D)
longitudinal section of the contralateral optic tract demonstrating anterograde axonal transport of F-ODNs particularly following this transfection method.
(Orientation: to MB, midbrain; to OC, optic chiasm). (E) pre-incubation with PEI prevents F-ODNs from efficient cell entry; spheroids represent complexed F-ODNs
captured at the vitreal surface. Scale bars, 20 mm in A, E; 500 mm in B, C; 1 mm in D
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Figure 4 Suppression of Bax protein expression by Bax antisense ODN. Bax immunocytochemistry (A, C, E, G) and corresponding DAPI counterstaining for
nuclear morphology (B, D, F, H). A, B, nasal, and C, D, temporal retina of a control ODN treated rat. E, F, nasal, and G, H, temporal retina of a Bax antisense ODN
treated rat. Bax protein is expressed in RGCs 3 days following ON crush lesion in the nasal retina in control (A) and Bax antisense treated (E) rats. Treatment with
control ODNs also does not reduce Bax protein expression in RGCs in the temporal retina (C), whereas Bax antisense ODN treatment transiently and focally
abrogates Bax protein expression in RGCs (G). Note the presence of Bax immunolabelling in cells of the inner part of the INL, which can be taken as an internal
positive control (A, C, E, G). Scale bar, 50 mm for A ± H

Table 2 Total RGC numbers 8 and 14 days following ON axotomy, and administration of ODN

1/6 Retinal radius 3/6 Retinal radius 5/6 Retinal radius Average

Normal control (unoperated)

Axotomy w/o treatment (14 days)

co ODN (14 days)

Bax-antisense ODN (14 days)

Axotomy w/o treatment (8 days)

co ODN (8 days)

Bax-antisense ODN (8 days)

2726+104

485+21

481+22

502+38

1154+179

1323+101

1247+242

2312+61

426+29

419+23

351+23

1009+94

986+158

1031+130

1213+48

291+20

233+19

238+26

608+151

526+179

587+166

2084+59
(n=8)

401+20
(n=4)

378+18
(n=4)

364+28
(n=4)

923+114
(n=5)

945+118
(n=4)

955+177
(n=4)

RGC numbers 8 and 14 days, respectively, after ON axotomy, and either no treatment, administration of control ODNs, or administration of Bax-antisense ODNs in the
adult rat. All values (1/6; 3/6; 5/6; average) were tested for intergroup signi®cancy by ANOVA. Neither at 14 nor at 8 days, RGC numbers differed signi®cantly between
the three groups (no treatment; control ODNs; Bax antisense ODNs)
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indicating that in the mature CNS, and the visual system in
particular, cellular uptake of ODNs and DNA by neurons is
achieved relatively easily after administration of naked
nucleic acids.21,22,24 ± 29 Although intracellular fluorescence
does not necessarily indicate the presence of intact F-ODN,
there is ample evidence to suggest that this is indeed the
case. Thus, Sommer et al.22 found that free FITC did not
stain any structures in the brain, and Leonetti et al.30

reported that fluorescein alone is not taken up by cells and,
following degradation and cleavage of oligonucleotides it is
rapidly excluded from both the cytoplasm and the nucleus.
Moreover, intact ODNs were recovered, and shown to
remain stable in cells in the CNS, and in the CSF in vivo for
at least 24 h.22,26,31

Complexion of nucleic acids with cationic liposomes, while
not enhancing neuronal uptake, resulted in increased
transfection of glial cells by enhancing endocytic uptake,22

thus hinting to a different mechanism of cellular uptake in
neurons as compared to glia, the neuronal one being more
efficient. In contrast to CNS neurons, liposome encapsulation
seems to greatly enhance transfection efficacy in peripheral
tissues such as the lung, or arteries.32,33 The mechanisms
underlying this different susceptibility to gene transfer agents
in different cells and tissue types remain to be clarified.

In the present study, F-ODNs have been found to be
anterogradely transported in RGC axons, and this
phenomenon was particularly obvious if DOTAP was used
for transfection (Figure 3C and D). Anterograde transport of
ODNs has also been reported in the striato-nigral path-
way.21 In the visual system, this route of transport might be
exploited further to interfere with gene expression in the
targets of retinal axons, the geniculate nucleus, and the
SC, without directly injecting into those structures.

Transient inhibition of Bax protein expression by
Bax antisense ODN

Bax protein expression is induced in RGCs by ON lesion, and
precedes RGC apoptosis.4 Induction of Bax protein expres-

sion was detected from 2 h after ON crush lesion in untreated
rats and in rats treated with control ODNs, and remained high
for approximately 5 days (compare Figure 4A and C). In Bax
antisense ODN treated rats, however, this picture was
different. While ON crush induced Bax expression in the
nasal retina, where no ODN were injected (Figure 4E), this
expression was almost completely abrogated three days
following ON crush in a circumscribed area in the temporal
retina, where Bax antisense ODN were injected (Figure 4G;
compare Figure 1). This effect was transient, and no more
detectable 5 and 7 days after ON crush. Likewise, by means
of immunochemistry, c-Fos protein expression has been
shown to be reduced several hours following repeated
injection of c-fos antisense ODN into the hippocampus of
mice followed by brightness discrimination training.24

Protein blot analysis did not show any difference
between levels of Bax protein in retinae either untreated,
treated with control ODNs, or retinae treated with Bax
antisense ODNs, as analysed 3 days after ON crush. This
is most likely due to the fact that only a limited number of
RGCs were transfected at the site of ODN deposition in the
temporal retina. While RGCs make up only a small
proportion of the total retinal cell population (approxi-
mately 1%), suppression of Bax induction in only a subset
of these results in a negligible reduction of the total amount
of Bax protein as related to the entire retina. We did not
examine Bax mRNA levels in retinae following transfection
with Bax antisense ODNs. However, while ± for the same
reasons as with protein blot experiments ± it would be very
difficult to detect a lowering in Bax mRNA levels even if it
were present, other studies in the CNS indicated that
antisense ODNs, even if biological effects can unequi-
vocally be demonstrated, usually do not reduce respective
RNA levels, but rather seem to display their action by
reducing the amount of protein at the level of transla-
tion.21,34 Similar findings have been reported for the Bax
antisense ODN employed in the present study in previous
in vitro experiments.20 Taken together, these findings
indicate that the partially phosphorothioated Bax antisense

Table 3 Temporally and locally restricted rescue of RGCs following ON axotomy, and administration of Bax antisense ODN

TSM (TIM+NSM+NIM)/3
Ratio (1)

TSM/[(TIM+NSM+NIM)/3] TSI
Ratio (2)
TSM/TSI

Axotomy w/o treatment (14 days)

co ODN (14 days)

Bax-antisense ODN (14 days)

Axotomy w/o treatment (8 days)

co ODN (8 days)

Bax-antisense ODN (8 days)

28+1.44

27+3.07

27+1.44

61.6+4.4

62.3+12.8

67.6+13.2

26+2.29

26+1.77

20+1.48

63.5+6.8

61.4+10.6

61.5+8.4

1.082+0.110

1.031+0.131

1.356+0.029

0.97+0.084

1.02+0.14

1.37+0.19*

29+4.01

31+1.80

34+3.01

82.8+7.7

87.5+7.8

84+12.9

0.983+0.097
(n=4)

0.847+0.107
(n=4)

0.823+0.072
(n=4)

0.75+0.06
(n=5)

0.71+0.09
(n=4)

0.96+0.06*
(n=4)

Effects of intraocular administration of Bax-antisense ODNs, and control ODNs on RGC survival 8 and 14 days after ON crush: subgroup analysis. Numbers of labelled
RGCs were counted in the temporal superior middle (3/6) segment (TSM) and analyzed against the average of the three other middle quadrants (temporal inferior, nasal
superior and inferior (TIM, NSM, NIM): ratio (1). In addition, TSM was tested against the adjacent temporal superior inner segment (TSI), where no ODNs were present:
ratio (2). All single values e.g., TSM, [(TIM+NSM+NIM)/3], TSI etc. were tested by ANOVA. While all the other values failed to show signi®cant differences, both ratio (1)
and ratio (2) did show a signi®cant difference between Bax antisense ODN treated and both, control ODN treated, and untreated retinae at 8 days (*P50.05), but not
14 days after ON axotomy (P40.05)
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ODN employed in the present study exerted specific effects
by reducing Bax protein expression in vivo, while no non-
specific effects were observed.

Transient and locally restricted reduction of
axotomy-induced RGC apoptosis by Bax antisense
ODN

Repeated injection of Bax antisense ODNs before and up to 4
days after ON transection did not reduce the overall extent of
secondary RGC death either 14 or 8 days following ON
axotomy (Table 2). While both ratio (1) and ratio (2) (compare
Materials and Methods) failed to show a significant increase in
the number of surviving RGCs 14 days following ON axotomy,
both were significantly increased 8 days after ON axotomy
(Table 3). Therefore, focal inhibition of axotomy-induced Bax
protein induction reduced secondary RGC death in a locally
and temporally restricted manner. Since even repeated
injection of Bax antisense ODNs reduced expression of Bax
protein merely at the injection site, it comes as no surprise that
the effect of Bax antisense ODNs on secondary RGC death is
only a localised one, and does not influence the total number
of surviving RGCs in the entire retina. Also, it is conceivable
that even this localised effect is transient, since ODNs have
been shown to be stable in the CNS for no longer than 24 ±
48 h.22,26,31 In this context, it is also worth remembering that
all experimental strategies that aimed at reducing axotomy-
induced RGC death established so far have only been
transiently efficient.16,17,23,29

The overall effect of Bax antisense ODNs was moderate,
which might be explained by the relatively small number of
RGCs that is transfected in the first place, and by the
assumption that repeated injections will not necessarily
transfect the same RGCs again and again. Increasing the
number of injections to more than five or six would not be
feasible, since this increases the risk of tissue damage, and
infection. One way to overcome this problem could be
continuous infusion of ODNs. This task has successfully
been completed in the brain, and lateral ventricles.34,35

However, for technical reasons implantation of an osmotic
minipump is not feasible in the rat eye.

Our results indicate that the induction of Bax protein
expression in response to axonal injury not only precedes
RGC apoptosis, but is indeed causally involved in
secondary RGC degeneration, since focal deterioration of
Bax expression postpones RGC apoptosis. Most likely, Bax
exerts its cell death promoting action via both homodimer-
isation and heterodimerisation with antiapoptotic members
of the Bcl-2 family of proteins.36 Recent evidence indicates
that death signals induce homodimerisation of Bax protein,
that is followed by translocation of Bax from the cytosol to
mitochondria, mitochondrial dysfunction, and apoptosis.37,38

However, Bax overexpression alone might not be sufficient
to induce RGC apoptosis, since in transgenic mice that
constitutively express Bax protein in RGCs from a NSE
promotor display no obvious reduction of RGC numbers.39

On the other hand, Bax-deficient neurons show
increased resistance to apoptotic stimuli such as NGF
withdrawal despite the presence of the pro-apoptotic
proteins Bad and Bid. Therefore, Bax appears to be a

key apoptotic modulator in neurons. Furthermore, biochem-
ical analyses placed Bax upstream of the cellular
commitment to apoptosis, and cytochrome C release ± as
opposed to caspases, which have been shown to act
further downstream.40,41 These properties make Bax an
attractive target for neuroprotective strategies, since it is
conceivable that blockage of the cell death cascade at an
early point preserves cellular requirements for functional
recovery, and regeneration. In the retina, both the limited
number of transfected RGCs, and only transient reduction
of Bax expression seem to be limiting factors. However,
with respect to therapeutic strategies, these restrictions
might be overcome in other CNS regions by delivery of
antisense molecules to neurons in vivo by continuous
infusion,34,35 or the use of viral vectors for deliv-
ery.17,23,42,43

Materials and Methods

Oligonucleotides

A 5'-fluoresceinated oligonucleotide, a partially phosphorothioated
Bax antisense oligonucleotide, and a control oligonucleotide were
used as described previously.20 ODNs with partially phosphorothio-
ate-modified internucleoside backbones were synthesised on an ABI
380B DNA synthesizer as described before.20,44 Crude ODNs were
purified by FPLC on Q-Sepharose (Pharmacia) and desalted by
ultrafiltration via Minitan 3000 (Millipore). The crude ODNs were
characterised as ammonium salts and converted to sodium salts prior
to administration. ODNs were used as follows (asterisks show sites of
phosphorothioate modification): the Bax antisense ODN (5'-
T*G*CT*CC*C*CGGAC*C*CGT*CC*A*T-3') was complementary to
the translation initiation site of bax mRNA; for control purposes, a
mismatch control (5'-T*C*GT*CC*G*GCCAC*C*GCT*CA*C*T-3') was
used which had little complementarity to bax mRNA, but the same
base composition as the antisense ODN.5,20 For the present study,
ODN lyophilisates were dissolved in sterile water and both the Bax
antisense ODN and the control ODN were used at a concentration of
1 mM.

Animal procedures

All animal procedures were carried out according to the German
animal protection laws and the European Communities Council
Directive of 24 November 1986 (86/609/EEC).

Administration of ODN in vivo

Rats were anaesthetised by diethylether. By means of a glass
microelectrode with a tip diameter of approximately 30 mm, 1 mL of
ODNs were injected into the vitreous body posterior to the ora serrata.
The ODNs were deposited at approximately 3/6 retinal radius in the
temporal superior retinal quadrant. For studies on cellular uptake, 5'
fluorescein-labelled control ODNs20 were used and injected into the
vitreous. In a first series of experiments, naked fluoresceinated ODNs
were used at 1 mM (1 mL). Injected rats were sacrificed at various time
points, ranging from 2 h up to 7 days following injection, and the
retinae examined under epifluorescence for the presence of
fluorescein-labelled cells (compare Table 1 Figure 1).

In further experiments, fluoresceinated ODNs were complexed with
the liposome-forming agent, DOTAP (N-[1-(2,3-Dioleoyloxy)propyl]-
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N,N,N,-trimethylammonium methylsulphate; Boehringer Mannheim,
Germany),45 to examine if these complexes were able to transfect
RGCs more efficiently. The DOTAP/ODN- mixture was prepared as
suggested by the manufacturer. A DNA-/DOTAP-ratio of 1 : 3 ± 1 : 6
was chosen, since this has been found to give optimum transfection
results in previous studies.10,11

Finally, fluoresceinated ODNs were complexed with the cationic
polymer, polyethylenimine (PEI, 25 kDa; Aldrich, Milwaukee, USA),
and the efficiacy of RGC transfection examined. PEI has been
suggested as an efficient tool for gene transfer in vitro, and to the
embryonic CNS in vivo.12 DNA was complexed with PEI at a ratio of 1
PEI nitrogen per DNA phosphate as described in detail elsewhere.46

Optic nerve crush and transection

The optic nerve was crushed or transected in adult female SPRD rats
(240 ± 280 g; 3 ± 4 months old) as described in detail elsewhere.3,4,17

Briefly, rats were anaesthetised with chloral hydrate (7% in PBS;
420 mg/kg body weight). For ON crush lesions, the left eye bulb was
mobilised and the optic nerve crushed between the branches of
watchmaker's forceps for 15 s, at a distance of approximately 0.5 mm
from the eye as described.4 For ON transection, a skin incision was
made close to the superior orbital rim and the right orbita was opened.
After subtotal resection of the lacrimal gland, the superior extraocular
muscles were spread. The ON was exposed and was transected at a
distance of 2 mm from the eye bulb. Care was taken not to injure the
eye or impair the blood supply. The bulb was placed back into the
orbita and the intactness of the retinal blood supply checked by
fundoscopy.17 Operated animals were monitored until they were
awake and moved spontaneously. RGCs were retrogradely labelled
with the fluorescent tracers 1,1'-dioctadecyl-3,3,3',3'-tetramethyl-
indocarbocyanine perchlorate (Di-I; Molecular Probes Inc., Oregon,
USA) and Fast Blue (FB; Dr. Illing Chemie, Germany). Di-I (5% in
DMF) was applied by a micropipette to both superior colliculi on
postnatal day 5. For FB staining, a small piece of gel foam soaked in
2% aequous FB was placed at the ocular stump of the ON after
axotomy. Double staining protocols with Di-I and FB revealed similar
labelling efficacies of the two tracers, therefore allowing for
comparison of Di-I and FB data.17,47

Experimental design

For examination of Bax protein expression following ON crush, control
or antisense ODNs, respectively, were repeatedly injected into the
vitreous (at 24 and 8 h before ON crush, immediately after ON crush,
and 12 and 24 h after ON crush). For evaluation of RGC numbers 8
and 14 days after ON axotomy, control or antisense ODNs,
respectively, were injected into the vitreous at 24 and 8 h before ON
axotomy, immediately after ON axotomy, and 12, 24, 48 and 96 h after
ON axotomy.

Immunocytochemistry

For retina analysis, animals received an overdose of chloral hydrate.
The eyes were removed and immediately snap frozen. 16 mm cryostat
sections were cut, and processed for immunocytochemistry as
described previously.4,14,15 Briefly, sections were air dried, incubated
in 10% normal goat serum, followed by a polyclonal rabbit antiserum to
Bax (1 : 500).4,14,15 Signals were visualised using a biotinylated goat-
anti-rabbit secondary antibody (1 : 300; Dianova, Hamburg, Germany)
followed by incubation with an avidin-biotin-peroxidase-complex
(Vector Laboratories, Burlingame, CA, USA), according to the

manufacturer's instructions. Sections were processed with 3,3-
diaminobenzidine (DAB; 0.05%) and H2O2 (0.015%) in 10 mM Tris-
buffer for 3 ± 5 min and the reaction product visualised under a Zeiss
microscope. To test specificity of Bax immunostaining, peptide
competition experiments were carried out as described in detail
elsewhere.4,14 For assessment of nuclear morphology, retinae were
counterstained with DAPI (4,6-diaminido-2phenylindole).4

Immunoblot analysis

For Western Blot analysis, retinae were dissected 3 days after ON
crush, and repeated injection of Bax-antisense ODNs, or control
ODNs. The tissue was immediately homogenised in RIPA buffer
containing protease inhibitors.14 After sonication on ice and
centrifugation of debris, aliquots of protein samples (50 mg total
protein) were analyzed by SDS ± PAGE/immunoblotting (12% gels)
using 0.05% Bax specific preabsorbed antisera followed by 0.15 mg/ml
biotinylated goat-anti-rabbit IgG and horseradish peroxidase avidin-
biotin complex reagent (Elite, Vector) and then DAB for 20 min.14,15

Tissue processing and evaluation of ¯at mounted
retinae

Rats were sacrificed by an overdose of chloral hydrate 8 or 14 days
after ON transection, respectively. Retinae were dissected under a
stereomicroscope, flat-mounted on glass slides, and fixed in 4% PFA
in PBS for 15 min.16,17 For analysis of fluorescein-labelled cells
following injection of fluoresceinated ODNs, rats were sacrificed at
intervals ranging from 2 h to 7 days following injection. Retinae were
examined under epifluorescence using a FITC filter (450 ± 490/
520 nm), and thoroughly analysed by focusing through all retinal
layers. Transfected cells were counted and evaluated.

For counting of surviving RGCs following ON transection, retinae
were examined under epifluorescence using a rhodamine filter (546/
590 nm) for Di-I fluorescence, or a DAPI filter (365/397 nm) for FB
fluorescence, respectively (Axiovert 35, Zeiss, Germany). RGC
densities were determined by counting tracer-labelled RGCs in 12
distinct areas of 62,500 mm2 each (three areas per retinal quadrant at
1/6, 3/6, and 5/6 of the retinal radius; compare Figure 1).16,17,47 Cells
were counted according to a double blind protocol, and all counts were
performed in duplicate by two independent investigators.

Statistical analysis

Data are given as mean+standard error of the mean (S.E.M.).
Statistical significance was assessed using ANOVA. In order to
examine regional effects of Bax antisense ODNs on RGC survival in
the temporal superior quadrant (TSM) of the retina two ratios were
calculated that related surviving RGCs in the TSM to surviving RGCs
in the three other quadrants at 3/6 retinal radius (TIM, NSM, NIM): ratio
(1)=TSM/[(TIM+NSM+NIM)/3], or to surviving RGCs in the adjacent
temporal superior inner (TSI) segment (at 1/6 retinal eccentricity),
where no ODNs were present: ratio (2)=TSM/TSI (compare Tables 2
and 3).
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