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Kv1.1 and Kv1.3 channels contribute to the
degeneration of retinal ganglion cells after optic
nerve transection in vivo

PD Koeberle'?, Y Wang? and LC Schlichter*?3

Degeneration of retinal ganglion cells (RGCs) - an important cause of visual impairment - is often modeled by optic nerve
transection, which leads to apoptotic death of these central nervous system neurons. With this model, we show that specific
voltage-gated K™ channels (Kv1 family) contribute to the degeneration of rat RGCs and expression of apoptosis-related
molecules in vivo. Retinal expression of Kvi.1, Kv1.2, Kv1.3 and Kv1.5 was examined by quantitative real-time reverse
transcriptase-PCR and immunohistochemistry. Kv channel blockers and channel-specific short-interfering RNAs (siRNAs) were
used to assess their roles in RGC degeneration. We found that (i) rat RGCs express Kv1.1, Kv1.2 and Kv1.3 (but not Kv1.5); (ii)
intraocular injection of agitoxin-2 or margatoxin, potent blockers of Kv1.1, Kv1.2 and Kv1.3 channels, dose-dependently reduced
the RGC degeneration; (iii) siRNAs applied to the cut optic nerve were rapidly transported throughout RGCs only, in which they
reduced the expression of the cognate channel only. Our results show differential roles of the channels; siRNAs directed against
Kv1.1 or Kv1.3 channels greatly reduced RGC death, whereas Kv1.2-targeted siRNAs had only a small effect, and siRNAs against
Kv1.5 were without effect. (iv) Kv1.1 and Kv1.3 channels apparently contribute to cell-autonomous death of RGCs through
different components of the apoptotic machinery. Kv1.1 depletion increased the antiapoptotic gene, Bcl-X;, whereas Kv1.3

depletion reduced the proapoptotic genes, caspase-3, caspase-9 and Bad.
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Retinal ganglion cells (RGCs) consolidate visual processing
and constitute the last step before signals are transmitted to
higher brain centers. RGC death is a major cause of visual
impairment in optic neuropathies, including glaucoma, age-
related macular degeneration, diabetic retinopathy, uveoreti-
nitis and vitreo-retinopathy. Optic nerve transection is a
popular model used to assess potential neuroprotective
strategies in vivo. The highly coordinated signaling response
in axotomized RGCs results in activation of cell death
programs and loss of ~90% of RGCs within 14 days'™
(reviewed by Watanabe et al.,® Levin,® Isenmann et al.,”
Weishaupt and Bahr®). RGC death occurs by apoptosis, as
shown by the presence of fragmented nuclei and DNA,
caspase 3 activation and apoptotic bodies.>%1°

Apoptosis in several cell types is accompanied by increased
K™ currents, depletion of cytoplasmic K* and by cell
shrinkage (reviewed by Lang et al.,"! Bortner and Cidlowski, '
Burg et al,,'® Yu'¥). This ‘apoptotic volume decrease’ (AVD)
precedes mitochondrial depolarization, apoptosome forma-
tion and cell fragmentation, and is considered a triggering
event.""'* The concomitant decrease in cytoplasmic K™
concentration can activate molecules in the apoptotic cas-
cade. Consequently, one experimental strategy has been to
target K™ channels; an approach that is beginning to be

investigated for RGCs (Diem et al,' this study). The
link between specific K™ channels, AVD and apoptotic
pathways is poorly understood, and K* channel blockers
have produced contradictory outcomes; that is, promoting®
or inhibiting'*'"'® apoptosis. Contributing to the confusion is
that most of the blockers used were membrane permeant and
not very selective, and could thus act on multiple channels at
the plasma membrane or internally (e.g., on mitochondria).
Even when a convincing link was shown between K+ efflux
and apoptosis, the very few cell types in which the K* channel
was identified suggest that different cells use different
channels, including voltage-gated K™ channel (Kv)1.3,
Kv1.5, Kv2.1, Kir1.1 or TASK-3.182°

For K™ channels to be considered as targets to inhibit RGC
degeneration, it is crucial to identify which channels are
involved. In this study, we determined the distribution of
four Shaker (Kv1) family K* channels in the adult rat retina.
Then, we analyzed their involvement in RGC degeneration
after optic nerve transection using intraocular injection
of potent channel blockers and short-interfering RNA
(siRNA)-mediated knockdown of each channel in vivo. Our
results support targeting specific Kv1 channels to reduce
degeneration of these adult central nervous system (CNS)
neurons.
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Results

Retinal expression of Kv1. 1, Kvi.1, Kv1.3 and Kvi.5
mRNA. The healthy adult rat retina expressed mRNA for
Kv1.1, Kv1.2, Kv1.3 and Kv1.5 at levels comparable with the
housekeeping gene, hypoxanthine guanine phosphoribosyl
transferase (HPRT-1). Expression of Kv1.1, Kv1.2 and Kv1.3
(but not Kv1.5) decreased 7 days after optic nerve trans-
ection, which is consistent with the observed immuno-
localization of these channels (below). As expected, mMRNA
changes were relatively small because most RGCs are still
present at 7 days after axotomy.23%%24 |t was not feasible
to monitor the time course of channel protein loss by
immunoblotting, because RGCs comprise ~7% of cells in
the healthy adult retina.®

Kvi-selective blockers reduce RGC degeneration after
axotomy. First, K* channel blockers were tested. Agitoxin-
2 (AgTx-2) (blocks Kv1.1 and Kv1.3) or margatoxin (MgTx)
(blocks Kv1.2 and Kv1.3) were administered by intraocular
injection at the time of axotomy and again at 4 days, when
RGC apoptosis had begun.?*¢824 Tg quantify normal RGC
density, Fluorogold was injected into the superior colliculus
7 days before axotomy and allowed to undergo retrograde
transport to the RGC somata. As commonly carried out, the
density of surviving RGCs was counted in flat-mounted
retinas at inner, middle and outer retinal eccentricities (see
cartoon in Figure 1f). In naive retinas (no axotomy), RGC
densities (cells/mm?; n=6) were as follows: 2446 + 68 (inner
eccentricity), 2501 £42 (middle) and 2208 +109 (outer
eccentricity). At 1 day after axotomy (image in Figure 1b),
RGC density (2481 + 121 cells/mm?; n=4) was the same as
in naive retinas. In control axotomized retinas injected with
saline (image in Figure 1c), there were few remaining RGCs

>

Figure 1  Kv1.3 blockers inhibit degeneration of retinal ganglion cells (RGCs)
after axotomy. (a) Retinal transcript expression of selected Shaker-family (Kv1) K+
channels. Quantitative real-time RT-PCR (see Table 2 for primer sequences) was
used to compare adult retinas from naive rats (n = 11) with retinas 7 days after optic
nerve transection (n==8). For each gene, the y axis shows relative expression,
normalized to a housekeeping gene, HPRT-1 (see Materials and Methods section).
Values are mean + S.E.M.; significant differences were determined by ANOVA,
followed by Fisher's test: *P<0.05. (b—e) Representative confocal micrographs of
RGCs in flat-mounted retinas from adult rats, which had been retrograde-labeled
with Fluorogold applied to the cut optic nerve stump (see Materials and Methods
section). Scale bar, 50 um; applies to all panels. One day after optic nerve
transection (b), a high density of Fluorogold-labeled RGCs and their axon bundles is
seen at the nerve fiber layer. At 14 days after axotomy, Fluorogold-labeling shows
that almost all RGCs have degenerated in control retinas (c) that were injected with
saline only at the time of axotomy and 4 days later. In contrast, after intraocular
injections of 50 uM agitoxin-2 (d) or 50 «M margatoxin (), many more surviving
RGCs are seen. (f) Summary of RGC densities 14 days after axotomy. Fluorogold-
labeled RGCs in flat-mounted retinas were counted in a 70000 um? area at three
retinal eccentricities (inner, middle, outer; see cartoon inset) from each quadrant of
the retina, for a total of 12 fields of cells per retina. Values shown are mean + S.E.M.
for eight control retinas (axotomized, saline injected) and four retinas in each
experimental group; that is, after intraocular injection of three concentrations of
agitoxin-2 or margatoxin. At 50 uM, AgTx-2 and MgTx increased RGC survival by
~2.8-fold and 3.3-fold, respectively. Significant differences between axotomized
and treated retinas were determined by ANOVA, followed by Fisher's test:
*P<0.05; **P<0.01; **P<0.001
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at 14 days (cells’fmm? n=8); that is, 198+12 (inner
eccentricity), 206+ 14 (middle) and 178+ 12 (outer). In
contrast, following intraocular injection of AgTx-2 (see
image in Figure 1d) or MgTx (Figure 1e), RGC survival at
14 days was dose-dependently increased (Figure 1f).

siRNA-mediated knockdown of specific Kv1l channels
only in RGCs. Because no Kv1 channel blocker is perfectly
selective, and drugs injected into the vitreous will reach
several retinal cell types, we next exploited siRNA-mediated
channel knockdown to target individual Kv1 channel
subtypes in RGCs alone. The efficiency of retrograde

a

O naive [ axotomized
R 6
2 * *
< 1.2 *
=z
14
£ 08
-3
=
= 04
©
& o

Kv1.1 Kv1.2 Kv1.3 Kv1.5

f g [ inner
o
B middle
0oBo O@po
8001 _— 8~ [Oouter
o~ o
E — kA
E
@ 600
o
5]
S
S 400
c
©
o
2 200 %
U
* LUl
0 A A
Control > 50pM  5uM
axotomy

+ AgTx-2

+ MgTx

135

Cell Death and Differentiation



Neuroprotection by blocking/depleting Kv channels
PD Koeberle et al

136

siRNA transport was examined by injecting a Cy3-labeled
control siRNA (directed against firefly luciferase) into the
freshly cut nerve stump. One day later, almost every RGC
cell body was co-labeled with siRNA and Fluorogold
(Figure 2a). Thereafter, the same experimental design was
used for each Kv channel type, as follows.
Immunohistochemistry was used to examine the retinal
expression of each channel. Then, to assess each channel’s
contribution to RGC death after axotomy, a Kv channel-
specific siRNA (and Fluorogold) was applied to the freshly cut

a Fluorogold

Cy3-siRNA

Figure 2 Retrograde labeling and siRNA uptake in retinal ganglion cells
(RGCs). (a) Confocal micrographs of flat-mounted retinas show that RGCs
selectively and rapidly take up siRNA after optic nerve transection. For this figure
only, RGCs were retrograde-labeled with Fluorogold (false-colored green) by
injecting it into the superior colliculus 7 days before axotomy. Then, immediately
after axotomy, a Cy3-labeled control siRNA directed against firefly Iuciferase was
applied to the cut nerve stump. By 24 h later, essentially all RGCs were co-labeled
with the siRNA and Fluorogold. Scale bar, 50 um. The inset in the merged image
is at higher magnification. (b) RGC degeneration at 14 days after axotomy
(representative fluorescence micrograph of a flat-mounted retina). Immediately after
axotomy, the nerve stump was soaked in Fluorogold. The lack of fluorescent-labeled
cell bodies indicates that most RGCs had degenerated by 14 days. Scale bar,
50 um

nerve stump. The control siRNA was compared with two or
three siRNAs (10 ng of each) targeted against each channel.
(None of the siRNAs was toxic at 1 or 100 pg, 10 or 100 ng.) In
addition to the lack of staining with secondary antibody alone,
several tests were carried out for antibody specificity. Loss of
staining in the siRNA-treated RGCs with no other changes
throughout the retina is itself an important test. Additional
control experiments (not illustrated) were conducted for each
channel found in RGCs (Kv1.1, Kv1.2, Kv1.3; see below).
Thatis, the pattern of immunoreactivity for each channel in the
retina was not affected by siRNAs directed against the other
two channels. Specifically, Kv1.1 immunoreactivity was not
affected by siRNAs against Kv1.2 or Kv1.3; Kv1.2 immuno-
reactivity was not affected by Kv1.1 or Kv1.3 siRNAs; and
Kv1.3 immunoreactivity was not affected by Kv1.1 or Kv1.2
siRNAs. For each treatment, RGC density was quantified after
14 days. In a separate set of retinas, to determine whether the
targeted channel was depleted from RGCs, immunohisto-
chemistry was conducted at 5 days after axotomy, a time
chosen to precede RGC loss by apoptosis.>*¢7824 Finally, to
determine the efficacy of the selected siRNA, the density
of surviving Fluorogold-labeled RGCs was determined at
14 days after axotomy in flat-mounted retinas. When control
siRNA was used, we found that very few RGC somata
remained (cells/mm?; n=8); that is, 200 + 23 (inner eccen-
tricity), 203+ 21 (middle) and 165 + 18 (outer). At this time,
most Fluorogold had been transported to the cell bodies, and
few axons were stained.

Kv1.1 localization and increased RGC survival following
its depletion from RGCs. In the healthy adult rat retina,
Kv1.1 immunoreactivity was widespread (Figure 3ai), with
intense staining in the proximal and distal parts of the inner
nuclear layer (INL), where somata of amacrine and horizontal
cells are located. In the ganglion cell layer (GCL), there was
a clear colocalization of Kv1.1 immunoreactivity with
Fluorogold-labeled RGC somata (Figure 3aii—iv). Staining
was more diffuse in the outer nuclear layer (ONL), where
somata of photoreceptors are found. The Kv1.1 staining
pattern was not affected by control siRNA against firefly
luciferase (Figure 3aii and iv), showing no response or
neurotoxicity from a nonspecific siRNA. By 5 days after
axotomy, almost all Fluorogold was transported to RGC
somata and no longer labeled their axons. Most importantly,
both Kv1.1-specific siRNAs reduced Kv1.1 immunostaining
in the Fluorogold-labeled RGCs (Figure 3a v,vi). As

>

Figure 3 Expression pattern of the Shaker-family Kv1.1 channel and neuroprotection following siRNA-mediated Kv1.1 depletion from retinal ganglion cells (RGCs). (a)
Kv1.1 immunoreactivity in the retina. Representative micrographs of transverse sections taken at the inner eccentricity (as illustrated in Figure 1f, inset) and labeled with a
rabbit polyclonal anti-Kv1.1 antibody and a goat anti-rabbit secondary antibody, conjugated to either Alexa 488 (green) or Cy3 (red). When used, Fluorogold (false-colored
green) was retrograde transported to the somata of RGCs by applying it to the freshly cut optic nerve stump. Scale bar, 50 um in all main panels. (i) In the normal retina, Kv1.1
immunoreactivity (green) is seen in the inner nuclear layer (INL); outer nuclear layer (ONL); and ganglion cell layer (GCL). Both RGCs and displaced amacrine cells were
labeled with Kv1.1 antibody (arrows show examples). (ii-iv) Control firefly luciferase-specific siRNA had no effect. Five days after Fluorogold (green), the control siRNA was
applied to the freshly cut nerve stump, the Kv1.1 (red) staining pattern was similar to the naive retina, and most Fluorogold-labeled RGCs also stained for Kv1.3 (yellow in
merged image). Below the remaining micrographs, the boxed areas in the main images are color separated and shown at higher magnification (scale bar, 20 um applies to all
expanded images). The fluorescence intensity was intentionally saturated to reveal any staining left after SIRNA treatment. (v and vi) Kv1.1-specific siRNAs deplete Kv1.1 in
RGCs. Five days after axotomy and administration of Fluorogold and either of two siRNAs directed against Kv1.1, the channel staining (red) in RGCs decreased. (b) Kv1.1
depletion reduces the death of RGCs. Summary of RGC densities in the inner, middle and outer eccentricities (see Figure 1f inset for locations) at 14 days after axotomy. For
each retina, 12 fields of cells were counted, and values shown are mean + S.E.M. for four retinas from each experimental group, and eight axotomized retinas treated with the
control siRNA (directed against firefly luciferase). Significant differences between control and treated retinas were determined by ANOVA, followed by Fisher's test
(***P<0.001)
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expected, Kv1.1 staining was unaffected in the displaced
amacrine cells and in the INL and ONL. RGC survival
after axotomy (Figure 3b) was significantly and similarly
increased by either Kv1.1-specific siRNA, by ~2.5-fold
(to >500cellssmm?) compared with control siRNA treat-
ment. These results show that Kv1.1 protein is present in
RGCs (and in amacrine, horizontal and photoreceptor cells),
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and that Kv1.1 in RGCs contributes to their degeneration
after axotomy.

Kv1.3 localization and increased RGC survival following
its depletion from RGCs. Kv1.3 immunoreactivity was
widespread in the healthy retina (Figure 4ai). It was most
intense in the nerve fiber layer (NFL), where axons of RGCs
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are found; the ganglion cell layer, the inner plexiform layer
(IPL), where microglia and RGC dendrites are found; and the
INL, which contains axons of amacrine and bipolar cells.
Little or no Kv1.3 was detected in the ONL, where somata
of photoreceptors are found. The cell bodies and axons
of RGCs showed considerable Kv1.3 staining and colocali-
zation with Fluorogold. The control siRNA did not affect the
Kv1.3 staining, which remained extensively colocalized with
Fluorogold in the somata of RGCs (panel a, ii—iv). In contrast,
Kv1.3 immunoreactivity in axotomized RGCs was decreased
after administering either Kv1.3-specific siRNA; Kv1.3-1169
siRNA was more effective. The summarized RGC density
plots (Figure 4b) show that each of the three Kv1.3-specific
siRNAs tested significantly increased RGC survival after
axotomy. Kv1.3-1169 siRNA was more effective, increasing
survival by as much as 3.5-fold compared with control siRNA.
Importantly, siRNA-mediated depletion of Kv1.1 and Kv1.3
were not additive. A combination of the two most effective
siRNAs elicited only marginally more RGC survival than
either siRNA alone.

Kv1.2 and Kv1.5 localization and roles: Kv1.2 depletion
marginally improves RGC survival, but Kv1.5 depletion
does not. Kv1.2 immunoreactivity (Figure 5a) was much
more restricted than Kv1.1 or Kv1.3 in both the healthy and
damaged rat retina. There was intense Kv1.2 staining only
in the NFL and specifically, in RGC axon fascicles; and
weak staining in the IPL. Again, control siRNA treatment
did not affect the Kv1.2 staining pattern after axotomy.
Both Kv1.2-specific siRNAs greatly decreased Kv1.2
immunoreactivity in the axon fascicles, but RGC survival
(Figure 5b) was only slightly increased (by ~ 1.6-fold).

Strong Kv1.5 immunoreactivity (Figure 6a) was seen in the
ganglion cell layer and throughout the INL, where cell bodies
of amacrine, bipolar and horizontal cells are found. In the
ganglion cell layer, most Kv1.5 appeared to be in the end-feet
of Muller glial cells, which form the inner limiting membrane,
and in the INL, where their cell bodies are located. Similar
staining was seen in undamaged retinas (not shown).
Consistent with the lack of Kv1.5 staining in RGCs, RGC
survival (Figure 6b) was not improved by either Kv1.5-specific
siRNA. This result provides further evidence against non-
specific responses to siRNA treatment.

Kv1.1 and Kv1.3 depletion differentially affect apoptosis-
related genes. Agitoxin-2, margatoxin or siRNA-mediated
knockdown of Kv1.1 or Kv1.3 substantially increased RGC
survival. Thus, we next examined possible neuroprotective
mechanisms in response to Kvi.1 or Kv1.3 knockdown
(Figure 7). Transcript expression was monitored for several
genes known to have important roles in RGC death after
axotomy.>®826.27 Quantitative real-time reverse transcriptase-
PCR (qRT-PCR) on whole retinas was conducted at 7 days
after axotomy, a time when RGC apoptosis is well underway
but before these cells are lost.>® First, mMRNA expression in
naive healthy retinas was compared with axotomized control
retinas that had been treated with control siRNA against firefly
luciferase. After axotomy, Bcl-2, Bcl-X;, caspase 3 and
caspase 9 were significantly upregulated in extracts from
whole retina, while Bad decreased. Of the genes tested, the
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most highly expressed were Bad and caspase 3, which were
~8 and 12%, respectively, of the level of the housekeeping
gene, HPRT-1. Depletion of Kv1.1 from RGCs significantly
increased the antiapoptotic gene, Bcl-X;. Kv1.3 depletion from
RGCs significantly reduced the proapoptotic genes, Bad,
caspase-3 and caspase-9. Thus, it appears that Kv1.1 and
Kv1.3 channels differentially modulate gene expression in the
injured adult CNS. Neither channel knockdown affected Bcl-2
mRNA levels.

Discussion

The optic nerve transection model was used to investigate
roles of Kv1.1, Kv1.2, Kv1.3 and Kv1.5 channels in
neurodegeneration in vivo. In this model, axotomy deprives
RGCs of their efferent synapses, leading to apoptotic death
through cell-autonomous (loss of neurotrophic support) and
non-autonomous (e.g., glial-mediated) mechanisms. First, we
assessed the mRNA expression and pattern of immuno-
reactivity for each channel before and after axotomy. Most
importantly, Kv1.1, Kv1.2 and Kv1.3 (but not Kv1.5) were
detected in RGCs. Next, the potential involvement of these
channels in neurodegeneration was determined by quantify-
ing RGC loss at 14 days after axotomy, with and without
intraocular injection of two potent channel blockers. Both
AgTx-2 and MgTx dose-dependently increased RGC survival.
Then, to selectively target each Kv channel in RGCs only,
channel-specific SiRNAs were applied to the freshly cut optic
nerve stump (axons of RGCs) and allowed to undergo
retrograde transport to RGC somata. siRNA-mediated deple-
tion of either Kv1.1 or Kv1.3 significantly increased RGC
survival by several fold compared with axotomized control
retinas. Kv1.2 depletion was less neuroprotective and Kv1.5
siRNAs had no effect. The highest RGC survival at 14 days
after axotomy was ~ 800 cells/mm? after intraocular MgTx
injection (~ 750 cells/mm? after siRNA-mediated Kv1.3 deple-
tion), compared with 2300-2400 RGCs/mm? in the healthy rat
retina. Although incomplete, this rescue is comparable with
that afforded by the growth factors, brain-derived neuro-
trophic factor, IGF-1, glial-derived neurotrophic factor and
neurturin,'®2® which are potent antiapoptotic proteins. The Kv
channel blockers were more effective than our earlier results
using TRAM-34, an inhibitor of KCNN4 (KCa3.1/SK4)
channels.?® Finally, by quantifying changes in the expression
of several apoptosis-related genes with and without siRNA-
mediated channel depletion, we found that Kv1.1 and Kv1.3
are functionally linked to different apoptotic molecules. When
monitored in the extracts of the whole retina, Kv1.1 depletion
increased expression of the antiapoptotic gene, Bcl-X,
whereas Kv1.3 depletion reduced the proapoptotic genes,
caspase-3, caspase-9 and Bad. This study provides new
information about Kv1.1, Kv1.2, Kv1.3 and Kv1.5 distribution
and roles in the rat retina. By using siRNA-mediated knock-
down of specific K™ channels in identified CNS cells in vivo,
we provide direct evidence that Kv1.1, Kv1.2 and Kv1.3
channels contribute to cell-autonomous neurodegeneration
and to apoptosis-related molecules in vivo.

Little was previously known about retinal expression of
Kv1.1, Kv1.2, Kv1.3 and Kv1.5 in mammals. The murine
retina®® shows immunoreactivity for Kv1.1, Kv1.2 and Kv1.3,
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Figure 4 Expression pattern of Kv1.3 and neuroprotection following siRNA-mediated Kv1.3 depletion from RGCs. (a) Representative confocal micrographs of transverse
sections taken at the inner eccentricity (illustrated in Figure 1f, inset). Kv1.3 was labeled with a rabbit polyclonal anti-Kv1.3 antibody and a Cy3-conjugated (red) goat anti-rabbit
secondary antibody. Scale bar, 50 um, applies to all main panels. (i) Kv1.3 immunoreactivity (red) in the healthy rat retina is seen throughout the inner nuclear (INL) and
ganglion cell layers (GCL), and specifically, in RGCs (examples are shown by arrows). (ii-iv) Five days after applying the control siRNA, almost all Fluorogold-labeled RGCs
(green) expressed Kv1.3 (red). As in Figure 3, boxed areas in the main images are shown at higher magnification, below (scale bar, 20 um) after color separation and
intentional saturation. (v and vi) Five days after applying either of two Kv1.3-specific siRNAs, Kv1.3 labeling of RGCs was decreased. (b) Kv1.3 depletion substantially reduces
RGC death, as judged by their increased densities at 14 days after axotomy. Combined Kv1.1 and Kv1.3 depletion is not more effective. Values are mean + S.E.M. for four
retinas from each experimental group, and eight axotomized retinas treated with the control siRNA against firefly luciferase. Significant differences between axotomized and
treated retinas (***P<0.001) were determined by ANOVA, followed by Fisher's test
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with strong Kv1.1 staining throughout the GCL and IPL, Kv1.2
staining in the NFL and GCL (with more diffuse labeling in the
INL) and Kv1.3 staining in the GCL, IPL and INL. In this study
on the adult rat retina, we observed intense staining for Kv1.1
in the GCL and INL, more diffuse staining in the ONL, and no
detectable staining in the IPL. Kv1.3 immunoreactivity was
detected in the NFL, GCL, IPL and INL of the rat (similar to the
mouse).>*® Most significantly, intense Kvi.1 and Kv1.3
staining was present in RGC somata (co-labeled with
Fluorogold). The Kv1.2 distribution was more restricted, with
intense staining in RGC axon fascicles (but not somata) and
weaker staining in the IPL. This is consistent with an earlier
observation that most Kv1.2 immunoreactivity is in axons and
terminal fields in the hippocampus.®' We observed intense
Kv1.5 staining only in the INL and on Muller glial cells in the
GCL. Note that the distribution of channel immunoreactivity
did not change at 5 days after axotomy, except when siRNA-
mediated channel depletion was used.

To discuss our results in light of Kv channels previously
described in neonatal mammalian RGCs, it is useful to
address properties of the cloned channels. Kv1.3 channels
produce a slowly inactivating current, whereas Kv1.1 and
Kv1.2 produce currents with either fast or slow inactivation,
depending on accessory molecules. Kv1.1 and Kv1.2 are
blocked by sub-millimolar concentrations of tetraethylammo-
nium (TEA), whereas all three channels are blocked by sub-
millimolar concentrations of 4-aminopyridine and nanomolar
concentrations of «-dendrotoxin (for properties and pharma-
cology, see Grissmer eta/.32). Hence, these blockers were not
useful for discerning the roles of the Kv channels in this study.
Instead, we used AgTx-2, which is a potent blocker of Kv1.1
and Kv1.3; and MgTx, which blocks Kv1.2 and Kv1.3.3233
Recognizing that no K™ channel blocker is perfectly selective,
we then exploited siRNA-mediated knockdown and identified
substantial roles for Kv1.1 and Kv1.3, and a small contribution
of Kv1.2. Electrophysiological studies of isolated mammalian
RGCs have shown several voltage-gated K™ (Kv) currents.
A fast transient Kv (usually called /s) is inhibited by
4-aminopyridine, a membrane-permeant nonselective blocker
of Shaker Kv channels; and one or more delayed rectifier
Kv currents (usually called Ik) are inhibited by TEA,3*3¢ g
membrane-permeant non-selective K™ channel blocker. Only
one study'® has implicated K+ channels in RGC degeneration
after optic nerve transection, but it is premature to ascribe the
findings to a particular channel type. In that study, death of
adult RGCs was reduced by intraocular injection of an
extremely high concentration of TEA (300mM), which
probably acted on multiple channels and cell types. Their
parallel in vitro studies of isolated RGCs from rat pups (6—16
days old) showed a delayed rectifier current that was reduced

by TNF-o and increased by minoxidil sulfate, which abrogated
the neuroprotective effect of TNF-u. Interestingly, minoxidil
sulfate is not known as a Kv channel activator.

In future, it would be interesting to determine if a current
carried by any of these channels is increased in RGCs after
axotomy, but this will be difficult to assess for several reasons,
as follows. Previous patch-clamp studies on RGCs have
relied on acutely isolated or cultured cells prepared from
neonatal rodents, and none have succeeded in identifying
which channel gene underlies a particular current. Because
there are dramatic developmental changes in RGC electrical
activity and currents,®*° the analysis should be carried out in
adult RGC'’s, which are difficult to isolate and purify. When
RGCs are isolated, there is heterogeneity in the cells and
possible changes in channel activity resulting from tissue
‘damage’ during isolation. The literature relating K™ currents
to apoptosis in other cell types has relied on isolated cells (see
below), and the increase in current thought to underlie
induction of apoptosis is transient. After optic nerve transec-
tion in vivo, RGC apoptosis occurs over a period of 2 weeks
and there is no way of knowing at what time point a change in
K™ current might occur. It would also be interesting to
determine if neuroprotection owing to Kv channel knockdown
is long lasting. Several other neuroprotective strategies delay,
rather than prevent degeneration of axotomized RGCs,
whether treatment was by intraocular injections or a conti-
nuous supply of the neuroprotective agent using viral gene
transfer.*10

What are the potential links between specific K* channels,
RGC apoptosis and genes affected by siRNA-mediated
knockdown? Neurons can express multiple K* channel types
and their normal activity is clearly not toxic. However,
apoptosis in several cell types is accompanied by an ‘AVD’,
increased K* currents and a decrease in cytoplasmic K*
concentration'™"® (recently reviewed by Yu'#), which is
considered crucial for both triggering (e.g., caspase 8) and
effector (e.g., caspase 3) molecules for apoptosis.'> 323 The
limited information on channel identity points to involvement
of different K™ channels in different cell types. Kv1.3 is
apparently responsible for the increased K™ efflux underlying
lymphocyte apoptosis.'!121920.37 Other K* channels impli-
cated in apoptosis are Kir1.1 in hippocampal neurons,?? Kv2.1
in cortical neurons,?® TASK-3 in cerebellar granule cells'® and
Kv1.5 in smooth muscle cells.?" It is intriguing that we found
contributions of both Kv1.1 and Kv1.3 to RGC degeneration.
Our results suggest that Kv contributions depend on their
location; that is, Kv1.1 and Kv1.3 were highly expressed in
RGC somata and had the greatest influence on cell survival,
whereas the predominantly axonal Kv1.2 channel contributed
little. On the basis of association of RGC death with activation

>

Figure 5 Expression pattern of Kv1.2 and marginal neuroprotection following siRNA-mediated Kv1.2 depletion from RGCs. (a) Representative confocal micrographs of
transverse sections taken at the inner eccentricity (see Figure 1f inset). Kv1.2 immunoreactivity was monitored with a mouse monoclonal-antibody and a Cy3-conjugated (red)
goat anti-mouse secondary antibody, and somata of retinal ganglion cells (RGCs) were Fluorogold-labeled (false-colored green). Scale bar, 50 um; applies to all main panels. (i)
In the normal retina, Kv1.2 staining (red) is seen in cross-sections of axon fascicles cut perpendicularly (arrows show examples). (ii-iv) After injection of the control siRNA against
firefly luciferase, Kv1.2 staining (red) remained in RGC axon fascicles, which are seen parallel to the axon bundles. None of the Fluorogold-labeled RGC somata (green) were
stained for Kv1.2. As in Figures 3 and 4, boxed areas in the main images are shown at higher magnification, below (scale bar, 20 um) after color separation and intentional
saturation. (v and vi) Kv1.2-specific siRNAs reduce axonal expression of Kv1.2 in RGCs. Five days after axotomy and injection of either siRNA, Kv1.2 immunostaining in RGC
axons was less intense, but not abolished. (b) RGC densities at 14 days after axotomy are shown as mean + S.E.M. for four retinas from each experimental group, and eight
control siRNA-treated retinas. Significant differences from axotomized retinas (*P< 0.05; **P<0.01) were determined by ANOVA, followed by Fisher's test
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of caspases and Bcl-2 family molecules (reviewed by Levin,®
Isenmann et al.,’ Weishaupt and Bahrs), we monitored
expression of several molecules thought to lie downstream
of the AVD. In whole retinas analyzed 7 days after axotomy
(when the rate of apoptosis is maximal), the two Kv channels
modulated different components of the apoptotic path-
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way. Kv1.3 depletion decreased expression of caspase-3,
caspase-9, and Bad; molecules that exacerbate apoptotic
RGC death after axotomy. Kv1.1 depletion increased mRNA
expression of Bcl-X;, a molecule that protects the mitochon-
drial membrane potential and is neuroprotective for injured
RGCs.%” Note that RGCs comprise only ~7% of retinal cells
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Figure 6 Expression pattern of Kv1.5; no protection by Kv1.5-targeted siRNAs.
(a) A representative confocal micrograph of a transverse section taken at the inner
eccentricity (as in Figure 1f, inset). Kv1.5 immunoreactivity was monitored with a rabbit
polyclonal antibody, and a Cy3-conjugated (red) goat anti-rabbit secondary antibody.
RGC somata were labeled with Fluorogold (false-colored green). Scale bar, 50 um.
Color-separated images of the ganglion cell layer (GCL) are shown below at the same
magnification. Five days after axotomy and injection of control siRNA, strong Kv1.5
staining (red) was seen in the inner nuclear (INL) and GCL, but little colocalized with
Fluorogold-labeled RGCs. (b) Kv1.5 depletion did not affect RGC densities at 14 days
after axotomy. Data represent mean £ S.E.M. for four retinas from each experimental
group, and eight control retinas treated with siRNA against firefly luciferase

Kv1.5-1025

Kv1.5-661

and 25-50% of RGCs degenerate by 7 days;>%2* thus,
transcript changes in individual RGCs are likely under-
represented.

These results have broader implications because RGC
death is a major cause of visual impairment in glaucoma, age-
related macular degeneration, diabetic retinopathy, uveoreti-
nitis and vitreo-retinopathy. This study provides the first
evidence that targeting specific Kv1 channels might have
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Figure 7 siRNA-mediated depletion of Kv1.1 or Kv1.3 from RGCs differentially
affects retinal expression of selected genes involved in apoptosis. Quantitative real-
time reverse transcriptase-PCR (see Table 2 for primer sequences) was used to
examine changes in mRNA expression. For each gene, the y axis shows relative
expression, normalized to a housekeeping gene, HPRT-1 (see Materials and
Methods section). Values are mean + S.E.M. for naive retinas (n= 11), axotomized
control retinas treated with an siRNA-directed against firefly luciferase (n=8), and
Kv1.1 siRNA- or Kv1.3 siRNA-treated retinas (n =6 each). Significant differences
were determined by ANOVA, followed by Fishers test (*P<0.05, *P<0.01,
**P<0.001, ***P<0.0001)

therapeutic potential for treating CNS diseases or insults that
induce neuronal apoptosis. Moreover, because Kv1.3 is
important for activation of T Ilymphocytes, it is already
considered a therapeutic target for immune-mediated dis-
orders (e.g., arthritis, multiple sclerosis), and for transplant
rejection of organs, tissues and cells.®® Several potent peptide
blockers of Kv1.3 have been identified, and some have been
tested in vivoin animal models to assess immune suppression.

Materials and Methods

Optic nerve transection and RGC labeling. Experiments were carried
out in accordance with guidelines from the Canadian Council on Animal Care. The
left optic nerve of adult female Sprague-Dawley rats (225-250 g; Charles River,
Quebec, Canada) was transected, as previously described.>*%2* Briefly, rats were
anesthetized by intraperitoneal injection of 7% chloral hydrate (420 mg/kg), and
body temperature was maintained with a regulated heating pad. Access to the optic
nerve was through a lesion in the superior rim of the orbit of the eye, being careful
not to damage the lacrimal gland or retinal blood supply. A 1-2mm longitudinal
incision was made in the dural sheath within 2mm of the eye to avoid severing
arteries and veins. The optic nerve was pulled through the dura, a 1 mm section
removed, and the nerve stump returned to the dura. RGCs were retrograde-labeled
with Fluorogold in either of two ways, depending on the experiment. (i) To count
normal RGC density and characterize the efficacy of retrograde siRNA transport,
Fluorogold was injected into the superior colliculus 7 days before axotomy,®2* and a
Cy3-labeled control siRNA, directed against firefly luciferase, was injected into the
freshly cut nerve stump with a Hamilton syringe. Retinas were fixed 24 h later.
Retrograde transport to the RGC somata from the cut nerve stump has been well
characterized®?*26%839 and, as expected, essentially all RGCs were labeled with
siRNA or Fluorogold (Figure 3a). (ii) For the remaining experiments, RGCs were
retrograde labeled with Fluorogold by briefly placing a 2-mm® piece of Gelfoam
soaked in 5 ul of 3% Fluorogold (false-colored green) against the freshly cut optic
nerve stump.

Intraocular administration of Kv channel blockers. We used two
small-molecular weight peptidyl inhibitors of specific Shaker (Kv1) channels. AgTx-2
blocks Kv1.1 and Kv1.3, and MgTx blocks Kv1.2 and Kv1.3.32°% When applied to
cells transfected with Kv1.1, Kv1.2 or Kv1.3, the blockers are effective at sub-
nanomolar concentrations. Much higher concentrations are necessary in vivo,
because compounds injected into the vitreous chamber of the eye slowly diffuse out
of the orbit and into the retina and the peptide blockers can degrade with time. Two



intraocular injections of 500 nM, 5 uM or 50 uM of AgTx-2 or MgTx were given; one
at the time of optic nerve transection and the second at 4 days. Each drug was
dissolved in saline (100 mM NaCl, 0.1% bovine serum albumin, 1 mM EDTA, 10 mM
TRIS buffer, pH 7.5) and 3 ul was injected at each time point. Control injections
consisted of the saline solution alone. Injections were administered posterior to the
limbus of the eye using a pulled glass micropipette to ensure that anterior ocular
structures were not damaged and care was also taken not to puncture the lens. No
attempt was made to block Kv1.5 because no potent, selective inhibitor is available.

RNA interference to reduce specific Kv channels in RGCs
only. RNA interference in vivo was used to assess the role of four Shaker-
family channels (Kv1.1, Kv1.2, Kv1.3, Kv1.5) in the degeneration of RGCs after
axotomy. Immediately after optic nerve transection, RGCs were labeled using
Fluorogold-soaked Gelfoam (as above), and then 5 pl of a solution containing 10 ng
of a selected siRNA was injected into the transected optic nerve stump using a
Hamilton syringe. A similar siRNA injection technique has been used to knockdown
apoptosis-related proteins and transcription factors.2® As a control treatment
throughout these studies, an irrelevant, Cy3-labeled siRNA directed against a non-
mammalian protein, firefly luciferase (Upstate, Charlottesville, VA, USA) was
injected. The Kv-channel-specific siRNAs (Table 1) were synthesized using in vitro
transcription procedures (Silencer siRNA kit, Ambion, Austin, TX, USA) according to
the manufacturer's protocol. For simplicity, we named each siRNA construct for the
first nucleotide in the targeted channel sequence.

Immunohistochemistry. The normal retinal expression of each Kv channel
type was determined by immunohistochemistry, as was the reduction of each

Table 1 siRNA sequences used in vivo to selectively knock down expression
of genes in retinal ganglion cells

Gene siRNA sequence Pseudonym
(starting
nucleotide)

Kv1.1 5-AAUCCGGACUCAUUAAGAA-3 Kv1.1(2339)

5-CCUUGUGUAUCAUCUGGUU-3 Kv1.1(922)

Kv1.2 5-CAGUAAUGAGGACUUUAGA-3 Kv1.2(1945)

5-GCAUCUCACUGUCCCUCAA-3 Kv1.2(193)

Kv1.3 5-GCCACCTTCTCCAGAAATA-3 Kv1.3(808)

5'-CCATGACAACTGTCGGTTA-3 Kv1.3(1169)
5-AGCCACCTTCTCCAGAAAT-3 Kv1.3(807)

Kv1.5 5-UUCUCUCGGAAUAUCAUGA-3 Kv1.5(1027)

5-CGAGUUCCAGCGCCAGGUA-3 Kv1.5(663)

Firefly 5'-CGUACGCGGAAUACUUCGA-3 Luc

luciferase

Table 2 Primers used for quantitative real-time reverse transcriptase-PCR
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channel protein following siRNA treatment. Retinas were fixed and labeled with a Kv
channel antibody; that is, rabbit polyclonal-anti-Kvi.1 (APC-009; Alomone Labs,
Jerusalem, Israel), mouse monoclonal-anti-Kv1.2 (05-408; United Biomedical Inc.,
Hauppauge, NY, USA), rabbit polyclonal-anti-Kv1.3 (gift from Dr. Debra Fadool,
Florida State University), and rabbit polyclonal-anti-Kv1.5 (Alomone Labs, APC-
004). All primary antisera were diluted (1 : 200 dilution in phosphate-buffered saline
(PBS), pH 7.6) containing 3% normal goat serum and 0.3% Triton X-100.
Transverse frozen sections of retina were incubated in a primary antiserum
overnight at room temperature. Sections were then rinsed (3 x , 15min each) in
PBS, and incubated with the appropriate secondary antibody for 4h at room
temperature. The secondary antisera, affinity-purified Cy3- or Alexa 488-conjugated
goat-anti-rabbit or goat-anti-mouse (Jackson ImmunoResearch, West Grove, PA,
USA) were diluted in a similar buffer to primary antisera. After incubation, sections
were rinsed (3 x , 15min each) and mounted with 1:1 glycerol/PBS. For each
immunohistochemistry assay, the concentration of antibodies, fluorescence
intensity gain, and pinhole and neutral density filters were kept constant. There
was no staining when each primary antibody was omitted, and the black regions
within each image (Figures 2-6) show the lack of nonspecific staining. The
specificity of these antibodies has been previously characterized by others and by
us; for example, in our earlier study*® each channel was heterologously expressed
in a rat microglia cell line (MLS-9) that does not express these channels. The lack of
cross-reactivity is also shown by the very different staining patterns for each
antibody (Figures 2-6).

Quantifying RGC survival after axotomy. Retinal ganglion cell survival
after optic nerve transection was quantified 14 days after axotomy, by which time
most RGCs normally die.>*®2* Comparisons were made between retinas treated
with a Kv-channel-specific siRNA or the control siRNA directed against firefly
luciferase. Rats were killed by an overdose of anesthesia (chloral hydrate), their
eyes were enucleated, the cornea and lens removed, and the remaining eye cups
fixed (1.5h, room temperature) in 4% paraformaldehyde made in PBS containing
2% sucrose. Then, the eye cup was washed with PBS for 15 min, and the neural
retina was dissected away from the sclera and flat-mounted in 1: 1 glycerol/PBS.
The surviving RGCs (labeled with Fluorogold) were counted from confocal
micrographs (Zeiss LSM 510). Because RGC density varies somewhat across the
retina, we used a standard procedure.>32* That is, cells in flat-mounted retinas
were counted in a 70000 um? area at three retinal eccentricities (inner, middle,
outer; see cartoon in Figure 1f) from each quadrant of the retina, for a total of 12
fields of cells per retina.

Quantitative real-time reverse transcriptase-PCR. Whole retinas
were harvested 7 days after axotomy, and changes in gene transcript expression
were monitored by qRT-PCR, as previously described.?® Gene-specific primers
(Table 2) were designed using the ‘Primer3Output’ program (http:/frodo.wi.mit.edu/

Gene GenBank accession no. Primer sequence (5'-3') (F, forward primer; R, reverse primer)
HPRT1 XM_343829 F: CAGTACAGCCCCAAAATGGT (613)
R: CAAGGGCATATCCAACAACA (739)
Kv1.1 NM_173095 F: GAATCAGAAGGGCGAGCA (1081)
R: GGAGTGGCGGGAGAGTTT (1174)
Kvi1.2 NM_012970 F: GAGATGTTTCGGGAGGATGA (914)
R: TTCCAGACAGAAGCTGACGA (1093)
Kv1.3 M30312 F: GCTCTCCCGCCATTCTAAG (1012)
R: TCGTCTGCCTCAGCAAAGT (1152)
Kv1.5 NM_012972 F: CCTGTCCCCGTCATCGTCTC (1498)
R: ACCTTCCGTTGACCCCCTGT (1634)
Bcl-2 NM_016993 F: TGAGTTCGGTGGGGTCAT (678)
R: CCCAGCCTCCGTTATCCT (811)
Bel-X, NC_005102 F: GCAGAAGCTGACACCAGTGA (1598)
R: CTCCGAACGGTAAATGCCTA (1715)
Caspase-3 NM_012922 F: AGGGGCATGTTTCTGTTTTG (882)
R: TGCAGGCAGTGGTATTGTTC (1046)
Caspase-9 NC_005104 F: GAGCCCAGGAGTTGACTGAG (2153)
R: CAGGTGTCCCCACTAGGGTA (2236)
Bad NM_007522 F: TGAAGGGATGGAGGAGGAG (363)
R

: CTCTTTGGGCGAGGAAGTC (512)
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cgi-bin/primer3/primer3_www.cgi). RNeasy mini kits (Qiagen Inc. Mississauga, ON,
Canada) were used to isolate RNA after degrading any contaminating DNA with
DNasel (0.1U/ml, 15min, 37°C; Amersham Biosciences, Baie d'Urfe, Qc,
Canada). A two-step reaction was performed according to the manufacturer's
instructions (Invitrogen, Carlsbad, CA, USA); that is, total RNA (2 ug) was reverse
transcribed in 20 ul volume using 200U of SuperScriptll RNase H-reverse
transcriptase, with 0.5 mM dNTPs (Invitrogen) and 0.5 uM oligo-dT (Sigma-aldrich,
St. Louis, MO, USA). Amplification was performed on an ABI PRISM 7900
Sequence Detection System (PE Biosystems, Foster City, CA, USA) at 95 °C for
10 min, followed by 40 cycles at 95 °C for 15, 55 °C for 15s and 72 °C for 30s.
‘No-template’ and ‘no-amplification’ controls were included for each gene, and melt
curves showed a single peak, confirming specific amplification. The threshold cycle
(Gy) for each gene was determined and normalized against the housekeeping gene,
HPRT-1. To monitor retinal responses to optic nerve transection, normal retinas
(naive) were compared with axotomized retinas. To assess responses to SiRNA-
mediated Kv channel knockdown, the comparison was between a control siRNA
(directed against firefly luciferase) and a channel-specific siRNA delivered to the cut
optic nerve stump, as described above. Significant differences were identified by
ANOVA, followed by Fisher's mean interval comparisons.
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