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Mutations in the CACNATF gene encoding the Cav1.4 Ca* channel are associated with X-linked congenital stationary
night blindness type 2 (CSNB2). Despite the increasing knowledge about the functional behavior of mutated channels in
heterologous systems, the pathophysiological mechanisms that result in vision impairment remain to be elucidated. This
work provides a thorough functional characterization of the novel IT mouse line that harbors the gain-of-function muta-
tion 1745T reported in a New Zealand CSNB2 family.! Electroretinographic recordings in IT mice permitted a direct com-
parison with human data. Our data supported the hypothesis that a hyperpolarizing shift in the voltage-dependence
of channel activation—as seen in the IT gain-of-function mutant’>—may reduce the dynamic range of photoreceptor
activity. Morphologically, the retinal outer nuclear layer in adult IT mutants was reduced in size and cone outer segments
appeared shorter. The organization of the outer plexiform layer was disrupted, and synaptic structures of photoreceptors
had a variable, partly immature, appearance. The associated visual deficiency was substantiated in behavioral paradigms.
The IT mouse line serves as a specific model for the functional phenotype of human CSNB2 patients with gain-of-func-

tion mutations and may help to further understand the dysfunction in CSNB.

Introduction

Cavl.4 L-type Ca?* channels (LTCCs) are the most abundant
in the retina and localized at the specialized ribbon synapses
formed between photoreceptors and second-order neurons.*>*>¢
Their low voltage activation range and slow inactivation prop-
erties due to the lack of calcium-dependent inactivation’ render
Cavl.4 channels perfectly suited to ensure sustained neurotrans-
mitter release which is modulated by light stimuli.

Human genetic analyses indicate an essential role for
Cavl.4 in vision. So far, more than 50 different mutations in
CACNAIF, the gene coding for the Cavl.4 channel, have been
found to cause congenital stationary night blindness type 2
(CSNB2) in human patients (for review see ref. 8). The major-
ity of mutations are predicted to form non-functional channels,
often because of structural changes like premature truncations
that are incompatible with channel function. However, also
gain-of-function mutations have been reported and character-
ized biophysically in transfected mammalian cells or Xenopus
Oocytes.Z,‘),l(],ll
retinal environment remain still scarce. Cavl.4 gain-of-function

Data on functional implications in their native

mutations promote enhanced Ca?* entry through the channel
due to a strong hyperpolarizing shift in the voltage-dependence
of activation which as well as slowed voltage-dependent inac-
tivation. The so far most pronounced hyperpolarizing shift in
Cavl.4 channel activation (around 30 mV) was found in muta-
tion I745T (IT), which was identified in a New Zealand fam-
ily. The affected family members were described to show an
unusually severe CSNB2 phenotype—usually comprising low
visual acuity, myopia, nystagmus, and variable levels of night
blindness (clinically diagnosed by a reduction in the ERG
b-wave)—which was associated with intellectual disability in
males. In heterozygote females, clinical and functional abnor-
malities were also present.? ‘Enhanced activity’, as observed in
gain-of-function mutations, implies an unwarranted positive
connotation because it does not necessarily result in improved
signaling but in a loss-of-control of existing signaling pathways
important e.g., in developmental processes. Herein, we present
the functional dysregulation and morphological consequences
observed in retinas from I'T mice. These findings correlate with
impaired visual function in behavioral paradigms seen in these
mice. Our data show that the IT mouse line, in contrast to
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Figure 1. Functional assessment of wt and IT mouse retinas in vivo based
on ERG. Left column: Representative Ganzfeld-ERG intensity series for
dark-adapted (scotopic, [A]) and light-adapted (photopic, [B]) responses
in wt (black) and IT mice (gray). Right column: Quantitative evaluation of
the scotopic (A) and photopic (B) b-wave amplitude data for the entire
group (wt, n=2;IT, n =4).

Figure 2. Morphological assessment of wt and IT mouse retinas. (A)
In vivo OCT analysis of wt and IT mouse retinas, indicating (i) a reduc-
tion of the photoreceptor-containing outer nuclear layer (ONL), and (i)
a less expressed patterning of the inner/outer segment (IS/OS) border.
(B) Retinal slices of adult wt (left) and IT (right) mice were stained with
DAPI to show the nuclei. Light microscopic pictures from wt and IT were
aligned at the GCL. Exemplar sections were taken from slices showing
the same eccentricity. The reduction in the thickness of the ONL and INL
in IT mice is evident (in [um] for wt and IT respectively: ONL: 56 vs. 35;
INL: 37 vs. 22). The arrow indicates the obvious misorganisation of the
OPL. ONL, outer nuclear layer, INL, inner nuclear layer, GCL, ganglion cell
layer. Scale bar 50 um.
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other mouse models characterized so far,'? very well reflects
the functional phenotype described in a family with the
Cavl.4 1745T point mutation.!

Results

Rod and cone photoreceptor activity in wt and I'T mice
Ganzfeld ERG recordings allow both dark adapted (sco-
topic) measurements to study rod-driven activity and light
adapted (photopic) recordings to obtain information about the
contribution of the cone system.' We found that adult IT ani-
mals very well matched their human CSNB2 counterparts in
terms of the functional pattern resembling incomplete CSNB.
Both rod and cone single flash responses (Fig. 1A and B) as
well as the flicker ERG amplitude (not shown) were reduced. In
contrast, the negative components of the scotopic standard flash
response were smaller than those found in other CSNB models,
and a minute but distinct positive peak indicated a remaining
b-wave component. However, identical differences were found
in patients carrying the exact same mutation." The IT mouse
line is therefore a representative model for human CSNB2
caused by the I1745T mutation.
Morphological characteristics in Cavl.4 wild type (wt) and
IT mouse retinas
Optical coherence tomography (OCT) of retinal substruc-
tures/layers in vivo indicated a distinct reduction in the outer
plexiform layer (OPL) thickness in the mutant mice (Fig. 2A).
This finding is in line with our histomorphological analysis
(Fig. 2B). Specifically, a DAPI staining was performed on reti-
nal sections of adult (2 mo-old) mice to compare the thickness
of the retina as well as that of the major retinal layers at three
different eccentricities in wt and I'T. At comparable eccentrici-
ties, the rows of nuclei in the outer nuclear layer (ONL) were
counted. Gross retinal structure and layering were normal in
IT mice. All retinal layers were present. However, the number
of rows of nuclei in the ONL was lower in IT than in wt mice
resulting in a reduction in the thickness of the ONL and the total
retinal thickness (Fig. 2B). OCT further revealed a less expressed
patterning of the inner/outer segment (IS/OS) border that is
indicative of irregular outer retinal layering (Fig. 2A).

We assessed potential aberrations in cone morphology by label-
ing with peanut agglutinin (PNA), a lectin preferentially binding
cone-photoreceptor associated domains of the interphotoreceptor
matrix’> and glycogen phosphorylase (glypho), which stains
cones from their outer segments to their pedicles.’> PNA label-
ing demonstrated that outer segments were present and of nor-
mal appearance (Fig. 3A). However, and in accordance with the
decreased thickness of the ONL, the overall length of cones was
shorter in I'T mice. PNA-positive pedicles were also observed in
the IT retina (Fig. 3A, arrowheads), with no obvious dissimilarity
to the wt retina. No decrease in the number of cones was evident
(as also indicated in Fig. 4C). In the wt retina anti-glypho stained
the inner segments of cone photoreceptors, known sites of high
energy consumption, as well as cone pedicles (Fig. 3B, left). Cone
photoreceptors in IT mice were shorter with shorter outer and
inner segments and pedicles that appeared larger than in wt retina
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Figure 3. Effect of the IT mutation on adult mouse T
cones. Immunohistochemical analyses were performed
on P74-81 (11-week old mice) mice using cone-specific 7 > 77/ ¢ 2
markers and vertical sections were analyzed by wide- gy s k2 LTy 0 ///j P ,_’/’19/4/‘4 S ”z
field fluorescence light microscopy. (A) PNA staining
shows cones with normal appearance but shorter outer ONL , ’ £ , . )
segments. Arrowheads indicate comparable staining of Pl sag i . L Sat s | INL ;

cone pedicle invaginations in wt (C57BL/6N) and IT mice.

Scale bar 50 um (B) Glypho also strongly labels the cone h . , A }
terminals. In IT mice immunostaining was pronounced ' : ‘ Ak 1 GCL
throughout the cytoplasm from the outer segment to 3 .
the synaptic pedicle. Arrowheads indicate enlargement
of pedicles. Scale bar 20 um. (C) S-opsin staining experi- GLYPHO
ments for wt and IT retinas. The inset shows a sprouted
cone (left), a mislocalized cone cell body (middle) and an
enlarged cone pedicle (right). Scale bar 50 um.

ONL

(Fig. 3B, right, arrowheads). Notably, glypho signal

was consistently higher in the IT mutant, both in

INL

the inner and outer retina. Using the S-opsin marker
sc14363 we found S-opsin expression clearly visible
in the cone outer segments in the ventral wt retina
as well as their pedicles (Fig. 3C, left). Consistent
with our glypho staining cones were shorter in IT
mice (Fig. 3C, right, arrowheads). As seen in the
inset of Figure 3C, indeed we found a few cones
that appeared to sprout, a phenomenon seen also in
KO mice at different ages.*®

We further examined the photoreceptor synap-
tic phenotype and investigated Cavl.4 expression

in co-localization experiments with the synaptic
ribbon protein CtBP2/Ribeye in wt and IT mice
(Fig. 4). In adult wt retina, Cavl.4 co-localized in

.. . Table 2. Behavioral measures assessed in diverse tests of anxiety in wt and IT mice. Data
the characteristically horseshoe-shaped synapses in

are presented as means + SEM

the OPL, whereas in IT retinas staining was disperse
. . . wt,n=13 IT,n=11 Student t test
extending also into the ONL. The synaptic morphol-
ogy resembled immature synapses with shorter but Open field test tvalue | pvalue
rather linear shape; in some ribbons elongated or reg- center entries (n) 3442 41+4 1230 | 0232
ular horseshoe appearance was prfiserved (Fig. 4A). center time (s) 143+15 | 132215 | 0499 | 0623
Immunofluorescence with the bipolar cell marker
. distance traveled (cm) 2634+ 105 | 2873 +160 1.284 0.213
PKC-a also demonstrated the presence of ectopic
synapses that were protruding into the ONL of IT Elevated plus maze
retinas whereas in wt mice no sprouting of rod bipo- latency to first open arm entry (s) 23+4 18+3 | 10861 | 0.401
lar de'nd.rltes was observed (Elg. 4B). Rlbeye/P'NA open arm entries (n) 941 841 0234 | o0s18
co-staining was comparable in wt and IT retinas
. open arm time (%) 43 +8 35+9 0.617 0.544
(Fig. 4C).
Expression profile of calcium channels in wt and total arm entries (n) 23+2 22+3 0.106 | 0917
IT mouse retinas Light/dark test
To test Wheth}?r the insertion o'f a mutation 1_n the latency to first entry into the lit area (s) 53+13 71+ 34 0.548 0.589
CACNAIF gene induced changes in the expression of e s s 753
. + + . .
other Cav channel subunits we performed qRT-PCR entries into the lit area (n) 16+ 13+ 1174 >
experiments from adult wt and IT mice. All Cav a, time spent in the lit area (s) 167 £17 185+ 29 0.568 0.576
subunits except Cavl.l were reliably expressed in IT distance traveled (cm) 2811+200 | 2781+273 | 0568 | 0576

mouse retinas, although at different expression lev-
els (Fig. 5). Cavl.4, B,, and o d-4 were by far the
most abundantly expressed isoforms in IT mice. Even though same tissue samples. The total amount of calcium channel tran-
suggested from previous independent publications®*® this find-  scripts in IT mice was not significantly different from wt but
ing has not been shown before in direct comparison using the an approximately 25% reduction in the expression of Cavl.4
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Figure 4. Photoreceptor synapses in adult wt and IT mice. (A) Immunofluorescence double-labeling of Cav1.4 (green) and the synaptic protein RIBEYE
(red) in wt (right) and IT (left) mice. Wt mice show mature horseshoe-shaped ribbons whereas IT synapses were variable in morphology. (B) Co-staining
with the rod bipolar cell maker PKCa (green) and CtBP2/Ribeye (red). Ectopic synapses in the outer nuclear layer (ONL) were observed only in IT mice
(right). (C) Similar PNA staining (red) of cone synapses together with RIBEYE (green) in wt (left) and IT (right) mice. Scale bar 2 um.
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(p = 0.05), B,, and ,8-4 was evident in IT mice (Fig. 5). This
finding may reflect a loss of photoreceptors, which was consis-
tent also with our staining experiments (Fig. 2). In 2 out of 4
IT mice analyzed expression levels of the auxiliary B, subunit
were 5-fold and 20-fold higher when compared with the other
wt and I'T mice, respectively (data not shown). This result is a
plausible explanation for the highly significant increase of B,
expression in I'T mice (p < 0.001). Intriguingly, although tran-
scripts for Cavl.3 account for only 2% of total «, subunits in
wt they were significantly higher expressed in IT (p = 0.03).
The isoforms Cav2.1, B, and ,3-2, which have previously been
shown to be co-expressed in the cerebellum?® also show compa-
rable expression levels in the retina as implicated previously.*
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Figure 5. Expression profiles of voltage-activated Ca* channels in
mouse retina of IT mice. The mRNA expression profiles of all high volt-
age-activated Ca** channel o, B, and a3 subunit isoforms were deter-
mined in retinas of adult wt (black) and IT (gray) mice. Transcript levels
(i.e., number of molecules per sample; see Material and Methods) of the
individual experiments were normalized to the expression of the control
genes Gapdh and Sdha. Log10 transformed transcript levels were ana-
lyzed by 2-way ANOVA: genotype, F, = 1.6, p = 0.208; gene, F, = 131.5,
p < 0.001; genotype*gene, F, = 3.3, p < 0.001; p values are derived from
Holm-Sidak posthoc analysis. Data are presented as mean + SEM. Note
that in comparison to wt, expression of Cav1.4 trended to be less in IT
mice (p = 0.05).

Behavioral phenotype of IT mice

Finally, we investigated the role of Cavl.4 in visual function
subjecting mice to established behavioral paradigms. Since these
tests were all locomotion-based, we first screened for possible
alterations in motor function. Wt and IT mice did not differ in
novelty-induced locomotor activity (i.e., the distance traveled
in the open field test and light/dark test or the total arm entries
in the elevated plus maze test) as compared with wt (Table 2).
Next, we assessed the visual performance of wt and IT mice
subjecting them to the visual platform test of the Morris water
maze® (Fig. 6). The escape latency (latency to reach and climb
the platform) gradually decreased with the increasing number
of trials performed (repeated measures ANOVA: F(trial)z154 =
10.689, p < 0.001) in both genotypes (F(trial x genotype)z154 =
0.445, p = 0.872). However, in IT mice the latency was greatly
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increased as compared with wt (F(genotype) ,,

(& CIAYAN

= 60.149, p < 0.001), pointing towards poor
visual function of I'T mice. In order to exclude

0
s
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B
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“l/ NP2ANLY

- . . start start
a specific deficit in learning or memory- "
related processes as a cause for the impaired 60— -
performance in the visible platform task of the wkk ® wt
Morris water maze, we tested the animals in e
an auditory cued fear-conditioning paradigm. © 40
Conditional responses, as indicated by freez- &
ing behavior, increased to the same extent in £ 20
wt and I'T mice upon 3 CS-footshock pairings Q\O\.—/—C
(repeated measures ANOVA: F(pairing)ms = 0 | | | |
62502, p < O..QOI; F(genotype), ,, = 0.430, p N Ao N
= 0.519; F(pairing x genotypc)&88 = 0.6189, p G RN N R 4
= 0.650). On the next day in a novel context

day 1 day 2

presentation of the CS alone did not elicit dif-

ferent freezing levels between the 2 genotypes

suggesting normal learning capabilities of IT
mice (percent freezing: wt 46.9 = 5.5, IT 40.8
+ 5.2, t = 0.807, p = 0.428). Stimulated by
human studies showing that the loss of vision

38,39,40

has an impact on emotionality, we also

investigated the anxiety-related behavior of IT

Figure 6. Behavioral phenotype of adult wt and IT mice. Performances of mice (latency to
escape from the pool onto the platform) in the visible platform test of the Morris water maze
task during 4 trials per day over 2 training days are shown. The fixed starting position of the
mice is indicated by a black arrow while the varying positions of the platform are indicated
by gray circles. Data represent the mean + SEM; n = 13 for wt mice (black circles) and n = 11
for IT mice (gray circles). * p < 0.0.5 and *** p < 0.001 using a repeated-measures ANOVA and
a post Fisher LSD test.

mice. No differences in any anxiety-related
parameter including the entries into or time
spent in the center of the open field, the latency, entries and
time in the open arms of the elevated plus maze or the latency,
entries into and time spent in the light compartment of the
light/dark test were observed as compared with wt (Table 2).

Discussion

Gain-of-function mutation I745T results in a loss of visual
function

ERGs from Cavl.4 KO mice under scotopic and photopic
conditions predicted a virtual lack of retinal transmission of elec-
trical signals at the first synapse, affecting both rod and cone
photoreceptors.”* Recent data® also provided evidence that rod
photoreceptor synapses in these mice remain immature which
could inhibit photoreceptor synaptic transmission. Our data
show that the level of synaptic maturation in adult IT mice, in
contrast, was variable. Most synapses were abnormal, round, or
elongated. However, some showed the horseshoe-like shape typi-
cal for mature wt synapses. In these cells specifically, a gain-of-
function may limit the dynamic range of photoreceptor responses
to an extent that would reduce but not completely suppress retinal
signaling as seen in our ERG recordings. The marked leftward
shift in the activation curve found in heterologously expressed I'T
channels? might increase the basal calcium levels in photorecep-
tors, due to higher activity at depolarized membrane potentials
in the absence of light. Such high Ca?* levels near the release
sites could also lead to an increase in the time needed to shut-
off glutamate release upon light exposure resulting in increased
response latencies.

Our immunohistochemical data show cone anomalies similar
to KO mice previously described.**#! Glypho, an enzyme that

www.landesbioscience.com

Channels

catalyzes the rate-limiting step in glycogenolysis (in brain but
also retinal Miiller glial cells and cones**%%) represents a main
limited energy reserve.” The apparent stronger immunofluores-
cence signal in the cones and likely in surrounding cells in the
IPL suggests that these cell types sense metabolic stress and show
a higher need for glycogen breakdown. Although seen to a much
lesser extent, the presence of potential degenerative signs is in line
with a recent report on KO mice.?

The visually guided behavior tests supported our functional
and structural findings. I'T mice displayed increased escape laten-
cies in the cued version of the Morris Water maze confirming
poor visual ability. The performance of IT mice was comparable
to that of animals with naturally occurring retinal degenera-
tion including rd12 mice* and mice of the FVB/N], DBA/2,
C3H, NIH Swiss and Black Swiss mice strains owen.*% The
Morris Water maze paradigm was used for assessing visual func-
tion.*%»® Due to its primary field of application which is testing
for spatial learning deficits in rodents™ we wished to exclude the
possibility that a cognitive deficit may underlie their bad perfor-
mance. We therefore subjected wt and IT mice to an auditory
cued fear-conditioning paradigm where vision is not essential.
Indeed, both genotypes did not differ in fear learning or memory
which is in line with other models of impaired vision owen. >3

Additional information on
obtained from the IT model

The expression profiling supported findings that Cavl.4 but
also Cav1.3°°*% and Cavl.2 “* LTCCs are expressed in the retina.
Interestingly, Cavl.3 channels were upregulated in IT. The reti-

retinal calcium channels

nal Cavl.3 distribution pattern is, however, controversial. Some
studies showed accumulation in the inner segments of photore-
ceptors, OPL, INL, or GCL, whereas another reported Cavl.3
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Figure 7. Functional comparison of human and murine subjects affected
by the 1745T mutation. Ganzfeld ERG recordings from a normal subject
(left) and a patient with incomplete CSNB carrying the CACNA1F muta-
tion 1745T (center left) were redrawn form the original records (ref. 3).
They correlate rather well with the murine data of wt (C57BL/6N; cen-
ter right) and IT mice (right). The set of records follows the human ERG
diagnostic standard as issued by the International Society for Clinical
Electrophysiology of Vision (ISCEV; www.iscev.org/standards). From
top to bottom, traces in each column represent the scotopic single
flash response, the scotopic mixed response, the photopic single flash
response, and the photopic 30 Hz flicker ERG. The murine records were
obtained with identical paradigms.

expression across retinal cell layers.’ Therefore, the role of Cavl.3
remains ambiguous. A contribution of Cavl.3 to ERG light peak
regulation in the pigment retinal epithelium (RPE) is reported.**
Though in our preparation the RPE was never included. Cavl.3
channels are also subject to rapid glutamate-induced internaliza-
tion, likely to serve as a protective negative feedback mechanism®
implying a role in other processes than synaptic transmission.
Upregulation of Cavl.3 channels may be part of a potential
compensatory mechanism in IT. The high level of expression of
Cav2.1, B, and @,8-2 in IT retinas is intriguing, Although reti-
nal pathway involvement in the adaptation mechanism to circa-
dian phase-shift has been excluded previously in Cav2.1-mutated
migraine mice® this hypothesis was never directly tested. The
mammalian retina contains a clock that generates molecular cir-
cadian rhythms independent of the suprachiasmatic nucleus mas-
ter clock,® but a calcium channel contribution was so far only
reported for Cav1.2.7¢

IT mice serve as a good model for the functional phenotype
seen in human patients

The Ganzfeld ERG recordings, both dark adapted (scoto-
pic) and light adapted (photopic), suggest that there is a very
close match between rod and cone system responses in CSNB2
patients carrying the 1745T mutation' and the IT mouse line
(Fig. 7). The functional pattern in both resembles a form of
incomplete CSNB; rod and cone single flash responses as well as
the flicker ERG were typically altered. The particular feature in
1745T mutants, presumably associated with the gain-of-function
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nature of the disorder, is that the negative components of the
scotopic standard flash response are smaller than those found in
other CSNB types, but on the other hand a distinct remaining
b-wave component is present. The comparison with the human
data clearly underlines that the IT mouse line is a specific model
for the functional phenotype seen in respective patients.

Materials and Methods

Animals

Animals were group-housed under standard laboratory con-
ditions (12:12 light/dark cycle with lights on at 07:00 h, 22 =+
2 °C, 50-60% humidity) with pelleted food and water avail-
able ad libitum. All experiments were designed to minimize ani-
mal suffering as well as the number of animals used and were
approved by the national ethical committee on animal care
and use (Austrian Federal Ministry for Science and Research;
BMWE-66.008/0016-11/3b/2012) and the Institutional Animal
Care and Use Committee at the University of lowa. Animals
were killed by cervical dislocation in compliance with interna-
tional laws and policies or by carbon dioxide exposure followed
by cervical dislocation as approved by the Institutional Animal
Care and Use Committee at the University of Iowa. All ERG
and OCT procedures in animals were performed in accordance
with the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research with permission of local authorities
(Regierungsprisidium Tiibingen).

Cavl.4 mouse lines

We used a mouse model made by Dr Marion Maw (University
of Otago) which carries the mutation 1745T in the CACNAIF
gene identified in a New Zealand CSNB2 family (IT).* Mouse
tail biopsies were collected from all mice before and after the
experiment for genotyping. Only male mice were investigated.
Genomic DNA was isolated using buffer containing 10 mM
Tris (pH 8.8), 50 mM KCI and 0.1% Triton X-100. We con-
trolled for the IT allele and the corresponding wt alleles, as well
as the rd8 mutant allele. IT mice were checked with following
specific primers fwd-CACTCCAGACATCCTGCTGA and rev-
GTCAACCCATGCTGTCTCCT. The PCR product for the wt
allele has a length of 288-bp and the one for the IT allele 449-bp.
PCR reaction was performed in a total volume of 20 pl, contain-
ing 2 pl DNA eluate, 0.2 pM fwd and rev primer, 0.025 U GoTaq
DNA Polymerase (Promega), 1.5 mM MgCl, and 200 uM dNTPs.
The following reaction cycle was used: 95 °C 4 min, 40 cycles of 9
5°C for 30 s, 63 °C for 30 s and 72 °C for 45 s, with a final exten-
sion at 72 °C for 10 min. Because the background of both IT and
wt littermates as non-littermate wt controls was C57BL/6N we
also genotyped for the rd8 mutation allele' which was amplified
with fwd - CCCCTGTTTGCATGGAGGAAACTTGGAAG
and rev-GCCCCATTTGCACACTGATGAC (224-bp prod-
uct). The following PCR program was used for this assay: 94°C
for 5 min, followed by 35 cycles at 94 °C for 30 s, 65 °C for
30 s, 72 °C for 30 s and a final elongation step of 72 °C for
7 min. The wt allele was amplified with fwd-GTGAAGA-
CAGCTACAGTTCTGATC and rev-GCCCCATTTGCA-
CACTGATGAC (220 bp product size). For the mutant allele
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a PCR reaction of 25 pl

Table 1. Markers investigated in immunofluorescence studies

was applied; containing

2 pl DNA, 1.6 pM for-

ward and reverse primer,

0.02 U Golag DNA

Polymerase  (Promega),

1.2 mM MgCl and 100

pM dNTPs. The follow-

ing PCR program was

used: 94 °C for 5 min, fol-
lowed by 35 cycles at 94

Primary antibodies /markers Dilution Company
glycogen phosphorylase (glypho) 1:2000 Gift from Dr Hamprecht (Pfeiffer-Guglielmi et al., 2003)
sc-14363/blue sensitive cone opsin 1:200 Santa Cruz Biotechnology Inc. Heidelberg, Germany
biotinylated peanut agglutinin (PNA) 1:25 Vector Laboratories, California, USA
DAPI 1:10000 Sigma, St. Louis, MO
rabbit/mouse PKC-a 1:500 Santa Cruz, Dallas, Texas and Sigma, St. Louis, MO
rabbit/mouse RIBEYE 1:500 Covance, Princeton, NJ and BD bioscience, San Jose, CA
rabbit Cav1.4 1:1000 Custom-made (Dr Amy Lee)

Secondary antibodies

°C for 30, 65 °C for 30 s,

72 °C for 30 s. and a final Alexa Fluor® 488 Donkey Anti-Goat IgG

1:300 or 1:1000 Life Technologies, Grand Island, NY

elongation step of 72 °C

for 7 min. The wt allele

was amplified as follows:

25 pM reaction volume

Alexa Fluor ® 594 Goat Anti Guinea Pig IgH 1:300 Life Technologies, Grand Island, NY
Alexa Fluor ® 568-Goat Anti-mouse IgG 1:1000 Life Technologies, Grand Island, NY
Streptavidin, Alexa Fluor® 546 conjugate 1:300 Life Technologies, Grand Island, NY

containing 2 pl DNA, 0.8
pM fwd primer and 1.6
pM rev primer, 0.02 U GoTaq DNA Polymerase (Promega), 1.2
mM MgCl, and 100 pM dNTDs. For the wt allele, DNA was
denaturated at 94°C for 5 min, followed by 35 cycles of 94 °C for
30's, 58 °C for 30 s, 72 °C for 30 s followed by extension at 72
°C for 7 min. Mice used in the study were either heterozygous or
homozygous for the mutated allele; the wt retinal phenotype was
without pathological findings.

Immunocytochemisty

Fixation and embedding

Eleven week old mice were sacrificed in the morning by cervi-
cal dislocation and decapitation. Eyes were removed, opened at
the sclero-corneal rim and fixed for 15 min in 4% paraformal-
dehyde (PFA) in phosphate-buffered saline (PBS, 1 x , pH 7.4).
After removal of cornea and lens, the eyecups were fixed for 2
h in 4% PFA/1 x PBS at room temperature (RT), rinsed in 1 x
PBS (4 changes), and cryoprotected in increasing concentrations
of sucrose (10% and 20% in 1 x PBS). Eyecups were embedded
in a 1:1 mixture of 20% sucrose in 1x PBS and OCT medium
(Tissue-Tek, Sakura) for 2 d at RT. Sections of 16 pm thickness
were collected on to Superfrost Plus slides, air-dried for 24 h and
stored at — 20°C until further use.

Immunofluoroescence

Sections were washed 3 times with washing buffer (1 x PBS,
0.1% Triton X-100, and 0.05% NaN,). For primary antibody
labeling or PNA, the tissue was blocked with 1% bovine serum
albumin (BSA, Sigma) in 1 x PBS, 0.1% Triton X-100 and 0.05%
NaN,; for 30 min at RT. Primary antibody incubation and PNA
staining was performed overnight at 4°C. Sections were washed 3
times in washing buffer, incubated with the secondary antibody
for 1 h at RT, washed 3 times and counterstained with DAPI
before mounting in Aqua-Poly/Mount (Polysciences). Primary
and secondary antibodies and PNA were used in dilutions listed
in Table 1. Micrographs or series of microsgraphs were taken
with a Zeiss Axiovert 200M (Carl Zeiss). Images were adjusted
for brightness and contrast and assembled using Photoshop CS5
(Adobe). Z-stacks were taken in 0.1 pm intervals and decon-
volved with Huygens Essential (Scientific Volume Imaging B.V.)

www.landesbioscience.com
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software. Processing of synaptic connections was done essen-
tially as described previously." In some experiments Hoechst
stain (1:1000) was applied along with secondary antibodies.
Confocal microscopy was performed using a Fluoview 1000 con-
focal microscope (Olympus) with 60X or 100X oil-immersion
objectives or a Zeiss LSM710 confocal microscope with a Plan-
Neofluar 63x/1.4 oil-immersion objective (Carl Zeiss). For con-
sistency among figures, the red and green colors were switched
using Adobe Photoshop.

Electroretinography

The functional implications of the I745T mutation was
assessed in the IT mouse line in vivo with electroretinography
(ERG). ERGs were recorded binocularly from animals at the

1516 Mice were

age of 6 weeks postnatally as described previously.
anaesthetized using Ketamine (66.7 mg/kg body weight) and
Xylazine (11.7 mg/kg body weight). Their pupils were dilated
and single flash ERG responses were obtained under scoto-
pic (dark-adapted overnight) and photopic (light-adapted with
a background illumination of 30 cdm™ starting 10 min before
recording) conditions. Single white-flash stimuli ranged from —
4 to 1.5 log cdsm™ under dark-adapted and from — 2 to 1.5 log
cdsm™ under light-adapted conditions. Ten responses were aver-
aged with inter-stimulus intervals of 5 s (for — 4 to — 0.5 log cdsm’
) or 17 s (for 0 to 1.5 log cdsm™). Responses to trains of flashes
(flicker) were obtained under dark — adapted conditions using
a fixed intensity (0.5 log cdsm?, resembling the International
Society for Clinical Electrophysiology of Vision standard flash
(ISCEV SF) intensity."” Flicker responses were averaged 30 times,
and band-pass filter cut-off frequencies were 0.3 and 300 Hz for
all ERG recordings. ERGs were obtained inn =4 IT and n = 2
wt control animals.

Spectral Domain Optical Coherence Tomography

Spectral Domain Optical Coherence Tomography (SD-OCT)
imaging was done with a commercially available Spectralis™
HRA+OCT device (Heidelberg Engineering) featuring a broad-
band superluminescent diode at 870 nm as low coherent light
source. Each 2-dimensional B-scan recorded at 30° field of view
consists of 1536 A-scans, which are acquired at a speed of 40000
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scans per second. Optical depth resolution is approximately 7 pm
with digital resolution reaching 3.5 wm. Imaging was performed
using the proprietary software package Eye Explorer (version
3.2.1.0, Heidelberg Engineering). OCTs were recorded binocu-
larly from animals at the age of 6 weeks postnatally as described
previously.'#¥

Quantitative RT-PCR

Whole retinas, brain and muscle from 8 week old wt and
mutant mice were dissected. Tissue was collected and flash fro-
zen in liquid nitrogen. For control PCRs, tsA-201 cells were
transfected with ¢cDNA encoding Cavl.4 (Accession number
JE701915). Total RNA of either mouse retinas or transfected
tsA-201 was isolated with RNeasy Plus Mini Kit, (Qiagen)
with an extra purification step with RNase-Free DNase Set
(Qiagen). For total RNA isolation of brain and muscle RNeasy
Lipid Tissue Midi Kit or respectively muscle RNeasy Fibrous
Tissue Midi Kit were used. cDNA synthesis was performed with
RT-PCR first strand synthesis (Fermentas, ThermoScientific).
For ¢cDNA synthesis of retina, total RNA eluate, for muscle
and brain 35ng/pl of RNA eluate was used. Qualitative PCRs
were conducted using cDNA in the following range: retina
25 — 116 ngpl?, brain and muscle: 35 ngpl? and transfected
cells 1.5 — 1.9 pgpl?. Specific primer for Cavl.l, 1.2, 1.4 as
well as various splice forms of Cavl.3 were tested.?"?!?223:24
Tagman RT-PCR on cDNA obtained from retinas (see above)
was performed according to a previously developed protocol.?
The relative abundance of different Cav subunit transcripts
was assessed by TagMan quantitative PCR (qQRT-PCR) using a
standard curve method based on PCR products of known con-
centration in combination with normalization using the most
stable control genes as previously described.”” TagMan gene
expression assays specific for all high-voltage activated Ca**
channel subunits (o, B, and ,8) were designed to span exon—
exon boundaries, and were purchased from Applied Biosystems.
The following assays were used [name (gene symbol), assay ID
(Applied Biosystems)]: Cavl.l (Cacnals), Mm00489257_ml;
Cavl.2 (Cacanlc), Mm00437953_ml; Cavl.3 (Cacnald),
MmO01209919_m1l; Cavl.4 (Cacnalf), Mm00490443_ml;
Cav2.1 (Cacnala), Mm00432190_m1; Cav2.2 (Cacnalb),
Mm00432226_m1; Cav2.3 (Cacnale), Mm00494444_m]l; B,
(Cacnbl), Mm00518940_m1; B, (Cacnb2), Mm00659092_
ml; B, (Cacnb3), Mm00432233_ml; B, (Cacnb4)
Mm00521623_m1; «8-1 (Cacna2dl), MmO00486607_ml;
a,3-2 (Cacna2d2), MmO00457825_ml; «8-3 (Cacna2d3),
Mm00486613_m1; c,8-4 (Cacna2d4), Mm01190105_m1. The
endogenous control genes included were [name (gene symbol),
assay ID (Applied Biosystems)]: y-cytoplasmic actin (ACTB),
Mm00607939_s1; B-2-microglobulin (B2M), Mm00437762_
ml; glyceraldehyde-3-phosphate dehydrogenase (GAPD),
Mm99999915_gl; hypoxanthine phosphoribosyl-transferase 1
(HPRT1), Mm00446968_m1; succinate dehydrogenase com-
plex, subunit A (SDHA), MmO01352363_m]1; tata box bind-
ing protein (TBP), Mm00446973_ml; transferrin receptor
(TFRC), Mm00441941_m1. The qRT-PCR (50 cycles) was
performed in duplicates using 10-20 ng total RNA equivalents
of cDNA and the specific TagMan gene expression assay for each
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20 pl reaction in TagMan Universal PCR Master Mix (Applied
Biosystems). Measurements were performed on four indepen-
dent RNA preparations from each genotype. Analyses were per-
formed using the 7500 Fast System (Applied Biosystems). The
cycle threshold (Ct) values for each Cav gene expression assay
were recorded for each individual preparation. To allow a direct
comparison between the expression levels in different tissues,
we normalized all experiments to Gapdh and Sdha, which were
determined to be most stable expressed reference genes across

all preparations and time points.?

Subsequently normalized
molecule numbers were calculated for each Cav subunit from
their respective standard curve.”

Behavioral experiments

All behavioral experiments were performed between 09:00
and 14:00 h after the animals had been habituated to the test-
ing room for at least 24 h. In order to decrease the number
of animals used, the behavioral experiments, with at least 2 d
of rest between each, were performed in the same animals in
the following order: (1) animals were tested in the open field
test,””?® light/dark test?® and the elevated plus maze test,” (2)
their visual function was assessed in a modified Morris water
maze test involving a visible escape platform’ and (3) auditory
fear conditioning was used to assess (vision-independent) learn-
ing capabilities.”

Open field

Mice were individually placed into the periphery of an open
field (41 x 41 x 41 cm, floor illumination 150 Ix) whose area
was divided into a 28 x 28 cm central zone. The entries into the
central zone, the time spent in the central zone and the overall
distance traveled by the mice were measured during the 10 min
exploration time by using an automated activity monitoring
system (TruScan, Coulbourn Instruments).

Light/dark test

The white, aversive compartment (41 x 20.5 x 41 cm, floor
illumination 400 Ix) and the dark, safe compartment (41 x 20.5
x 41 cm covered by a black top, floor illumination 10 Ix) of the
testing arena were connected by a small opening (7 x 7 c¢m)
located in the center of the partition at floor level. Animals were
individually placed into the dark compartment facing away from
the opening and allowed to freely explore the apparatus for 10
min. The latency to the first entry into the lit compartment, the
number of entries and time spent in the lit compartment and
the overall distance traveled by each mouse was automatically
registered (TruScan, Coulbourn Instruments).

Elevated plus maze test

The 5 min test was performed on a plus-shaped maze which
was elevated (73 cm) from the floor and consisted of 2 open
arms (2 30 x 6 cm; 100 Ix), two closed arms (3 30 x 6 x 17 cm;
illuminated with red light), and a central neutral zone (6 x 6
cm). Animals were placed onto the neutral zone of the maze fac-
ing a closed arm and their locomotor behavior was continuously
recorded by a tracking system (TSE Technical and Scientific
Equipment GmbH) connected to a camera positioned above the
maze. The latency to the first open arm entry, the number of
open arm entries, the percentage of time spent on the open arms
and the distance traveled were analyzed.
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Visible platform test of the Morris water maze

Mice were placed into a circular pool (1.2 min in diameter)
filled with water (23 °C) and illuminated at 40 Ix. Starting
from a fixed position they were allowed to escape by climbing
onto a platform (10 cm diameter) placed just above the water
and marked with a flag for facilitating visualization. The ani-
mals were allowed to stay on the platform for additional 10 s. In
case the animal was not able to locate the platform, it was gently
guided to it by the experimenter. On each of 2 consecutive days
animals performed four 60 s trials separated by 60 min. The loca-
tion of the platform was changed after each trial. The latency to
reach the platform was recorded.

Auditory fear conditioning

In the conditioning context (25 x 25 x 30 cm chamber with
transparent walls and a metal rod floor cleaned with water, floor
illumination 300 Ix; TSE) mice received three pairings (2 min
inter-pairing interval) of an auditory 30 s white noise conditioned
stimulus (CS; 10 kHz, 80 dB) and a co-terminating 2 s mild foot
shock (0.6 mA). Twenty-four hours after the auditory fear condi-
tioning 3 CSs separated by 5 s were presented to mice for a fear
expression test in a novel context (25 x 25 x 30 cm chamber with
black walls and a solid gray cleaned with ethanol, floor illumina-
tion 10 Ix; TSE). The time remaining in freezing behavior during
the CS presentations was manually determined by an observer
blind to the genotype.

Statistics

All values are presented as mean + SEM for the indicated
number of experiments (n). For multiple comparisons of in vitro

data statistical significance was determined by a 1-way analy-
sis of variance (ANOVA) followed by Bonferroni multiple-
comparison or the Dunnett post-hoc test. For comparisons of
2 groups, data were analyzed by the Student t test as indicated
for individual experiments. Behavioral data were statistically
analyzed using repeated-measures ANOVA followed by post
Fisher’s LSD test or the unpaired Student ¢t test. In qRT-PCR
experiments, data were organized and analyzed using MS
Excel and SigmaStat (Systat Software, Inc.) statistical software.
Statistical significance was determined on logl0 transformed
expression levels using 2-way-ANOVA followed by Holm-
Sidak posthoc comparison. Statistical significance was set at

p < 0.05.
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