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Abstract
Cav2.1 Ca2+ channels (P/Q-type), which participate in various key roles in the central nervous
systems by mediating calcium influx, are extensively spliced. One of its alternatively-spliced exon
is 37, which forms part of the EF hand. The expression of exon 37a (EFa form), but not exon 37b
(EFb form), confers the channel an activity-dependent enhancement of channel opening known as
Ca2+-dependent facilitation (CDF). In this study, we analyzed the trend of EF hand splice variant
distributions in mouse, rat and human brain tissues. We observed a developmental switch in rodents,
as well as an age and gender bias in human brain tissues, suggestive of a possible role of these EF
hand splice variants in neurophysiological specialization. A parallel study performed on rodent brains
showed that the data drawn from human and rodent tissues may not necessarily correlate in the
process of aging.
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Cav2.1 (P/Q type) voltage-gated calcium channels (VGCCs) play key roles in the trigger of
neurotransmitter release in the central and peripheral nervous systems (Takahashi and
Momiyama, 1993,Dunlap et al., 1995) regulation of the neuroarchitecture of developing
cerebellar Purkinje cells (Miyazaki et al., 2004), and optimization of presynaptic function
(Piedras-Renteria et al., 2004). Mutations in the principal α1A subunit have been associated
with a number of neurological conditions including cerebellar or episodic ataxia, familial
hemiplegic migraine (FHM-1) (Ophoff et al., 1996,Zhuchenko et al., 1997), epilepsy (Fletcher
et al., 1996) while auto-antibodies directed against the same channel leads to myasthenic
syndrome with particular features (Flink and Atchison, 2003). The α1A subunit is highly
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expressed in the brain, particularly in the soma and dendrites of the Purkinje neurons of the
cerebellum (Stea et al., 1994), and the presynaptic terminals of synapses. Conceivably, this
class of channels plays a major role in determining the electrical excitability of these neurons
as well as regulating neurotransmitter release.

The α1A subunit is subjected to extensive alternative splicing (Mori et al., 1991,Starr et al.,
1991,Ophoff et al., 1996,Zhuchenko et al., 1997,Bourinet et al., 1999,Soong et al.,
2002,Tsunemi et al., 2002), in which 7 and 9 loci of variation had been characterized to date
in human (Soong et al., 2002) and in rat cerebellum (Kanumilli et al., 2006) respectively.
Likewise, Cav2.1 channel splice variants had also been reported in mice (Vigues et al.,
1998,Tsunemi et al., 2002), including some novel C-terminii that were detected in mutant
mouse (Fletcher et al., 1996).

At the carboxyl terminal, exons 36 and 37 encode the EF hand-like domain. Exon 37 is encoded
by two mutually-exclusive exons 37a and 37b, hence producing two variants of the EF hand,
EFa and EFb. Channels lacking exon 37 had also been reported in rodents (Ligon et al.,
1998,Vigues et al., 1998). The EF hand plays a role in the transduction of the IQ-motif-bound
Ca2+/calmodulin (CaM) into channel modulations (Peterson et al., 2000,Kim et al., 2004). CaM
exerts two opposing effects, calcium-dependent facilitation (CDF), an activity-dependent
enhancement of channel opening and a subsequent slower process, calcium-dependent
inactivation (CDI) – a process of channel inactivation following Ca2+ influx. Interestingly, in
both heterologous systems expressing recombinant channels and in cerebellar Purkinje
neurons, the alternative splicing of exon 37 acts as a molecular switch for CDF without
affecting CDI (Chaudhuri et al., 2004,Chaudhuri et al., 2005). EFa expression confers this
facilitative property to the channel. We also demonstrated a developmental activation of CDF
due to enhanced postnatal EFa expression (Chaudhuri et al., 2005). This correlates with the
differential expression of the two exons previously reported in development (Vigues et al.,
2002,Chaudhuri et al., 2004) or in different regions of the human brain (Chaudhuri et al.,
2004). Distinct and separate subcellular localization of the two splice variants observed in
Purkinje cells strongly suggested specialized neurophysiological roles such as synaptic
plasticity, gene transcription and remodelling (Chaudhuri et al., 2005). To date, the Cav2.1 (P/
Q-type) calcium channels are the only channels in the Cav1-2 family to exhibit calcium-
dependent facilitation (CDF) (Liang et al., 2003,Inchauspe et al., 2004), although calmodulin
kinase-mediated facilitation had been earlier established in Cav1.2 (L-type) calcium channels
(Dzhura et al., 2000). With these physiological bases, this report investigates the splice variant
distribution within individual mouse and rat brains during development. Parallel analyses of
human cerebellar samples provided valuable information on age and gender bias of EF hand
expression. For a broader perspective, we also obtained data from other human brain regions.

EXPERIMENTAL PROCEDURES
RNA extraction and cDNA synthesis

Swiss albino mice, F344 rats of 1 to 30 months of age (NIA, USA), early postnatal Wistar rats
were sacrificed and the cerebellar/ whole brain tissues were harvested and immediately stored
in RNAlater reagent [Ambion® (Europe) Ltd, Cambridgeshire, UK]. Two to five brains from
rodents of each time point were pooled together for analyses, except for the three individual
female mouse brains shown in Fig. 2C. Postmortem human brain samples were obtained from
the brain tissue repository of the Johns Hopkins Medical Institutions, and the National
Neuroscience Institute. Prior to RNA extraction by the RNAeasy kit (QIAGEN GmbH, Hilden,
Germany), the RNAlater reagent was removed and homogenization was performed. The
protocols used in this study conformed to our institution's IACUC and IRB regulations and
guidelines (NUS-IRB 05-034E; IACUC 859/05).
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Reverse transcription (RT) was performed using 5 μg of total RNA, Superscript II™ reverse
transcriptase (Invitrogen, California, USA), 0.5mM dNTPs, 1X 1st strand buffer (Invitrogen,
California, USA) and 0.1M dithiothreitol (DTT) (Invitrogen, California, USA). For mouse
brain tissues, mouse exon 38 reverse primer (5'-TATCAAGGGCGGTTCGGATCA-3') was
used for cDNA synthesis. RT was performed in the following sequence: a 5-min denaturation
step at 80°C and rapid cooling, a 75-min 42°C reverse transcription step, and a final 15-min
inactivation step at 70°C. Reverse transcription was performed similarly with extracted rat and
human brain RNA except for the use of 18-mer oligo-dT in place of a specific reverse primer
and a human exon 38 reverse primer (5'-GCTGTGCGGATCAGA-3') respectively.

Screening using polymerase chain reaction
As a control, DNA of full-length human EFa and EFb clones (Soong et al., 2002) were
linearized by Hind III (New England Biolabs, Inc., Massachusetts, USA), quantified by
spectophotometry and the following ratios of each were mixed: 1:10; 1:1; 10:1. After serial
dilutions, ten nanograms of these DNA mixtures were used for subsequent PCR and colony
screening.

For the brain samples, the cDNA synthesized in section 2.1 was used for PCR amplification
of the EF hand. A control reaction consisting of all the components but omitting the reverse
transcriptase was also run in parallel. The mouse exon 35 forward primer (5'-
CGGCAGACTGCGGCAACGAG-3') (5'-GGGAAACCGTGTGATAAGAA-3') and exon 38
primer (for sequence see section 2.1) were used for the amplification of a 384-bp fragment
from the mouse brain samples. The reaction mix consisted of 200μM dNTPs, 100nM of
primers, 2.5U of Taq DNA polymerase (Promega Corp., Wisconsin, USA), 1X Mg2+-free
Buffer (Promega Corp., Wisconsin, USA), Mg2+ concentration of 1.5mM and 2μl of cDNA in
a final volume of 25 μl. The cycling profile was set as follows: initial denaturation of template
DNA at 94°C for 2 min, 5 touch-down cycles of denaturation at 94°C for 30 sec, annealing at
62°C to 58°C for 40 sec, and extension at 72°C for 1 min, followed by 30 cycles in which the
annealing temperature was maintained at 57°C. The final extension was performed at 72°C for
10 min. Control reactions in which water and product from the control RT experiment were
used in place of the cDNA were included. For rat tissues, the exon 35 primer (5'-
CACAGGGGAAGCGTGGCAC-3') and exon 38 primer (5'-GGGCGGTTCGGATCAG-3')
were used to amplify a 351-bp fragment. A final annealing temperature of 50°C was used. For
human templates, the exon 35 primer (5'-GGGAAACCGTGTGATAAGAA-3') and exon 38
primer (5'-GCTGTGCGGATCAGA -3') were used to amplify a 410-bp fragment. The PCR
reaction mix required a Mg2+ concentration of 2 mM, and a final annealing temperature of 53°
C was used.

These amplicons represented the pool of both EFa and EFb cDNA forms. The fragment was
gel-purified (QIAGEN GmbH, Hilden, Germany), cloned into pDrive (QIAGEN GmbH,
Hilden, Germany) or pGEM T Easy (Promega Corp., Wisconsin, USA) and transformed into
E. coli DH10B cells by electroporation. The clones, each carrying an insert of either splice
variant, were identified by blue-white selection and cultured in Luria-Bertani broth with 100
μg/ml of ampicillin in 96-well round-bottomed microtitre plates. A minimum of two plates of
white transformants were collected from each sample.

Mouse EF hand screening were performed with primer pairs, exon 35 primer and exon 37a
primer (5'-GTACATGTCCTTATAGTGAA-3') or exon 37b primer (5'-
ATACATGTCCGGGTAAGGCA-3'), both generating amplicon sizes of 224 bp. The reaction
mix consisted of 50 μM of dNTPs, 50 nM of each primer, 0.3 U of Taq polymerase (Promega
Corp., Wisconsin, USA), 1X PCR Buffer (Promega Corp., Wisconsin, USA), a Mg2+

concentration of 1 μM and 1 μl of culture in a final volume of 12.5 μl. Similar touch-down
cycling profiles were used in which the final annealing temperature was maintained at 51°C
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(for EFa screening) or 54°C (for EFb screening). Rat EFa screening was performed with primer
pairs, exon 35 primer (5'-CACAGGGGAAGCGTGGCAC-3') and exon 37a primer (5'-
GCAAGCAACCCTATGAGGAC-3'), while EFb screening was performed with exon 35
primer (5'-TCCAAAAACCAGAGTGTG-3') and exon 37b primer (5'-
CATGTGTCTCAGCATCTGA-3'). The amplicon sizes were 367 bp and 248 bp respectively.
The reaction mix was similar to that for mouse EF screening, except that a Mg2+ concentration
of 2 μM was used and that a final annealing temperature of 50°C was adopted. Human nested
PCR was performed directly on the clones using an exon 36 primer (5'-
CGTCATCATGGACAACTT-3') and either the exon 37a primer (5'-
ATATTACTCGTAATAAACTG-3'), or the exon 37b primer (5'-
GGGCGGAGACATGTGTCTCA-3'). The amplicons were 154 bp and 175 bp respectively.
The reaction mix was similar except that the Mg2+ concentration used was 2 μM (for EFa
screening) or 1 μM (for EFb screening). The final annealing temperature was maintained at
54°C for both EFa and EFb screening. Appropriate controls were performed for all samples at
both the RT and PCR steps, as mentioned previously.

All PCR products were visualized in 1.5% agarose gel. Only clones that are positive for EFa
and negative for EFb, and vice versa, were taken to be confirmative results. All ambiguous
results were disregarded. We analysed at least one hundred clones per tissue sample to ensure
unbiased quantification. For confirmation, identified clones were randomly selected for DNA
sequencing.

Quantitative restriction analyses
Equal amounts of PCR amplicons from each set of RT reactions were pooled together and
digested with Not I (Roche Diagnostics GmbH, Mannheim, Germany) and Sph I (Roche
Diagnostics GmbH, Mannheim, Germany), which diagnostically cut rat and mouse exons 37a
and 37b respectively. For human exon 37a, Bsr GI (New England Biolabs, Inc., Massachusetts,
USA) was used. Digestions were performed in total reaction volumes of 20μl at 37°C for 4
hrs. The products were visualized in 1.5% agarose gel.

RESULTS
Our objective was to quantify the relative amounts of the two splice variants of the EF hand.
To ensure that the final quantitative method of PCR colony screening was unbiased, we first
validated the PCR amplification method used by performing relevant controls.

Implementation of stringent controls and elimination of PCR bias
To eliminate the possibility of skewed results due to contamination, proper controls were
implemented during the RT-PCR step. For every RT step, we included a duplicate reaction
mix whereby the reverse transcriptase was omitted. Both were then used as templates for the
subsequent PCR reactions, together with a third PCR mix with water as the template as a check
for reagent contamination (see Suppl. Fig. 1).

Prior to analyzing brain tissue samples, we also needed to ensure that there is no PCR bias
during amplification, although this method of colony PCR screening had been adopted by
various groups (Welling et al., 1997,Regan et al., 2000,Soong et al., 2002,Chaudhuri et al.,
2004,Splawski et al., 2004,Fan et al., 2005). Our previous studies had also demonstrated good
correlation between the colony screening data from clones containing human cerebellum full-
length (Soong et al., 2002) or smaller amplicons (Chaudhuri et al., 2004) indicating that PCR
bias is minimal or unlikely. We performed controls using designated amounts of plasmids
measured by spectrophotometry and inspected visually on agarose gel. The PCR amplicons
were cloned into TA vector and colonies were picked, grown in 96-well plates, and screened
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by colony PCR. Positive EFa and EFb clones were included in every 96-well plate as controls.
Fig. 1 shows that the screening data corresponds to the relative proportion of EFa/b splice
isoforms used. When the EFa:EFb ratio was 1:10, 9.6% of the 218 clones screened were EFa
clones. Similarly, 9.6% of the 167 clones screened were EFb clones when the EFa/EFb ratio
was 10:1. The percentage of the EFa and EFb clones were 47.6% and 52.4% respectively when
a 1:1 ratio of both templates was used.

Developmental switch from predominant EFb to EFa splice variants in mouse whole brain
and cerebellum

We had previously looked at the EF hand splice variation in human whole and different brain
regions (Chaudhuri et al., 2004). To assess the profiles in rodents, we assayed mouse
cerebellum samples of different developmental ages. Due to the immature development of the
brain during the embryonal and early postnatal stages, we used whole brains for screening. We
first adopted the method of restriction endonuclease assays of the RT-PCR products. Digestions
of exon 37a by Not I and exon 37b by Sph I provided a semi-quantitative profile of the postnatal
developmental switch from predominant EFb to EFa splice variant expression, specifically
between 5 to 7 days postnatal (P5-P7) (Fig. 2A). The colony PCR screening method, which is
quantitative, clearly confirmed this postnatal developmental switch at exactly the same time
point (Fig. 2B), with a drastic decrease in EFb expression from 92.1% on P5 to 35.3% on P7.
Notably, EFa expression predominates at 97.8% even at an older age of 9 months (Fig. 2B).
To investigate if gender bias existed, we also analyzed two 8-week old and one 11-week old
female mouse cerebellum samples. From Fig. 2C, the extensive digestion by Not I (N) and
much less digestion by Sph I (S) indicated that EFa expression was predominant in adult female
mouse brain. Hence, we can deduce that gender differences do not affect EF-hand alternative
splicing in mice.

Rat and mouse exhibit similar EF hand developmental switch during the early postnatal days;
EFa predominant expression extends to old age

While the data from mice provided an interesting insight into the developmental expression
profile, we were also interested to investigate the expression profile during aging. To cover a
sufficient spectrum that reflects upon all the developmental stages extending till old age
(Coleman et al., 2004,Coleman, 2004), we harvested cerebellum tissues ranging from postnatal
Wistar rats to 30-month old F344 rats, the latter being an established model for aging study.
Likewise, we quantified the amount the EFa and EFb transcripts in rat cerebellar tissues by
adopting a combination of restriction analyses and PCR colony screening (Fig. 3). The early
postnatal samples (P1, P3, P5, P7, P9) express predominantly EFb splice forms (Fig. 3A). The
reverse occurs from P21 onwards whereby EFa expression is much more elevated over EFb
expression. This is consistent with previous observation made by two previous studies (Vigues
et al., 2002,Chaudhuri et al., 2005). The colony PCR method confirmed EFa as the predominant
splice form in all adult age groups of F344 rats from 1 month to 30 months, including a 2-
month old female rat cerebellum (Fig. 3B). EFa expression ranges from 81% to 92.9%.
Therefore, both rat and mice exhibit a significant EFa switch within the first two weeks of their
lives and high EFa expression persisted throughout adulthood. Like mice, gender differences
do not seemingly affect the predominant EFa expression during adulthood.

Gender-specific differential expression of EF hand splice variants in the human cerebellum;
poor correlation between human and rat data in aging

Having validated the colony PCR screening method, we adopted it for the analysis of the
relative expression of either splice variant in individual human cerebellum tissues, an extension
of our previous work on human brain (Chaudhuri et al., 2004). As our previous data was based
on pooled cDNA collected from individuals over a range of ages, it only provided an overall
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spatial expression profile. As such we were unable to analyze the EF splice variant expression
temporally and especially in human aging. Here, the human male cerebellar tissues (Fig. 4A)
demonstrated a switch from predominant EFa expression at 16 and 30 years of age, to a
predominant EFb expression after 40 years of age. This display of EFb predominance extended
even to the age of 93. In the female cerebellar tissues (Fig. 4B), EFb was the predominant splice
isoform in the female cerebellum samples from ages 24 to 93, ranging from 71.2 to 98.1%.
Therefore, an obvious phenomenon of the aging human cerebellum was sustained elevated
EFb expression. This is distinctly different from the rodent data, whereby EFa expression
remained predominant at old age, and gender bias did not seemingly exist. It is noteworthy to
point out that our previous work has shown that human fetal brains expressed high levels of
EFb, although we could not determine the point in time in early human development for the
switch to high EFa expression.

Expression of EF hand splice variants in the frontal cortex, temporal lobe and substantia
nigra

P/Q-type calcium channels are expressed in many brain regions. For a broader perspective, we
quantified the expression of the two splice variants from the other brain regions, such as the
frontal cortex, temporal lobe and substantia nigra (Fig. 5). In particular, the data of the frontal
cortex of four human subjects were of special interest to us (Fig. 5A). EFa expression was
increased as age increases in both male and female samples, a trend clearly in contrast to that
observed in human cerebellum. This may be an area of interest for further investigations. As
for the temporal lobe and substantia nigra (Fig. 5B, C), varying relative expression levels of
either splice form were exhibited though there was a hint of higher EFa expression early in the
first three decades of life. It is premature to deduce the trend across gender and age due to the
small numbers of tissues available, except for the trend that EFb expression appeared to be
higher in females.

We cannot ensure that each human brain sample is an absolute representation of that specific
age group and gender, and there are legitimate considerations on the variability of the
conditions under which these human brains were harvested. Nonetheless, we strive here to
reveal a general trend in which future studies can be designed for the elucidation of EF hand
splice variant regulation in relation to the specific roles of their encoded channels.

DISCUSSION
This report highlights major differences in the spatial or temporal distribution of mutually-
exclusive exons 37a/b of the Cav2.1 calcium channels in human and rodent brains. A conserved
mechanism is the predominant EFb expression in early brain development. While a major
switch to EFa expression occurs 1-2 weeks after birth in rodents, this switch could not be
determined in early development of human because of the lack of brain tissues at the earlier
ages. On the other hand, while there is no age- or gender-dependence of switch to predominant
EFa expression later in life in rodents, a more complex regulation in the selection of exons 37a/
b in the adult brain is evident in human. There is certainly a second phase switch from
predominant EFa to EFb expression. This high EFb expression in the cerebellum persists to
old age in both gender. The reverse trend of EFa up-regulation seems to occur in the frontal
cortex of older humans. This report therefore exemplifies the importance of validating results
obtained in animal model with the patterns of expression in human. It is also points to the
complexity in the regulation of alternative splicing to diversify Cav2.1 channel function over
time and in different brain regions.

The human male cerebellar tissues show an interesting switch from a non-facilitative to a
facilitative form during adulthood, between thirty and forty years of age. Due to limitations of
sample availability, we are not able to assess the developmental switch from fetal to adult form
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as demonstrated by our previous data derived from whole brain cDNA libraries (Chaudhuri et
al., 2004). Nonetheless, based on existing data, there are possibly two EF hand switches in a
human male's lifetime, the first during the fetal or postnatal stage, and the second during
adulthood. Our study also concludes that EFb was the predominant splice isoform in the female
cerebellum samples from ages 24 to 93. Collectively, our data in this study definitely shows
the phenomenon of regulated differential splicing of the EF hand possibly tailored for specific
physiological purposes. These archive tissues provided important information on the EFb form
being highly expressed in the process of aging.

Alternative splicing events have been documented to occur more frequently in transcripts from
genes expressed in functionally complex tissues with diverse cell types such as the brain
(Modrek et al., 2001,Johnson et al., 2003,Yeo et al., 2004). Taking into consideration that
Cav2.1 calcium channels are critically localized in various regions of the brain, especially in
Purkinje neurons, their importance in mediating neurotransmitter release at presynaptic
terminals, it is predictable that they may play a possible role in synaptic efficacy changes in
the cerebellar cortex such as long-term potentiation (LTP) (Salin et al., 1996,Linden, 1997),
long term depression (LTD) (Ito, 2001), and more recently, short-term potentiation (STP)
(Goto et al., 2006). Since lobe-specific CaM-mediated CDF is a property that has been observed
only in the Cav2.1 calcium channels so far (Liang et al., 2003,Inchauspe et al., 2004), the
differential expression of the EF hand splice variants is likely to be significant. The repertoire
of splice variants of the P/Q-type calcium channel have been shown to display subtle
differences in electrophysiological properties (Bourinet et al., 1999,Soong et al., 2002), but
coupled with a differential distribution profile across different brain regions or ages, we will
be able to relate the expression of certain splice variants to the specific neurobiology of synaptic
functions. Although the impact of lack of CDF in channels expressing EFb is currently
unknown, there may be implications in the up-regulation of a predominantly facilitative EFa
form and distinct subcellular localizations of each form (Chaudhuri et al., 2005) taking into
account the following neurophysiological processes.

Key developments occur in the cerebellum in the first two to three weeks of life in rodents, a
restricted time-frame of the critical period where activity-dependent synapse refinement takes
place. In particular, by P14 to P21, pruning of multiple climbing fibres (CF) innervations
leading to a one-to-one relationship of CF to PC (Purkinje cell) is attained (Kakizawa et al.,
2000,Miyazaki et al., 2004,Scelfo and Strata, 2005), and Cav2.1 calcium channels have been
recently found to regulate such synaptic competition on developing cerebellar PCs (Miyazaki
et al., 2004). In the brain as a whole, the 2-3 week postnatal period coincides with the onset of
obvious pathology in Cav2.1 α1A knockout mice (Jun et al., 1999,Fletcher et al., 2001,Urbano
et al., 2003,Miyazaki et al., 2004,Piedras-Renteria et al., 2004) as well as the overall up-
regulation of EFa channels. Another possibility is the increasing prominence in the role played
by P/Q-type channels only in the second week after birth (Iwasaki and Takahashi, 1998). A
later study also showed that the initial Ca2+ currents directly recorded from the auditory
calyceal presynaptic terminals were N-, P/Q-, and R-types at postnatal day 7 (P7) to P10, but
P/Q-type Ca2+ currents dominate at P13 (Iwasaki et al., 2000). Collectively, these observations
may indicate a lack of need for more extensive signalling across developing synapse in the
early postnatal days, or conversely, optimised adaptations for dendritic development and
synaptogenesis after the first 2 to 3 weeks of life. The difference in the switching time points
in mice and rat can possibly be correlated to the different time-courses in architectural
development of the different rodent cerebellum (Altman, 1972,Inouye and Murakami, 1980).

To focus on the differential expression of the EF hand, we have disregarded clones that do not
carry either splice variant of exon 37. Some previous studies have documented the absence of
exon 37 in rodents (Ligon et al., 1998,Vigues et al., 1998) and we have also detected such
splice variation in human cerebellum (unpublished data). The physiological importance of
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regulating the expression of Cav2.1 channels lacking exon 37 in development or in normal
neuronal function is unknown and requires further experiments.

While EFa channels have been defined as the facilitative form, it is also important to consider
another level of regulation - the synergistic effects of expression of splice variants of two exons.
Our previous study (Chaudhuri et al., 2004) demonstrated that in heterologous expression
system, while CDF is abolished when exon 37b is co-expressed with exon 47, a modest level
of facilitation can be observed when this exon is co-expressed within the truncated splice
variant (Δ47). Thus, even at old age, these channels may still exhibit CDF if exon Δ47 is
expressed with exon 37b. This provides another mode of regulation. However, while CDF
manifested by EFa channels is modulated by local Ca2+ influx, CDF manifested by EFb/ Δ47
channels is driven by elevations in global Ca2+ influx. Hence, EFa channels are unlikely to be
affected by a number of known interacting partners like Ca2+-sensing molecules such as
calcium binding protein (CaBP) and Visinin-like protein-2 (VILIP-2) (Lee et al., 2002,Few et
al., 2005,Lautermilch et al., 2005). In the rat and mouse cerebellar Cav2.1 channels, at least
two exon 47 splice variants have each been identified other than the Δ47 splice variant
(Tsunemi et al., 2002,Kanumilli et al., 2006). However, due to the limited amino acid homology
of these rodent exon 47 splice variants to the reported human exon 47, it is difficult therefore
to predict if the inclusion of these rodent exons 47 would affect CDF in the EFb channels.

In this study the data obtained from aged rodents did not correlate with the aged human data.
A switch to a predominant expression of the EFb splice variant was not observed even in 30-
month old rats. For both rats and mice, the EFa splice variant seemed to be the main isoform
after the developmental switch within 10 days postnatal. This should be taken into account
when aging studies are designed for knockout or transgenic mice experiments. In fact, a
considerable number of mouse models had been shown not to replicate human disease
phenotypes or histopathology related to aging, such as those constructed for the study of
Parkinson's disease and Alzheimer's disease (Gotz et al., 2004,Fleming et al., 2005).

Differential expression levels of splice variants had been shown to hold key implications in
the pathophysiology. In the Cav2.1 calcium channels, transcripts of splice variants α1A-a and
α1A-b exhibit a complex and specific spatio-temporal pattern following induced seizures,
indicating that such regulations may represent protective mechanisms against brain injury after
epileptic seizure attacks (Vigues et al., 1999). Timothy syndrome, a recently described multi-
organ dysfunction, is caused by a point mutation within the exons 8 and 8a of the Cav1.2 (L-
type) α1C calcium channel gene (Splawski et al., 2004,Splawski et al., 2005). These two
mutually-exclusive exons are necessary for the expression of a functional channel, and the
disease severity in cardiac arrhythmias correlates with the expression levels of exon 8a carrying
the mutation. From a developmental point of view, splice variant regulation is important in the
tissue/ organ development and normal physiological processes (Brocke et al., 1995,Kuppers
et al., 2000,Muro et al., 2003,Thakur and Mani, 2005). In the neuronal context, alternative
splicing determines the cell-specific expression of ion channel splice isoforms in various
voltage-gated ion channels (Fettiplace and Fuchs, 1999,Baranauskas et al., 2003,Bell et al.,
2004,Kanumilli et al., 2006), modifies synaptic strength through differential expression of
calcium channels, various neuronal receptors and synaptic proteins (Lipscombe, 2005).

Calcium is a key signalling molecule involved in a wide array of biological functions. The tight
regulation revolving around neuronal calcium levels in presynaptic terminals and Ca2+ sensors
such as CaM ensures a versatile and highly adaptable nervous system. With such conserved
alternative splicing of exon 37 across mouse, rat and human brains and the likelihood of
strongly enriched splicing regulatory elements (Yeo et al., 2005), the creation of the exonic EF
hand knockout mouse models will be pivotal in the unveiling of the roles of the splice variants
in relation to their differential localizations in the brain. With time, the elucidation of the
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regulation of these splice variants will lead to deeper understanding of the intricacies of
synaptogenesis and synaptic signaling.
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Fig 1.
Validation of colony PCR screening method. Using a mixture of defined amounts of linearized
EFa and EFb DNA as the PCR template, colony PCR screening was performed. The bar graphs
(of tabulated clones) validated the reliability of the colony screening method with expected
relative percentages of EFa and EFb clones.
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Fig 2.
Quantitation of EF hand splice variants in mouse brain samples. (A) Restriction profiles of the
RT-PCR amplicons in 1.5% agarose showing the developmental switch between postnatal day
5 and 7. Not I and Sph I restrict exon 37a and 37b respectively as represented in the two
uppermost cDNA diagrams. The sizes are compared against the 100bp ladder (i) Not I digestion
showing increasing amounts of digested EFa fragments after P5. (ii) Sph I digestion showing
the corresponding decreasing amounts of digested EFb fragments. (B) Quantitation results by
colony PCR screening are presented as bar graphs. The percentage of EFa expression in bar
graphs is expressed in white while that of EFb is expressed in black. The numbers in
parenthesises above each bar indicate the number of colonies screened. (C) Restriction profiles

Chang et al. Page 14

Neuroscience. Author manuscript; available in PMC 2007 September 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of the RT-PCR amplicons of female mouse cerebellum tissues shows no gender bias in EFa
predominant expression in adult mice. U: uncut fragment; N: Not I digestion; S: Sph I digestion
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Fig 3.
Quantitation of EF hand splice variants in rat cerebellar samples. (A) Restriction profile of the
RT-PCR amplicons showing the developmental switch. Not I and Sph I restrict exon 37a and
37b respectively as represented in the two uppermost cDNA diagrams. (i) Not I digestion
showing increasing amounts of digested EFa fragments over development. (ii) Sph I digestion
showing the corresponding decreasing amounts of digested EFb fragments over development.
(B) The percentage of EFa expression in bar graphs is expressed in white while that of EFb is
expressed in black. The numbers in parenthesises above each bar indicate the number of
colonies screened. The inclusion of the data of one adult female rat revealed no gender bias in
EF hand expression.
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Fig 4.
Quantitation of exon 37 splice variants in human male (A) and female (B) cerebellar samples.
The percentage of EFa expression in bar graphs is expressed in white while that of EFb is
expressed in black. The numbers in parenthesises above each bar indicate the number of
colonies screened. A switch from predominant EFa to predominant EFb expression was
observed in males between 30 to 40 years old. Such a switch was absent in the females, whereby
EFb expression predominated from 24 to 93 years of age.
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Fig 5.
Differential distribution of EF hand splice variants in human frontal cortex (A), temporal lobe
(B) and substantia nigra (C). In contrast to the cerebellum, EFa expression in the frontal cortex
increased with age in both the male and female samples. For both the temporal lobe and
substantia nigra, there was seemingly higher EFa expression in the first three decades of life
although varying relative expression levels were exhibited.
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