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Introduction

T-type or low-voltage activated Ca2� currents are detected in a
variety of smooth muscle cells including gastrointestinal, vascular,
myometrial and genito-urinary tract myocytes [1–4] where they
are nearly always co-expressed with the L-type, high-voltage 
activated Ca2� currents. Unlike L-type Ca2� currents, the physio-
logical roles of T-type Ca2� currents are not clear although several
studies have implicated these currents in regulation of rhythmic
oscillations of membrane potential and control of myocyte proli-
feration during vascular development and remodelling [2].

The presence of low-voltage-activated, Ca2�-permeable ionic
conductances in cells from the external muscle layers of gastroin-
testinal smooth muscles has been reported in smooth muscle
cells from the mouse colon [5], guinea pig taenia coli [6, 7], rat
colon [3] and human colon [4] as well as interstitial cells of Cajal
(ICC) from dog colon [8] and mouse colon and small intestine [9].
Many of these studies have identified the conductance as a T-type
Ca2� current [3, 4, 6, 7], and some of the other currents recorded
in colonic myocytes have T-type properties [8, 9]. The physio-
logical role of T-type Ca2� currents in gastrointestinal myocytes
has not been determined.

Data that do not support the presence of T-type Ca2� channels
in myocytes come from studies showing that inward Ca2� perme-
able conductances recorded in myocytes from mouse colon are
not as selective for Ca2� as expected for T-type Ca2� channels or
are impermeable to Ba2�. These data are consistent with the pres-
ence of an unclassified non-selective cation conductance in mouse
colonic myocytes [5].
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Abstract

T-type Ca2� currents have been detected in cells from the external muscular layers of gastrointestinal smooth muscles and appear to
contribute to the generation of pacemaker potentials in interstitial cells of Cajal from those tissues. However, the Ca2� channel � sub-
unit responsible for these currents has not been determined. We established that the � subunit of the �1H Ca2� channel is expressed in
single myocytes and interstitial cells of Cajal using reverse transcription and polymerase chain reaction from whole tissue, laser capture
microdissected tissue and single cells isolated from the mouse jejunum. Whole-cell voltage clamp recordings demonstrated that a
nifedipine and Cd2� resistant, mibefradil-sensitive current is present in myocytes dissociated from the jejunum. Electrical recordings
from the circular muscle layer demonstrated that mibefradil reduced the frequency and initial rate of rise of the electrical slow wave.
Gene targeted knockout of both alleles of the cacna1h gene, which encodes the �1H Ca2� channel subunit, resulted in embryonic lethal-
ity because of death of the homozygous knockouts prior to E13.5 days in utero. We conclude that a channel with the pharmacological
and molecular characteristics of the �1H Ca2� channel subunit is expressed in interstitial cells of Cajal and myocytes from the mouse
jejunum, and that ionic conductances through the �1H Ca2� channel contribute to the upstroke of the pacemaker potential. Furthermore,
the survival of mice that do not express the �1H Ca2� channel protein is dependent on the genetic background and targeting approach
used to generate the knockout mice.
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Together with enteric nerves and myocytes, interstitial cells of
Cajal (ICC) are required for normal gastrointestinal motility [10].
ICC generate the electrical slow wave; an oscillation in membrane
potential that is required for normal phasic contractions of gas-
trointestinal smooth muscles [11, 12] and a role for T-type Ca2�

currents in the generation of slow waves has been proposed.
Normal slow wave activity results from Ca2� influx through
plasma membrane ion channels, Ca2� release from inositol 1,4,5-
trisphosphate sensitive Ca2� stores, and re-polarization depen-
dent on a variety of ion channel types including non-selective cation
channels and/or Ca2� activated Cl� channels [13, 14]. The Ca2�

influx that contributes to the upstroke of the electrical slow wave
is sensitive to block by agents that alter T�type Ca2� channel
activity. Intracellular recordings from the external muscle layers of
mouse small intestine [15] indicate that a nifedipine-insensitive,
Ca2�-permeable conductance is responsible for Ca2� influx dur-
ing the electrical slow wave. In submucosal ICC from mouse
colon, Ni2� (10–100 �M) and mibefradil (3 �M) application
resulted in a reduced rate of rise of the upstroke of the electrical
slow wave [16, 17]. Detailed analysis of the pacemaker potentials
and electrical slow waves recorded by impaling ICC and smooth
muscle cells in mouse small intestine showed that mibefradil 
(� 10 �M) reduced the rate of rise of the upstroke depolarization
because of failure to entrain unitary potentials recorded from 
ICC [18]. Experiments using imaging of intracellular Ca2� transients
to follow pacemaker activity in myenteric ICC of human [19] and
mouse [20] small intestine, demonstrated that the upstroke phase
of the transient depends on activation of dihydropyridine-resistant
Ca2� influx. In mouse ileum, this Ca2� influx was blocked by low
concentrations of mibefradil (0.1 �M) and Ni2� (100 �M) [20]
whereas in human small intestine [19], higher concentrations of
mibefradil (10–50 �M) were required to inhibit the Ca2� influx.
These observations indicate that the conductance responsible for
the upstroke of the slow wave is probably a T-type Ca2� current in
mouse but could be because of a different conductance in ICC of
the human small intestine [21].

The genes that encode three types of T-type Ca2� channels
have been cloned from mouse and human tissue. These proteins,
Cav3.1, Cav3.2 and Cav3.3 (or �1G, �1H, and �1I, respectively)
have the properties of T-type Ca2� channels in heterologous
expression systems [22]. The messenger RNA (mRNA) for all
three T-type Ca2� channels have been identified in mouse small
intestine by PCR but ICC of the deep muscular plexus (ICC-DMP)
do not express any T-type Ca2� channel mRNA [23]. In mouse
colonic myocytes, �1G complementary DNA (cDNA) could not be
amplified by reverse transcriptase polymerase chain reaction 
(RT-PCR) [5].

For this study, we have further investigated whether T-type
Ca2� currents play a role in the electrical properties of the mouse
jejunum based on the increased knowledge of the physiological
and pharmacological properties of the T-type Ca2� current. We
have identified the T-type Ca2� channel mRNA that is expressed in
myocytes and in ICC from the external muscle layers as �1H and
we attempted to study the effect of knocking out expression of this
gene by gene-targeted mutagenesis.

Materials and methods

The Institutional Animal Care and Use Committee at Mayo Clinic,
Rochester approved all animal handling procedures.

Harvest of tissue

Adult mice were killed by CO2 inhalation followed by cervical dislocation.
The small intestine was then rapidly removed and a 1–2 cm segment was
rapidly frozen in liquid nitrogen to be cut into sections for laser capture
microdissection. For RNA isolation, a longer 8–15 cm segment of jejunum
was removed and placed in ice-cold, sterile Hanks balanced salt solution.
The external muscle coat was rapidly peeled away from the mucosa and
immediately placed in RNA later (Ambion Inc., Austin, TX, USA) for trans-
fer to the molecular biology lab. For intracellular electrical recordings, a
segment of small intestine wall, approximately 6 cm from the pylorus, was
removed and placed in pre-oxygenated, normal Krebs solution at room
temperature.

RNA isolation and reverse transcription and PCR
amplification of cDNA

RNA was isolated from the external muscle coat of the adult mouse
jejunum immediately after dissection as described previously for isolation
of RNA from human jejunum smooth muscle [24].

Reverse-transcription PCR (RT-PCR)

PCR amplifications were performed using GeneAmp 2400 PCR
Systems (PE Biosystems, Foster City, CA, USA) or icycler (Bio-Rad,
Hercules, CA, USA) using standard procedures as previously published [24].
Reverse transcription (RT) was performed using a mixture of random
hexamer and oligo dT primers following the instructions of the manu-
facturer (PE Biosystems). The product of the RT reaction was then
amplified for T-type Ca2� channel � subunits using gene specific
primers that were specifically designed to flank regions containing
introns in the genomic sequence (see Table 1 for details). All PCR prod-
ucts were purified and sent to the Mayo Molecular Core Facility for
automated DNA sequencing.

Laser capture microdissection (LCM)

Sections of mouse jejunum, 6 �m thick, were mounted on glass slides and
fixed in ice-cold acetone according to the protocol described previously [24].
A number of spots of tissue containing about 1500 smooth muscle cells
from the circular muscle layer or the longitudinal muscle layer were 
collected using the PIX II Cell LCM system (Arcturus Engineering Inc.,
Santa Clara, CA, USA) with the 7.5-�m spot size. The caps with collected
cells were then immediately placed into sterile 0.5 ml microcentrifuge
tubes containing 300 �l RNA STAT-60 reagent (Tel-TEST Inc.,
Friendswood, TX, USA) for isolation of total RNA. After washing with 75%
ethanol, the RNA pellet was resuspended in nuclease-free water (Ambion
Inc.) and used for the RT-PCR.
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Single cell PCR amplification from identified ICC

Single ICC from 3- to 5-day-old mice were obtained as previously
described [25] from a dissociation of jejunal smooth muscle that had been
immunolabelled with an antibody directly conjugated to the fluorophore
Alexa 546 (Invitrogen). 3–5 labelled cells and 3–5 un-labelled, spindle-
shaped cells were collected using a glass pipette and placed into an RNAse
free tube. A sample of bath solution was collected as a negative control
against possible contamination. RNA was extracted then reverse tran-
scribed using the ViLo Superscript III kit from Invitrogen. The cDNA was
then probed for the presence of the �1H Ca2� channel transcript and c-Kit
by two-step nested PCR using the primers shown in Table 1.

Generation of gene targeted knockout mice

Mice targeted for the knockout of the gene for the �1H Ca2� channel sub-
unit by targeting the Cacna1h gene. The targeting vector was transfected
into Lex-1 ES cells derived from 129SvEvBrd mice (Lexicon, The
Woodlands, TX, USA) and the resulting clones were screened by PCR.
Positively identified clones were injected into C57Bl/6 blastocysts and
chimeric animals were bred to homozygosity.

Genotyping

Genotyping was done by Southern analysis using a probe (XP1) generated
by PCR from genomic DNA. The genomic DNA was obtained from tails of
the mice extracted using the Tissue Direct™ multiplex PCR system
(GenScript, Piscataway, NJ, USA). EcoRI was used to digest 10 �g of the
genomic DNA for Southern blotting. The probe recognized a 11-kb fragment
of wild-type DNA and a 9.5-kb fragment of DNA from the targeted allele.

PCR genotyping was also used to distinguish the wild-type and tar-
geted alleles. The primers JLR5 and JLR6 were used to identify a 487
nucleotide band in the wild-type alleles and primers Puro3a and KO37
identified a 520 nucleotide band in the knockout allele (see Table 1 for
primer sequences).

Intracellular electrical recordings

The segments of small intestine were opened along the anti-mesenteric
border and transferred to a Petri dish filled with fresh oxygenated normal
Krebs solution. The mucosa was removed under direct vision by using a
binocular microscope and muscle strips (5 � 8 mm) were cut with the
long axis parallel to the longitudinal muscle layer. Muscle strips were
placed in a recording chamber and pinned with the serosal side down to a
Sylgard-coated floor. The recording chamber had a volume of 1 ml and was
perfused continuously with oxygenized normal Krebs solution at 37�C at a
rate of 2 ml/min. The composition of the solution was (in mM) 137.4 Na�,
5.9 K�, 2.5 Ca2�, 1.2 Mg2�, 124 Cl�, 15.5 HCO3

�, 1.2 H2PO4
�, and 11.5

glucose. It was continuously bubbled with 97% O2, 3% CO2, and main-
tained at pH 7.4.

Sharp glass microelectrodes filled with 3 M KCl (with input resistances
ranging from 40 to 70 M	) were used to record intracellularly the mem-
brane potential of smooth muscle cells. Approximately 30 min. before
recording, 1 �M nifedipine was added to reduce contractile activity of the
muscle strip thereby facilitating long-term recordings from single cells.
Recorded signals were amplified through an amplifier (Intra 767, WPI),
digitized (Digidata 1322A, Axon Instruments), analyzed, and stored in a
computer. When spontaneous electrical slow waves occurred, the mem-
brane potential recorded between slow waves was considered the resting
membrane potential (RMP). The time constant was measured as the time
from the point at which the slow wave started to rise to the point the mem-
brane potential reaches 63% of the maximum amplitude of the slow wave
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Target (Primer name) Forward primer Reverse primer Expected size (bp)

PCR Primers

Alpha 1H (YP1) GCATGGCCTTCCTCACGTTGTT GTGTAGTCTGGGATGCCGTCTT 697

(YP2) TGCCGGTGGTGCCAAGATCCTA GGCGCGTGTGTGAATAGTCTGC 628

Alpha 1G CTACGGTCCCTTCGGCTACATT TCCACTCGTATCTTCCCGTTTG 531

Alpha 1I CTGTTTAGTCTGCGTGGGCTG CTAACCCAGACCCTCTCAGTC 608

Single cell PCR primers

Alpha 1H (Outer) CTTCTTGCGGCCATACTACC CTGGTTTTCCCTCTGCTTTG 475

Alpha 1H (Inner) TCACAATGGTGCCATCAACT CTGGTTTTCCCTCTGCTTTG 232

Kit (Outer) ATTATGAACGCCAGGAGACG GAATCCCTCTGCCACACACT 497

Kit (Inner) TACGAGGCCTACCCCAAACC CTCTGCCACACACTGGAGCA 285

Genotyping primers

Wild Type AGGAGAGGCACTTACTGG TAGGTATCAAGGACTGTGAGG 487

Knockout CGCAAGCCCGGTGCCTGA CCCTGTCCTGAGTAGAACTG 520

Table 1Q3
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cycle. Values are reported as mean 
 standard error (SEM). The Student’s
t-test was used to compare mean slow wave frequency in control condi-
tions and during drug treatment. A P-value � 0.05 was considered a sig-
nificant difference.

Whole-cell voltage clamp recordings

Currents were recorded from voltage clamped cells at 22�C using standard
whole-cell techniques [26, 27]. Microelectrodes were pulled from Kimble
KG-12 glass on a P-97 puller (Sutter Instruments, Novato, CA, USA).
Electrodes coated with R6101 (Dow Corning, Midland, MI, USA) were fire-
polished to a final resistance of 3–5 M	. Currents were amplified, digitized
and processed using an Axopatch 200B amplifier, Digidata 1322A, and
pCLAMP 9.2 software (Axon Instruments). Whole-cell records were sam-
pled at 10 kHz and filtered at 4 kHz with an 8-pole Bessel filter. During
analysis, the 0.1 ms (10 Hz) sampling interval of whole-cell records was
decimated 10-fold down to 1 ms (1 kHz). And 70–85% series resistance
compensation with a lag of 60 �s was applied during each recording.
Freshly dissociated mouse intestinal smooth cells were held at a potential
of –100 mV and stepped from –80 to 35 mV in 5 mV intervals for 400 ms.
The start-to-start time was 516 ms.

Drug and solutions

The intracellular solution contained (in mM) 130 Cs�, 125 methanesul-
fonate, 20 Cl�, 5 Na�, 5 Mg2�, 5 HEPES, 2 EGTA, 2.5 ATP, and 0.1 GTP,
equilibrated to pH 7.0 (CsOH) with an osmolality 300 mmol/kg. Barium
currents were recorded in an extracellular solution containing (in mM) 80
Ba2�, 160 Cl�, and 5 HEPES, equilibrated to pH 7.35 (BaOH) and osmolal-
ity 297 mmol/kg (98.8 mM D-mannitol). To block L-type Ca2� channels,
extracellular solutions were replaced with the same solution additionally
containing nifedipine (1 �M, 1:10,000 ethanol:water) and/or CdCl2
(30 �M). Mibefradil (2.7 �M) was used to block 50% of L-type Ca2� and
90% of T-type Ca2� channel current [28]. Chemicals and drugs were 
purchased from Sigma-Aldrich Co. (St. Louis, MO, USA).

Data analysis

Patch clamp data were analyzed using Clampfit (MDS Inc., Union City, CA,
USA) and SigmaPlot (SPSS Inc., Chicago, IL, USA).

Results

The presence of mRNA for the T-type Ca channel � subunits, �1G,
�1H and �1I was investigated by reverse transcription and PCR of
total RNA derived from the external muscle layers of adult mouse
jejunum. Total RNA purified from mouse hippocampus was used
to provide a positive control for the effectiveness of the primers.
�1G, and �1H mRNA was amplified from the jejunum but although
�1I transcripts were detected in the hippocampal samples, this
was not detected in samples from jejunum (Fig. 1A). The identity

of the products was confirmed by sequencing of the excised, puri-
fied products. We used the same primers to test whether any of
the transcripts were specifically expressed in cells from the circu-
lar smooth muscle layers of the gastric fundus and jejunum by
isolating cells using laser capture micro-dissection. �1H mRNA
was amplified from all of the samples containing cells collected
from the jejunum but the primers for �1G and �1I did not amplify
products of the expected size in any of the jejunal LCM samples
(Fig. 1B). �1H mRNA but not �1I mRNA was also detected in cells
collected from the circular muscle layer of the gastric fundus. The
presence of �1G mRNA in circular smooth muscle from the gastric
fundus was indicated by a faint band in one of the four gastric fun-
dus samples (Fig. 1B). PCR amplification from single cells was
used to further determine whether �1H mRNA could be detected in
smooth muscle cells identified by their spindle shape and in ICC
identified by Kit immunoreactivity. A product that was confirmed
by sequencing to be amplified from �1H mRNA was detected in all
of the tubes (n � 5 tubes) that contained either smooth muscle
cells or Kit-positive ICC (examples shown in Fig. 1C). c-Kit mRNA
was amplified from tubes containing Kit immunoreactive cells but
was not amplified from tubes containing Kit-negative, spindle
shaped cells (Fig. 1C) confirming the identity of the collected cells.
Representative PCR results are shown for a sample containing Kit-
positive cells (S1) and Kit-negative cells (S2) as well as results
from a separate RT-PCR reaction using Kit-positive cells (S3) and
bath solution. A product was not amplified from a tube containing
the bath water.

The presence of �1H transcripts in cells from mouse jejunum
smooth muscle suggested that cells from this region may express
mibefradil-sensitive, nifedipine and Cd2�-resistant T-type Ca2�

channels. To verify this, we did whole-cell voltage clamp record-
ings on freshly dissociated myocytes from the mouse jejunum
(Fig. 2). In the presence of 1 �M nifedipine and 80 mM Ba2�, an
inward current was recorded that was inhibited by more than 90%
with 2.7 �M mibefradil (Fig. 2A). This rapidly inactivating current
activated at –50 mV with a peak inward current at –5 mV 
(Fig. 2A(ii)). Cadmium (30 �M), expected to block L-type but not 
T-type Ca2� channels, did not block the current and this Cd2�-
resistant current was also inhibited by more than 90% with 
2.7 �M mibefradil (Fig. 2B).

The molecular and functional evidence for T-type Ca2� chan-
nels in the mouse jejunum prompted us to investigate whether
inhibitors of T-type Ca2� channels would affect the electrical slow
wave in mouse jejunum. When studying balb/c wild-type mice,
mibefradil, at a concentration that will predominantly block T-type
Ca2� channels (2 �M, [28]), did not completely block the slow
wave. However, the time constant for the rising phase of the elec-
trical slow wave was increased from 0.093 
 0.005 sec. (n � 9
cells from five mice) to 0.171 
 0.015 sec. (n � 10 cells from
three mice, P  0.01) and the frequency of electrical slow waves
was reduced from 0.67 
 0.02 Hz to 0.59 
 0.02 (P  0.05).
Mibefradil had no significant effect on the resting membrane
potential of the impaled smooth muscle cells (–64.7 
 2.9 mV in
control, –69.2 
 2.6 mV in mibefradil, P � 0.26) (Fig. 3).
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Fig. 1 (A) PCR amplification of T-type Ca2� channel � subunit mRNA from the external muscle layers of adult mouse jejunum. Amplification from hip-
pocampal mRNA is shown as a positive control. YP1 and YP2 represent two different primer sets (see Table 1 for details). (B) PCR amplification of T-
type Ca2� channel � subunit mRNA from smooth muscle cells from wild-type (WT) mouse jejunum and fundus that were collected by laser capture
micro-dissection (LCM). (C) Representative PCR amplifications of T-type Ca2� channel � subunit mRNA from single tubes of Kit immunoreactive (Kit-
IR, S1 and S3) and Kit-negative spindle-shaped cells (S2). A sample of the bath solution (BATH) was also collected and subjected to RT-PCR as a neg-
ative control. Primers were designed against the T-type Ca2� channel subunit covering at least one intron to avoid genomic contamination. The specific
products for �1H were amplified by reverse transcription PCR (RT-PCR). J � jejunum; F � fundus, RT � control for genomic contamination, i.e. under-
went RT-PCR in the absence of reverse transcriptase. A 100 bp DNA ladder was loaded and is shown to indicate product size.

Fig. 2 Representative T-type whole-cell currents
recorded in myocytes from the outer muscle
layers of the mouse jejunum. (A) (i) Nifedipine-
resistant, mibefradil-sensitive Ba2� currents, (ii)
Current–voltage relationship for the peak inward
currents show in (A) (i). (B) (i) Mibefradil-sensi-
tive Ba2� currents obtained in the presence of
nifedipine and Cd2�, (ii) Current–voltage rela-
tionship for the peak inward currents shown in
(B) (i). Currents were recorded by stepping the
command voltage from –100 mV to between
–80 and �35 mV in 5 mV steps.
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To further examine the contribution of �1H T-type Ca2� chan-
nel subunits on gastrointestinal smooth muscle function, we
attempted to knock out expression of the functional protein by tar-
geting the gene for �1H, cacna1h. The targeting vector was
designed to disrupt exons 3 to 6 of the genomic sequence as
shown in Fig. 4A. This region corresponds to amino acid residues
138 to 373 in the expressed protein. Southern analysis of genomic
DNA obtained from tails of heterozygous animals and digested
using EcoRI detected an 11 kb wild-type band and a 9.5-kb tar-
geted band when using the external probe XP1, as shown in Fig.
4B. Examples of Southern blots from wild-type and heterozygous
mice are shown in Fig. 4B. Genotyping was also done by PCR
using the primers JLR5 and JLR6 to identify the wild-type allele
and Puro3a and KO37 to identify the knockout allele. Mice het-
erozygous for the knockout allele survived, had no obvious pheno-
type and had no problems with breeding. However, only one
mouse homozygous for the knockout allele was identified by
either PCR or Southern blot as shown in Table 1 (see also Fig. 4B
for examples).

In total, more than 200 adult mice were tested for genotype
without identifying a homozygous knockout animal, so we examined
the proportions of the alleles in mice generated from 10 separate
pairs of heterozygous animals. The proportions of the genotypes
of the mice obtained from breeding heterozygotes (Table 2), 
significantly deviated from the proportions predicted by Hardy
Weinberg principles (P  0.0001, �

2 test) indicating that the
homozygous knockout animals were dying prior to genotyping.
We saw no evidence of pups dying shortly after birth. Therefore,

we reasoned that the homozygous mutant animals were dying in
utero. We tested whether the homozygous knockouts were dying
before birth by mating four heterozygous pairs of mice. The
females were killed at fixed times from the detection of vaginal
plugs and the foetuses removed under sterile conditions. The foe-
tuses were photographed and then tissue from the head was
removed for DNA extraction and genotyping. The proportions of
the genotypes deviated significantly from Hardy Weinberg propor-
tions (P � 0.0015, �2 test) and no foetuses homozygous for the
mutated allele were detected in female mice more than 10.5 days
after the plug was detected (Table 1). However, foetuses homozy-
gous for the knockout allele were detected before embryonic day
10.5 in numbers that did not deviate significantly from Hardy
Weinberg proportions (P �0.05, �2 test, Table 1). The foetuses
did not have anatomical abnormalities that allowed us to distin-
guish between knockout and heterozygous or wild-type animals at
embryonic age 9.5 to 10.5 (Fig. 5). The hearts were beating when
the foetuses were removed and there were no clear neural 
tube defects. However, later during gestation (E17.5 to E19.5)
reabsorbed foetuses were observed in the uteruses removed for
genotyping of the foetuses.

We were unable to obtain more than one mouse that was
homozygous for the knockout allele so we compared the proper-
ties of the electrical slow wave in the circular smooth muscle layer
from the jejunum of four mice heterozygous for the knockout with
the properties in four wild-type siblings. Forty-one cells from het-
erozygous mutant mice and 39 cells from wild-type mice were
studied and no differences were detected in the rate of rise of the
electrical slow wave as (Time constant in heterozygous animals �
0.143 
 0.007 sec, homozygous wild type � 0.139 
 0.006 sec.,
P � 0.05). The electrical slow wave recorded from smooth mus-
cle cells in the jejunum in the one mouse homozygous for knock-
out of the �1H gene appeared abnormal. The slope of the initial rising
phase of the slow wave was lower than usual and the frequency 
of the slow waves was less than half the normal value (0.296 

0.009 Hz, n � 7 cells, Fig. 6 versus 0.67 
 0.02 Hz in 9 cells from
5 balb/c wild-type mice, see above) with no clear difference in the
resting membrane potential of the cells (–56.1 
 2.3 mV, n � 7
cells versus –64.7 
 2.9 mV in 9 cells from 5 balb/c wild-type
mice, see above).

Discussion

Inward cationic conductances that are activated at comparatively
negative membrane potentials ( –30 mV) and that are not selec-
tively permeable, or are permeable to Ca2� or Na�, have been
demonstrated in gastrointestinal smooth muscle cells and intersti-
tial cells of Cajal from many species [3–9, 24, 29]. As a result of
recent pharmacological and technical advances, the biophysical
and molecular identification of these conductances should be pos-
sible but so far few have been definitively identified [24]. In this
study, we have demonstrated the expression of the �1H Ca2�
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Fig. 3 Mibefradil reduces the initial rate of rise and frequency of the elec-
trical slow wave in the circular smooth muscle layer of the mouse
jejunum. (A) Control recording, (B) recording in the presence of 2 �M
mibefradil (C) superimposition of single slow wave cycles to show the
effect of mibefradil.
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channel subunit in the circular smooth muscle layer of the mouse
jejunum and fundus, specifically in myocytes and ICC from the
jejunum. We have also determined that inhibition of T-type Ca2�

currents affects the electrical slow wave in this tissue. We did not

directly record from identified ICC in this article and attempts to
directly determine the contribution of the �1H subunit to gastroin-
testinal function were not successful because of the lethal effects
of knocking out the cacna1h gene, which encodes this protein.

The problems with dissecting out Ca2� currents in myocytes
and ICC are that some of the T-type Ca2� channels are quite resist-
ant to the effect of Ni2� (� 200 �M for �1I and �1G, [30]) and
Ni2� has effects on other Ca2� permeable channels or trans-
porters in the plasma membrane [31–34]. When used at the 
correct concentration, mibefradil is a fairly selective inhibitor of 
T-type Ca2� channels [35] with a 4- to 10-fold higher potency as
an inhibitor of T-type Ca2� channels when compared to its effects
on L-type Ca2� channels and the sodium channel, Nav1.5 [28] but
it is often tested at concentrations that are not selective and its
effects are diminished at positive membrane voltages [36].
Similarly, excluding the other Ca2� permeable conductances in the
cells can be difficult because of the lack of selective inhibitors of
non-selective cation conductances. When L-type Ca2� currents
are present in the cells, these currents can be inhibited by dihy-
dropyridine calcium channel blockers but the effectiveness 
of dihydropyridines is reduced at the more negative membrane
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Fig. 4 Gene targeted knockout of the �1H

Ca2� channel subunit in mice. (A)
Schematic of the wild-type and disrupted
alleles showing the distribution of exons 2
to 8, the location of the key EcoR1 restric-
tion sites for Southern blot analysis. The
location of the binding sites for the
Southern blot probe (XP1) and the
oligonucleotide PCR primers for identify-
ing the wild-type (JLR5 and JLR6) and
disrupted (Puro3a and KO37) alleles are
also shown. A 100 bp DNA ladder was
loaded and is shown to indicate product
size. (B) An example of Southern blot
analysis of the alleles present in the
genomes of four mice is shown together
with PCR confirmation of the genotype
using DNA samples from the same mice.

Post-natal Embryonic age Embryonic age

E17.5 to E19.5 E9.5 to E10.5

Wild type 26 (33%) 3 (16%) 2 (10%)

Heterozygous 54 (66%) 16 (84%) 10 (47%)

Homozygous 1 0 9

Knockout (1%) (0%) (43%)

Number of litters 10 2 2

Table 2 Genotypes of mice resulting from mating of pairs of hetero-
zygous animals
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voltages [37] where the low-voltage activated current is observed,
possibly leading to the erroneous identification of residual L-type
current as a low-voltage activated Ca2� current. In addition dihy-
dropyridines inhibit some T-type Ca2� channels at concentrations
greater than 5 �M [38].

The molecular identification of the �1H subunit in mouse jeju-
nal smooth muscle is consistent with the biophysical and pharma-
cological properties of the low-voltage activated Ca2� selective
conductance reported herein in mouse jejunal myocytes and
recorded by several groups in smooth muscle cells from rat small
intestine [3] as well as myocytes from other gastrointestinal tissue
[3, 6–9]. Specifically, the �1H Ca2� channel subunit is resistant to
inhibition by nifedipine and Cd2� and is blocked by mibefradil at
2.7 �M [35]. Other distinguishing properties of the �1H Ca2�

channel subunit are activation starting at –60 mV and similar rel-
ative selectivity and permeability to Ca2� and Ba2� ions.

None of the previously published studies on the expression of
T-type Ca2� channel � subunits have tested for the presence of
the �1H subunit and none have identified a candidate for the low-
voltage activated cation conductance in myocytes from rodent
circular smooth muscle [5, 23]. In one study, mRNA for the �1G

subunit was not detected in myocytes from mouse colonic circu-
lar muscle [5]. In the other study, the presence was demon-
strated of all three T-type Ca2� channel � subunits in the exter-
nal muscle layers of mouse small intestine but this study did not
determine if myocytes expressed the mRNA for any of the sub-
units. We could not detect the �1I subunit mRNA in our samples
even though the primers worked in our positive control experi-
ment. Three different primer sets were tested for the �1I subunit

and none amplified a product of the expected size (data not
shown). One possible explanation for the amplification of �1H

Ca2� channel mRNA from the circular smooth muscle layer of
the mouse jejunum is that the mRNA came from a cell type other
than the myocytes or ICC. In human myometrium, �1H Ca2�

channel immunoreactivity was detected in lymphocytes but not
smooth muscle cells [1]. This is consistent with a role for T-type
Ca2� channels in the migration of leucocytes [39]. However, the
samples that we collected by laser capture microdissection 
were from histochemically stained sections and were taken from
the circular smooth muscle layer in regions that did not show
evidence of lymphocytic contamination. In addition, the single cells
that we collected were either Kit-immunoreactive or had myocyte
morphology, so we consider it unlikely that this could account
for the results.

The reduction in the rate of rise of the electrical slow wave
recorded in myocytes of mouse jejunum in response to mibefradil
treatment is consistent with an effect of mibefradil on ICC as pre-
viously published in other tissues. The upstroke of electrical slow
waves recorded in mouse small intestine involves Ca2� influx
through a non-L type Ca2� channel [15], Ni2� (1–100 �M)
reduces the rate of rise of slow waves in guinea pig gastric antrum
[40] and the upstroke of pacemaker potentials in mouse ICC
recorded by Ca2� imaging was inhibited by mibefradil (0.1 �M)
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Fig. 5 Foetuses homozygous or heterozygous for the knockout of the
cacna1h gene exhibit no gross abnormalities. (A) Images of foetuses
obtained 9 days after detection of a vaginal plug (E9.5). (B) Results of
PCR genotyping of the foetuses shown. (KO � knockout, wt � wild
type). A 100 bp DNA ladder was loaded and is shown to indicate product
size.

Fig. 6 The initial rate of rise and frequency of the electrical slow wave
recorded in the circular smooth muscle layer of the mouse jejunum are
lower in a mouse homozygous for the �1H knockout. (A) Control record-
ing from a wild-type balb/c mouse, (B) Recording from a homozygous
knockout mouse.
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and Ni2� (100 �M) [20]. These experimental results are further
supported by mathematical models of pacemaker potentials in ICC
that show the necessity for a voltage activated Ca2� current in
order to accurately model the pacemaker potentials. [41].
Interestingly, slowing of the rise time for the electrical slow wave
in mice in mibefradil and Ni2� is similar to the effects of inhibiting
the tetrodotoxin (TTX)-resistant Na� channel, Nav1.5 on the elec-
trical slow wave recorded in circular muscle of human jejunum
[29]. Also, mibefradil and Ni2� do not completely block the
upstroke at concentrations where near complete inhibition of a 
T-type channel is expected [18] suggesting the possibility that
more than one channel type may contribute to the upstroke. These
pharmacological properties also raise the possibility that the
observed current carried by non-L-type Ca2� channels is carried
by T-type-like channels and the possibility that the current is car-
ried by a combination of alpha subunits or a novel T-type alpha
subunit cannot be excluded.

The target for mibefradil is likely the �1H channel subunit iden-
tified in ICC by single cell PCR rather than in smooth muscle
because the electrical slow wave is generated by ICC in the myen-
teric plexus region of the mouse jejunum, where the pacemaker
potential is initiated. As the slow wave is generated by ICC, there
should not be a need for a T-type Ca2� channel to participate in the
generation of the upstroke in smooth muscle cells. It may be that
Ca2� influx through T-type Ca2� channels in myocytes is more
important for functions of Ca2� unrelated to contractility such as
cellular proliferation or migration. In this respect, myocytes from
mouse jejunum are similar to other smooth muscles [2, 42]
although there does appear to be role for �1H Ca2� channel sub-
units in controlling relaxation of coronary smooth muscle [43].

Studies in the mice heterozygous for the knockout of the �1H

Ca2� channel subunit did not provide any further information
because when compared with wild-type litter-mates, there were no
differences in the properties of the electrical slow wave. This indi-
cates that the partial knockout did not have a gene dosing effect.

The lethal effects of knocking out expression of the �1H Ca2�

channel subunit in all but one of the many hundreds of mice stud-
ied were surprising given that another group has successfully 
generated a strain of mice by deletion of exon 6 in the cacna1h

gene [43]. The reported effects of this knockout were cardiac
injury because of coronary artery constriction and reduced body
mass compared to wild-type litter mates. These are both pheno-
types consistent with reduced survival but were clearly not suffi-
cient to prevent survival to maturity of the knockout mice [43]. We
were only able to obtain one adult mouse homozygous for the
knockout allele over a period of 4 years studying these animals
and we conclude that this very low survival rate reflects the
genetic backgrounds of the strain of either embryonic stem cells
or recipient blastocysts [44]. We could not identify the actual
cause of death of the homozygous knockout foetuses but death of
foetuses at ages around E10.5 is associated with cardiovascular
abnormalities (e.g. [45], and this is consistent with both the phe-
notype of the published �1H knockout [43] and the known role of
T-type Ca2� channels in smooth muscle cell growth and prolifer-
ation [2]. Neural tube abnormalities, which also can cause embry-
onic lethality at around E10.5 [46], were not observed.
Interestingly, the rate of rise and frequency of the electrical slow
wave were lower than normal values in recordings from the
jejunum of the one mouse that did survive.

In conclusion, the �1H Ca2� channel subunit is expressed in
myocytes and ICC from the circular muscle layer of mouse
jejunum. A T-type Ca2� current also appears to play a role in the
generation of the upstroke of the electrical slow wave in mouse
tissue and the pharmacological properties of this current are con-
sistent with expression of the �1H Ca2� channel subunit in ICC
contributing to this current. The phenotypic effect of knocking out
the gene for the �1H Ca2� channel subunit is dependent on the
genetic background of the mouse strain used for the construct and
can be embryonic lethal in some mouse strains.
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