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Abstract Low-threshold T-type Ca® channels are distinctive
voltage-operated gates for external Ca™ entry around a resting
membrane potential due to their low voltage activation. These
phenomena have already been extensively studied due to their
relevance in diverse physiological functions. Recently, three T-
type Ca” channel o, subunits were cloned and their biophysical
properties were characterized after expression in matnmalian
expression systems. In this study, o, and o, low-threshold Ca™
channels were expressed and characterized in Xenopus oocytes
after adding 5' and 3' untranslated portions of a Xenopus B
globin to improve their expression levels. The added portions
dramatically enhanced the expression levels of the o, and o, T-
type channels. When currents were recorded in 10 mM Ba®" as
the charge carrier, the activation thresholds were about —60 mV,
peak currents appeared at -20 mV, and the reversal potentials
were between +40 and +45. The activation time constants were
very similar to each other, while the inactivation time constants
of the o, currents were smaller than those of o, Taken together,
the electrophysiological properties of the o, and o channels
expressed in Xenopus oocytes were similar to the previously
reported characteristics of low-threshold Ca* channel currents.
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The activation of voltage-dependent Ca™ channels (VDCCs) by
depolarized membrane potentials allows external Ca” influxes
into cytoplasm. An increased calcium concentration in cytoplasm
plays essential roles in diverse physiological functions,
such as muscle contraction, neurotransmitter release from pre-
synaptic terminals, hormone secretion from endocrine systems,
modulation of enzyme activation, and gene expression [8].

VDCCs can be classified into high voltage-activated
(HVA) Ca” channels and low voltage-activated (LVA) Ca™
channels based on their thresholds for activation. HVA Ca”
channels open in response to potentials higher than -30 mV,
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while LVA Ca* channels initiate opening around resting
membrane potentials of -60 to =70 mV [8, 9; 18]. -

Compared to HVA Ca™ channels, LVA Ca” channels
can be further characterized according to the following
electrophysiological properties: (i) inactivation at lower
voltages, (ii) transient kinetics due to fast inactivation, (iii)
a criss-crossing pattern of traces elicited by a current-voltage
protocol, (iv) slower deactivation detected as a slowly
decaying tail current, (v) tiny single chahnel conductance,
and (vi) high sensitivity to mibefradil [1, 2, 7,16, 17, 18,
20]. Related to their specific characteristics, T-type Ca™
channels can contribute to diverse physiological functions
by triggering a Ca’”" influx under the following conditions:
(1) around resting membrane potentials due to their low
threshold for channel activation, (if) during tail currents of
action potentials due to their slow deactivation processes, and
(iii) after the recovery of T-type channels by hypetpolarization,
such as inhibitory post-synaptic potentials (IPSPs) in thalamus,
which is known as post-anodal exaltation [9, 22].

Until now, seven subtypes of HVA Ca” channel o, subunits
(Olgy Olicy Olipy Ol Oliyy Oligy and ) have been cloned.
Recently, Perez-Reyes and his colleagues cloned and
expressed three members of low-threshold C&” channel o,
subunits (0, Oy, and o). The recorded currents shared
similar b10phys1ca1 and pharmacological propertles with native
T-type Ca’ currents [4, 14, 19]. All threée T-type channels
were expressed in HEK293 cells and their general blophyswal
properties compared [11, 14]. ‘

In this study, the rat o, and the human o, were expressed
in Xenopus oocytes and their currents recorded using the two-
electrode voltage clamp method. The expressed cuirents of the
o, and the o1, channels displayed typical electrophysiological
properties of T-type calcium channel currents. :

MATERIALS AND METHODS
Materials

The cloning of rat o, and human o,,; cDNA was reported
previously [4, 19]. To improve their expression in Xenopus



oocytes, each cDNA was subcloned into pGEM-HEA,
which contained 5' and 3' untranslated portions from a
Xenopus B globin’gene [3, 15]. The rat o, excised from
pSP72 by EcoRV was then blunt-end ligated into pGEM-
HEA which was opened by Smal. To subclone the human
o, cDNA into pGEM-HEA, the o;; cDNA pcDNA3 was
digested with EcoRV and BspEl, then BspEI and Xbal.
Both fragments were ligated into Smal- and Xba I-digested
pGEM-HEA. The female Xenopus laevis was purchased
from Xenopus I (Dexter, MI, U.S.A.). Most chemicals
used in this study were purchased from Sigma (St Louis,
MO, U.S.A).

Expressmn and Electrophysiological Recording of T-
Type Channels
The capped cRNAs were synthesized based on linearized
plasmids using T7 RNA polymerase according to the
manufacturer’s protocol (Ambion, Austin, TX, U.S.A)).
To .synthesize ¢cRNA, the o,,-pGEM-HEA construct . or
the o,-pGEM-HEA construct was linearized with AfI11
or Bfrl. The synthesized cRNAs were then quantlﬁed
spectrophotometrlcally

~ Several ovary lobes were removed surgically from a
female Xenopus laevis anesthetized by 0.1% of an ethyl 3-
aminobenzoate solution. The ovary lobes were transferred
into a Ca*-free OR solution (82.5mM NaCl, 2.5 mM

KCl, 1 mM MgCL, 5 mM N-hydroxyethylpiperazine-N'--
ethanesulfonic acid (HEPES), pH 7.6-adjusted with 1 M

NaOH, autoclaved, then supplemented with gentamicin
sulfate). The lobes were then manually torn into small
clusters of about 10 oocytes. The oocytes were defolliculated
by shaking in a Ca*-free solution containing 2 mg/ml
collagenase (Type IA, Sigma, U.S.A). Defolliculated oocytes
(stage V-VI) in good condition were manually selected
under a microscope and then incubated in an SOS solution
(100 mM NaCl, 2 mM KCI, 1.8 mM CaCl, 1 mM MgCl,,
5 mM HEPES, pH 7.6-adjusted with 1 M NaOH, 2.5 mM
of pyruvate, and 50 mg/ml of gentamicin sulfate) at 18'C
for several hours or overnight for recovery. A series of
different concentrations of cRNAs were injected into the
oocytes using a Drummond Nanoject pipette injector
(Parkway, PA) attached to a Narishige micromanipulator
(Tokyo, Japan) under a dissecting microscope. The recordings
were performed 5 days after the injection. :

Electrophysiology of T-Type Channels Expressed in
Oocytes

The two-electrode voltage clamp method was applied
to measure the currents from the oocytes injected with
the cloned T-type channel cRNA. Glass electrodes were
pulled from the capillaries (Cat. # 6010, A-M systems,
Everett, WA, U.S.A.) using a Model P-97 pipette puller
(Sutter, Instrument Co., Novato, CA, U.S.A.). The tips of
the voltage and current electrodes were broken to become
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0.3-1.0 MQ when filled with 1% agarose melted ina 3 M
KCI solution.

The oocytes were impaled in an SOS solutlon (100 mM
NaCl, 2mM KCl, 1.8 mM CaCl,, 1 mM MgCl, 5 mM
HEPES, 2.5 mM pyruvic acid, and 50 mg/l gentamlcm
sulfate). Next, they were voltage-clamped using a two-
electrode voltage clamp amplifier (OC-725B, Warner
Instrument Corp.). After adjusting the clamping speed, the
currents were measured in an SOS medium by a series of
depolarization voltage steps from a holding potential of
-90 mV. To measure the Ca™ channel currents, the bathing
solution (SOS) was exchanged with a 10 mM Ba™ solution
(10 mM Ba(OH),, 90 mM NaOH, 1 mM KOH, 5 mM
HEPES, adjusted to pH 7.4 with methanesulfonic acid).

The data were collected at 5 kHz using a pClamp 6
software (Axon Instrument, Foster City, CA, U.S.A.) viaa
Digidata 1200 A/D converter (Axon Instrutnent, Foster

"City, CA, U.S.A)), then filtered at 1 kHz (#902 Frequency

Devices, Haverhill, MA, U.S.A.). The experiments were
performed at room temperature (20-22°C). -

RESULTS AND DISCUSSION

The initial expression and electrophysiological characterization
of the rat o, T-type Ca™ channels were performed in
Xenopus oocytes [19]. However, continuousl studies of the
T-type channel have been hampered by its low expression
level in Xenopus oocytes. Furthermore, when an attempt
was made to express the human o, in oocytes, no channel
currents were detected (Cribbs and Lee, unpublished data).

This was the reason why the o, was initially expressed
and characterized in HEK 293 cells [4]. ‘

Here, the first issue was to examine whether the
expression levels of the cloned T-type channels measured
by the peak current amplitudes increased proportionally to '
the injected amounts of the T-type channel cRNA. The
mean current amplitude was enhanced proportionally to
the amount of injected a,; cRNA, yet even 100ng of
o, CRNA evoked relatively small currents (263+160 nA,
mean+SED) (Fig. 1A). However, in the case of human o,
no currents were detected in Xenopus oocytes, regardless
of the injected amount of cRNA (Fig. 1B). For example, an
injection of 50 ng ¢cRNA did not produce any detectable
currents in oocytes. ‘

To enhance the expression levels of the two T-type
calcium channels in Xenopus oocytes, each cDNA was
subcloned into pGEM-HEA which contained 5' and 3'
untranslated portions from a Xenopus B globin gene [15].
Surprisingly, 3 ng of the modified o,; cCRNA: added to the
untranslated portions of a Xenopus B globin gene produced
robust currents (1305£696 nA, meantSED, n=5-12), thereby
indicating that the 5' and 3' additional sequences increased
the expression of o, cCRNA about 50 fold. Although the
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Fig. 1. Peak current amplitudes versus injected T;type channel cRNA amounts.

A series of test pulses from a holding potential of -90 mV were applied to measure the current-voltage relationships. The peak current amplitudes measured
at -20 mV were averaged and displayed as bar graphs (meantSEM, n=5-12). Although the cRNA made from rat o; in a pSP72 vector was generally
expressed in low levels, these expression levels were increased relative to the injected cRNA amounts. Comparatively, the expression of rat o, tagged with
the untranslated portions was detected as robust currents (A). No expression of the original human o, in pSP72 was detected in Xenopus oocytes. The

addition of the untranslated portions to the human o, rescued the expression of o, channels in the oocytes (B).

specific roles of the attached sequences remain to be
identified, the enhanced expression by the added sequences
suggests that the 5' and 3' sequences may have acted as
signal sequences for a better translation in the ribosomes.
The original o,,; was not expressed in the oocytes, but
3 ng of o, cRNA containing the B globin portions were

expressed as huge currents in oocytes (1,781+710 nA) (Fig.
1B). This result indicated that the untranslated sequences
facilitated the translation processes of the human o
cRNA in the oocytes.

Representative o, and o, currents evoked by a series
of tested potentials from a holding potential of -90 mV are
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Fig. 2. Characteristics of rat o,; and human o, T-type calcium channels expressed in Xenopus oocytes.

The current traces were evoked by a series of tests ranging from -70 to +40 mV, from a holding potential of -90 mV. Three ng of cCRNA of the o, or the a.,,,
channels was well expressed and their representative traces are shown (A, B). The average current-voltage relationships of the rat o,; and human o, T-type
calcium channels were plotted (C). The activation and inactivation time constants of the o, and o, T-type currents were obtained from fitting each current
trace with two exponential curves. The average values of the activation and inactivation time constants of the o,; and o, currents were plotted against test
potentials (D, E). The voltage-dependency of the channel activation was compared between the o, and o, channels using chord conductance. The chord
conductance was obtained from dividing the current amplitudes by the driving forces (=apparent reversal potentials~test potentials), normalized to the peak
conductance obtained, averaged, and then plotted against the test potentials. The smooth curves were from fitting the plotted data with the Boltzmann equation.



Idisplayed in Fig. 2A. The mean current amplitudes were
‘plotted against the test potentials (Fig. 2B, mean+SEM,
n=5-12). Both o, and o, currents began to be detected as
‘inward currents at a test potential of ~60 mV, suggesting
that their activation threshold was around -60 mV in a
10 mM Ba”" solution. The activation and inactivation kinetics
of the currents were accelerated by increased test potentials,
displaying a criss-cross pattern between the currents evoked
by the voltage protocol. The peak currents were detected at
-20mV. The o, and 0,, currents were both reversed
between +40 mV and +45 mV, thereby suggesting that the
cloned low-threshold Ca’* channels had less selectivity for
Ba® than other cloned HVA Ca® channels, such as o,
where the reversal potential is around +65 mV.

The activation and inactivation time constants of each
-current were estimated after fitting the recorded trace with
two exponential curves. The average values of the activation
and inactivation time constants were plotted against test
potentials (meant+SEM, n=5-12, Figs. 2D, 2E). Both of
'the parameters were slow in their low voltage range, and
became faster as the test potentials were increased. There
was no significant difference between the average activation
time constants of the rat o, and buman o, currents.
Similar to the activation kinetics, the inactivation rate of
the rat o,; and human o, currents also displayed a voltage-
dependent acceleration. The currents were inactivated slowly
within a low voltage range, yet the inactivation kinetics
became faster relative to the test potentials. At a potential
range higher than -30 mV, the inactivation time constants
(7 msec) of the 0., currents were significantly smaller than
those of o (10 msec) (Fig. 2E). The chord conductances
of the o, and the o, channels were plotted to compare
their voltage dependency for activation (Fig. 2F). In a
10 mM Ba* solution, the V,; (the midpoint of activation)
of the o, channels was -39.9 mV and the slope factor was
5.7 (n=10), while the V,, of the o,; was —40.4 mV and the
slope factor was 6.6 (n=6). When compared with the
o, channels, the o, channels tended to exhibit a slightly
lower V,, and faster slope factor, yet there was no
significant difference between the values.

As previously reported [11, 14], the general biophysical
properties of rat o,, and human o, including their
thresholds, potentials evoking peak currents, and reversal
potentials were similar to each other. However, the inactivation
kinetics of rat o, were faster than those of human o,

This report compared the expression levels and biophysical
properties of rat o, and human o and they were
compared in oocytes before and after adding 5' and 3'
untranslated portions of Xenopus B globin ¢cDNA. The
results demonstrated that the untranslated portions obviously
increased the expression levels of the cloned T-type channels
in Xenopus oocytes, thereby suggesting that Xenopus
oocytes can be used as an excellent expression system for
their electrophysiological and biochemical characterization
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of cloned T-type channels. Accordingly, this method using
[ globin sequences can also be applied to improve the
expression of other forelgn proteins in Xenopus oocytes.
The idea that expression levels of interesting protems can
be improved by addition of untranslated sequences which
might be applied to other expression systems such as
microorganisms or mammalian cells [10, 21].
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