
able cells in response to depolarizing events. Voltage-gated 
K+ channels are implicated in governing cell excitability[1] 
and setting resting potential[2]. Studies have shown that 
molecular mechanisms, including protein phosphorylation, 
gene expression, muscle contraction and neurotransmitter 
release, are regulated by Ca2+ channels[3]. Patch clamp tech-
nique is a powerful tool for studying the electrophysiologi-
cal properties of  biological membranes. Although some 
methods for patch clamp using freshly isolated smooth 
muscle cells have been described[4], these methods need 
multiple enzymes[5] or complex procedure[6]. An improved 
method  was described in the present study for the fast and 
reliable isolation of  smooth muscle cells of  mesenteric ar-
terial branches by single collagenase digest and mechanical 
trituration. The present study was to establish the method 
of  whole-cell recordings of  calcium and potassium cur-
rents in acutely isolated smooth muscle cells. It can be 
used to observe the effects of  drugs and some gastrointes-
tinal tract disease on ion channels of  smooth muscle cells 
of  gastrointestinal tract.

MATERIALS AND METHODS
Solution and drugs
The Krebs-Ringer solution containing 120.7 mmol/L 
NaCl, 5.9 mmol/L KCl, 15.5 mmol/L NaHCO3, 1.2 
mmol/L NaH2PO4, 1.2 mmol/L MgCl2, 2.5 mmol/L CaCl2 
and 11.5 mmol/L glucose was used in this study with its 
pH adjusted to 7.4. The Ca2+-free physiological saline solu-
tion (PSS) containing 150 mmol/L NaCl, 5 mmol/L KCl, 
1 mmol/L MgCl2, 10 mmol/L HEPES, and 10 mmol/L 
glucose was also used in the study. The pH was adjusted 
to 7.4 with Tris-base. For recording Ca2+ currents, the cells 
were continuously perfused with the extracellular solu-
tion containing 140 mmol/L TeaCl, 5 mmol/L BaCl2, 10 
mmol/L HEPES, 10 mmol/L glucose. The pH was adjust-
ed to 7.4 with Tris-base. Recording pipettes were filled with 
the following intracellular solution containing 130 mmol/L 
CsCl, 10 mmol/L EGTA, 3 mmol/L MgATP, 0.3 mmol/L 
Na2GTP, 10 mmol/L HEPES, 10 mmol/L glucose. The 
pH was adjusted to 7.2 with CsOH. For recording potas-
sium currents, the cells were continuously perfused with 
HEPES-buffered physiological containing 150 mmol/L 
NaCl, 5 mmol/L KCl, 1 mmol/L MgCl2, 2 mmol/L CaCl2, 
10 mmol/L HEPES, 10 mmol/L glucose. The pH was 
adjusted to 7.4 with Tris-base. The voltage dependent Ca2+ 
channels were blocked by using 0.2 mmol/L CdCl2. Intra-
cellular solution containing 140 mmol/L KCl, 10 mmol/L 
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Abstract 
AIM: To record calcium and potassium currents in 
acutely isolated smooth muscle cells of mesenteric arte-
rial branches in rats. 

METHODS: Smooth muscle cells were freshly isolated 
by collagenase digest and mechanical trituration with 
polished pipettes. Patch clamp technique in whole-cell 
mode was employed to record calcium and potassium 
currents. 

RESULTS: The procedure dissociated smooth muscle 
cells without impairing the electrophysiological character-
istics of the cells. The voltage-gated Ca2+ and potassium 
currents were successfully recorded using whole-cell 
patch clamp configuration. 

CONCLUSION: The method dissociates smooth muscle 
cells from rat mesenteric arterial branches. Voltage-gated 
channel currents can be recorded in this preparation.
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INTRODUCTION
Ca2+and K+ channels, two components that form action 
potential, are especially important for the regulation of  cell 
excitability because they depolarize and repolarize excit-
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EGTA, 3 mmol/L MgATP, 10 mmol/L HEPES, and 10 
mmol/L glucose. The pH was adjusted to 7.2 with Tris 
base. The internal recording solution was filtered through 
a Millipore 0.2 µm syringe filter before use and frozen till 
the experiment. Both external and internal solutions were 
of  analytical grade. DTT, TTX, EGTA, MgATP, Na2GTP, 
HEPES, CsCl, TeaCl, collagenase and bovine serum albu-
min were obtained from Sigma.

Preparation of cells
Animals were provided by the Experimental Animal 
Center of  Medical College of  Xi’an Jiaotong University. 
All procedures were carried out in accordance with the 
United States Public Health Services Guide for Care and 
Use of  Laboratory Animals and approved by the Institu-
tional Animal Care and Use Committee of  Xi’an Jiaotong 
University. The smooth muscle cells were freshly dispersed 
as described previously[7]. Briefly, male Sprague-Dawley 
adult rats weighing 120-150 g were anesthetized with ether. 
The mesenteric arterial branches were dissected. The con-
nective tissue and the endothelium were carefully removed 
under microscope (XTZ-E, Shanghai Shangguang Micro-
scope Co., Shanghai, China) and the smooth muscle was 
cut into 1-2 mmol/L sections. The tissues were preincubat-
ed with oxygenated Ca2+-free PSS for 40 min at 18-22℃, 
then incubated in oxygenated Ca2+-free PSS containing 
0.3% collagenase Ⅰ, 0.3% bovine serum albumin，and 6 
mg DTT for 25-30 min at 32 

℃. The tissues were washed 
three times with oxygenated Ca2+-free PSS, and then gently 
agitated with a blunt-tipped glass pipette until the solution 
became cloudy. The debris was then removed with a fine 
200 µm nylon mesh. The cell suspension was stored at 4℃ 
and used within 5 h after cell harvesting. 

Electrophysiological recordings
The smooth muscle cells were transferred to a recording 
chamber mounted on an inverted microscope (DMIRB, 
Leica, Germany) for 15 min. Only spindle-shaped cells 
were selected for experimentation. Electrophysiological re-
cordings were performed with standard whole cell voltage-
clamp technique[8]. Recording pipettes were made from 
borosilicate glass capillaries using a puller (model p-97, 
Sutter Instrument, Novato, CA) and heat-polished to allow 
gigaohm seal formation. The resistance of  the recording 
pipettes filled with internal recording solution was 3-6 MΩ 
in bath solution. The junction potential between the patch 
pipettes and bath solution was nullified immediately before 
GΩ seal formation. Cell capacitances were read from the 
potentiometer to set transient capacitance to zero. This val-
ue was used to calculate the cell size. After pipette and cell 
transient capacitance were compensated with the appropri-
ate controls on the amplifier, the membrane was ruptured 
with gentle suction to obtain the whole cell voltage-clamp 
configuration. Series resistance was routinely compensated 
by 60%-70% and monitored periodically. Voltage-gated 
Ca2+ currents and delayed rectifier potassium currents (IKD) 
were recorded as previously described[9]. Electrophysi-
ological recordings were performed at room temperature 
(22-25℃). 

Statistical analysis 
All data were analyzed by pCLAMP CLAMPFIT proce-

Figure 1  Voltage-gated calcium currents. A: Pulse protocols for recording voltage-
gated Ca2+ current; B: Raw traces of calcium currents elicited in a freshly isolated 
smooth muscle cell; C: Current–voltage relation of calcium currents with isolated 
smooth muscle cells.

Figure 2  Delayed rectifier potassium currents. A: Pulse protocols for recording K+ 

current; B: Raw traces of K+  currents elicited in a freshly isolated smooth muscle 
cell; C: Current-voltage relation (I-V curve) of K+  currents with isolated smooth 
muscle cells.

A +20 mV  200 ms

-70 mV 

B

100 pA

50 ms

Membrane potential (mV)

-80      -60      -40       -20        0        20       40

0 

-50 

-100

-150

-200

-250

-300
Cu

rr
en

t 
am

pl
itu

de
 (

pA
)

-60 mV 

1 nA

40 ms

A

B

C

Cu
rr

en
t 

am
pl

itu
de

 (
pA

)

Membrane potential (mV)

-80  -60  -40   -20    0    20    40    60

2500

2000

1500

1000

500

0

C

+50 mV  160 ms



dures (Axon Instrument, USA). Current-voltage relations 
of  voltage-gated channels were plotted by Origin 6.0 soft-
ware (Microcal Software, USA).

RESULTS
Voltage-gated calcium currents 
Voltage-gated Ca2+ currents were elicited by 200 ms de-
polarizing potential from -70 mV to +20 mV with an 
increment of  10 mV. At 5 s intervals, a holding potential 
was -70 mV (Figure 1A). The example of  raw Ca2+current 
traces for isolated smooth muscle cell is shown in Fig-
ure1B. No significant inward current was observed until 
the depolarizing step reached -40 mV. Currents reached 
maximum amplitude at approximately -10 mV in each 
case, and became small with stronger depolarization. The 
current amplitude in dependence of  the potential could be 
shown as an I-V curve (Figure1C). The maximal current 
peak amplitude of  the curve was -228.64 pA. 

Delayed rectifier potassium current 
IKD was elicited by 160 ms depolarizing pulses (-60 mV 
to +50 mV) at 2 s intervals, from a holding potential of  
-60 mV (Figure 2A). Figure 2B shows a series of  raw cur-
rent traces evoked. The outward currents showed a slow 
activation and inactivation during depolarizing pulses, and 
increased with increasing test potentials. The currents were 
sensitive to TeaCl, a potassium current blocker. The cur-
rents recorded under the condition were outward delayed 
rectifier potassium currents. Current–voltage (I-V) curve 
of  IKD was obtained by plotting the currents evoked against 
test pulse (Figure 2C). The maximal current peak ampli-
tude of  the curve was 2216.75 pA.

DISCUSSION
Theoretically, isolation with enzyme irreversibly digests the 
protein-including ion channels in cell membrane, which 
could not be excluded with our method. Compared with 
methods reported previously[5,6], the present methods 
have the following advantages. The isolating process is 
simple, fast and easy to manipulate using a single enzyme 
instead of  several enzymes. The yield of  the freshly 
isolated smooth muscle cells with high quality is increased 
markedly, leading to a GΩ seal. The activity and dose of  
enzyme could influence the cells’ quality and quantity. Ex-
cessive enzyme destroys the normal structure of  cells and 
causes swelling of  cells. The membranes of  the remanent 

living neurons are easy to break before GΩ seal easily, 
which is the key to successful patch clamp experiments. 
On the other hand, the enzyme is not enough to disrupt 
the connection between cells. When pipetted, the sections 
are difficult to disperse. Incubation of  sections is benefi-
cial to their recovery. Careful and slow trituration of  tissue 
sections is necessary and air bubble should be avoided to 
prevent cell damage.

In conclusion, Ca2+ and K+ channel currents can be 
successfully recorded in acutely isolated smooth muscle 
cells. Our method can dissociate smooth muscle cells from 
rat mesenteric arterial branches, and is a powerful tool for 
functional analysis at the level of  individual smooth muscle 
cells.
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