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Abstract

Background: Gap junctions (GJs) are intercellular channels through which molecules smaller than 1 kDa can diffuse,
and they have been suggested as drug targets. To develop chemical drugs acting on this target, a high-throughput
screening (HTS) system for GJ modulators is necessary.

Results: We designed a new, high-throughput GJ intercellular communication (GJIC) assay. This assay system consisted
of donor and acceptor cells from LN215 glioma cells that expressed SLC26A4 and yellow fluorescent protein-H148Q/
I152L (YFPQL), respectively. The fluorescence of LN215-YFPQL acceptor cells, when cultured alone, was not
quenched by iodide. However when donor and acceptor cells, or LN215-YFPQL and LN215-I− cells, were mixed
and plated, they formed GJs. When iodide was added, it was transported into donor cells by SLC26A4, diffused
through the GJs to acceptor cells, and quenched the YFPQL fluorescence. The quenching rate was optimal at a
2:1 mixture of donor and acceptor cells. The assay quality parameter, Z’ factor, was calculated from data collected with
vehicle and carbenoxolone. For each assay, the Z’ factor increased with time. The Z’ factor of a 10-s assay was 0.72
indicating that the assay quality was high enough for use in HTS. This assay system also worked well in HOS
osteosarcoma cells with a Z’ factor at 10 s of 0.70.

Conclusions: We developed a new HTS system for GJ modulators. The system had a high assay quality with a
Z’ factor ≥ 0.70, was rapid and required only 10 s per well, was inexpensive in requiring no additional reagents,
and was predicted to have a low rate of false-positive hits.
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Background
Gap junctions (GJs) are intercellular channels that allow
diffusion of small molecules (<1 kDa) including nutri-
ents, metabolites, and signalling molecules such as
cAMP, Ca2+, and IP3 [1]. Six connexins form a tube-like
structure called a connexon, which works as a hemi-
channel that opens to the extracellular space or can dock
to another connexon on a neighbouring cell, forming a
GJ. The human connexin family contains 21 connexin
proteins named for their molecular weights [2].
The functional importance of connexins is substanti-

ated by various diseases that are caused by mutations in
connexin genes. Mutations in GJB2, which encodes

human connexin26, lead to syndromic hearing loss with
skin symptoms or non-syndromic hearing loss [3]. Dis-
ruptions of connexin43 by mutations in GJA1 result in
oculodentodigital dysplasia causing multiple develop-
mental abnormalities [4].
There is also evidence that GJ is a pharmacologic tar-

get in disease. GJs play a crucial role in propagating car-
diac muscle contractions. Thus, GJ modulators have
therapeutic efficacy for arrhythmia. AAP, a naturally
occurring anti-arrhythmic peptide, exerts its activity
by enhancing GJ [5]. Its orally-active derivative,
GAP134, prevents post-operative atrial fibrillation. GJs
can spread cell death signals or harmful molecules
from cells in a damaged area to relatively healthy cells
and, thus, aggravate tissue damage. A GJ inhibitor, 2-
aminoethoxydiphenyl borate (2-APB), was shown to pro-
tect against liver damage caused by hepatotoxic drugs [6].
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Pharmacologic inhibition of the connexin43 hemichannel
with Gap26 protects cardiomyocytes in vivo [7]. The
therapeutic effects of bisphosphonates on osteoporosis are
partially due to their anti-apoptotic effects mediated by
binding to the connexin43 hemichannel [8].
To assess GJ activity, dye transfer-based methods have

been used [9]. Lucifer yellow is frequently used as a GJ-
permeable fluorescent dye and is introduced into cells
by microinjection [10], scrape loading [11], or electro-
poration [12]. GJ activity is determined by quantifying
diffusion of the dye into cells without the dye. Another
dye, calcein-AM (acetoxymethyl ester) has been used for
a fluorescence recovery after photobleaching assay [13].
In this assay, cells are preloaded with calcein-AM before
cells of interest are bleached with a high-power laser
beam. Calcein diffusion from non-bleached cells to
bleached cells is measured by time-lapse confocal imaging.
Another method to assess GJ activity is measurement of

junctional conductance using a dual patch clamp. In con-
trast to dye transfer, it has high sensitivity and high tem-
poral resolution. However, because micropipettes are
inserted into two adjacent cells, and the surfaces are
sealed before measuring junctional conductance, the dual
patch clamp method is technically demanding and time-
consuming [9]. To develop drugs targeting GJ, a high-
throughput screening (HTS)-compatible assay system is
needed. However applying the methods described above
to HTS is practically impossible.
Here we developed and report a simple, inexpensive,

rapid, robust (shown by Z’ factor), and HTS-compatible
GJIC assay.

Results
Design of I−-YFPQL GJIC assay
We designed a new GJ intercellular communication
(GJIC) assay that used two types of cells (Fig. 1). Donor

Fig. 1 The scheme of I−-YFPQL GJIC assay. Black and yellow rectangles represent donor cells expressing an iodide transporter, SLC26A4, and acceptor
cells with YFPQL. Blue and red parallel lines indicate gap junctions and iodide transporters, respectively. Acceptor cells were impermeable to iodide.
Added iodide could only reach acceptor cells by passing through the iodide transporter in the donor cells and then through the gap junction
between donor and acceptor cells. The YFPQL in acceptor cells was quenched by the iodide
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cells expressed a membrane protein capable of trans-
porting extracellular iodide into cells. Acceptor cells
expressed an iodide sensor protein, yellow fluorescent
protein H148Q/I152L (hereafter YFPQL) [14]. When iod-
ide was added to a co-culture of the two cells, whose cy-
tosols were connected by GJs, the iodide entered the
donor cells, passed through the GJs to acceptor cells,
and quenched the fluorescence of YFPQL. If GJs were ab-
sent or closed, the added iodide diffused into donor cells
but not acceptor cells, and YFPQL fluorescence did not
change.

I−-YFPQL GJIC assay in the co-culture of LN215-I− and
LN215-YFPQL

To generate cells expressing enough iodide transporter
or YFPQL, we produced lentiviruses expressing SLC26A4
or YFPQL. LN215, a human glioma cell, was chosen as
the target cell type because astrocytes and glioma cells
express functional GJs [15]. We also confirmed through
immunoblotting that LN215 cells express connexin43
(Additional file 1). We generated LN215-I− donor cells
and LN215-YFPQL acceptor cells through lentiviral
transduction followed by antibiotic selection. LN215-
YFPQL cells combined with wild-type LN215 cells or
LN215-I− cells were plated on 96-well plates 24 h before
the assay. Culture media were changed to C-solution, a
balanced salt solution without iodide, and fluorescence

images were collected before and 1 min after adding I-
solution, a balanced salt solution containing 140 mM
iodide. As shown in Fig. 2a, the YFPQL fluorescence of
wells containing wild-type LN215 and LN215-YFPQL

cells did not decrease 1 min after addition of I-solution.
Conversely, the fluorescence of the wells with LN215-I−

and LN215-YFPQL cells decreased when iodide was
added (Fig. 2b). These results suggest that iodide did not
enter LN215-YFPQL cells directly; however, when
LN215-I− donor and LN215-YFPQL acceptor cells were
plated in the same well, iodide entered LN215-I− and
traveled through GJs to LN215-YFPQL.

Optimizing the I−-YFPQL GJIC assay
To determine the optimal ratio of donor and acceptor
cells for the GJIC assay, we plated 0:6, 1:5, 1:2, 1:1, 2:1,
5:1, and 6:0 mixtures of donor and acceptor cells before
the GJIC assay. The mean fluorescence intensities of
wells with donor cells only (6:0) at each time point were
subtracted from fluorescence intensities of the other
groups at the corresponding time point before calcu-
lation of % YFP fluorescence. As shown in Fig. 3a,
the fluorescence of wells with acceptor cells only (0:6)
did not decrease when iodide was added. The fluores-
cence of wells with mixed cells decayed with time
after adding iodide. The final quenching rates were
shown as a bar graph (Fig. 3b). The larger was the

Fig. 2 Fluorescence image of I−-YFP GJIC assay in LN215 cells. The LN215-YFPQL cells combined with wild-type LN215 (a) or LN215-I- (b) cells were
plated on a 96-well plate. After 24 h of incubation, the culture media were replaced with 100 μL of C-solution. Phase contrast and fluorescence
images were collected before and 1 min after adding 100 μL of I-solution. For the composition of the C- and I-solutions, see the I−-YFPQL GJIC
assay in the Methods section
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number of donor cells plated, the higher was the final
quenching rate (GJIC activity). The quenching rates
of neighboring two groups were significantly different
(p < 0.05, Student’s t-test) except when 2:1 (48.3 ± 2.3 %,
mean ± standard deviation) and 5:1 (54.8 ± 1.7 %) were
compared. The 5:1 ratio might be better for obtaining
a strong signal, but it takes more time to cultivate
the number of cells needed to plate the two types of
cells at 5:1 compared to that needed at 2:1. Thus for

convenience, a 2:1 ratio of donor and acceptor cells
was used in the later GJIC assays. The 10-s % YFP
quenching with or without background subtraction
was 48.3 and 42.1 %, respectively. Hence, to simplify
data processing, background subtraction was omitted
in the following data analysis. The raw fluorescence
values (Additional file 2) without background subtrac-
tion or normalization to the starting points were also
plotted against time and are presented as Additional
file 3.

Performance of the I−-YFPQL GJIC assay
To assess the performance of the LN215-I−/LN215-
YFPQL system as an HTS GJIC assay, we measured
the effects of vehicle (water) and carbenoxolone
(CBX), a widely used GJ inhibitor, on GJ activity as
quantified by percent YFPQL quenching. CBX was ap-
plied at 25 μM, at which concentration a 30-min
treatment was not toxic to LN215 cells (data not
shown) and GJIC was completely inhibited [16]. The
quenching rates of all well at 10 s were plotted
against well number and are shown in Fig. 4a. The
mean ± standard deviation of vehicle and the CBX
groups were 42.9 ± 1.8 and 7.3 ± 1.3 %, respectively.
The Z’ factor has been used as an assay quality indi-
cator, reflecting the signal window between positive
and negative controls [17]. Z’ factors were calculated
from % YFP quenching at 4, 6, 8… 20 s and plotted
against assay time. As the assay was prolonged, the
YFP quenching rates increased and the quality param-
eters also increased from 0.54 at 4 s to 0.81 at 20 s.
Because an HTS assay with a Z’ factor higher than
0.5 is considered acceptable, the I−-YFPQL GJIC assay
is robust enough to be used in an HTS [17]. In
addition, to verify that the reduced quenching by
CBX was the result of reduced GJ coupling rather
than a direct effect of the drug itself, only LN215-
YFPQL cells or a 2:1 mixture of LN215-I− and LN215-
YFPQL cells were plated 24 h before treatment with
vehicle or 25 μM CBX for 10 min. Then, the I−-YFPQL

assay was performed for 10 s. The % YFP fluorescence
was plotted against time and is shown in Additional
file 4. When only the acceptor cells were plated, the
CBX treatment did not produce a significant change in
YFP fluorescence, which supported the supposition
that CBX reduction in YFP quenching is due to its in-
hibition of GJs.
To assess the sensitivity of the I−-YFPQL assay as a

screening tool for GJIC modulator, we applied CBX to
the mixed cultures at 0, 1, 1.3, 1.7, 2.3, 3 and 10 μM
diluted in C-solution for 10 min before the I−-YFPQL

GJIC assay. These results are shown in Fig. 4c. The
IC50 value for CBX was 2.1 μM with a 95 % confi-
dence interval of 2.0–2.2 μM, which was similar to a

Fig. 3 Determination of the optimal ratio of donor and acceptor
cells. LN215-I- and LN215-YFPQL cells were mixed and plated on
96-well plates at ratios of 0:6, 1:5, 1:2, 1:1, 2:1, 5:1 and 6:0 and
incubated for 24 h. After culture media were replaced with 100 μL of
C-solution, the plate was inserted into the multi-plate reader. The YFPQL

fluorescence of each well was read every 0.4 s for 10 s. One second
after the first measurement, 100 μL of I-solution was added by the
automatic injector in the plate reader. Assay of each group was
performed in three wells. The mean fluorescence intensity of the
6:0 group at each time point was considered as background and
subtracted from fluorescence intensities of the other groups at
the corresponding time point. Then, the relative YFP fluorescence at
each time was normalized to the fluorescence of the starting point
and plotted against time. Error bars represent standard deviations (a).
The percent final YFP quenching was calculated and expressed as
mean ± standard deviation (b). *, p < 0.05 (Student t-test)
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previous report [16]. We measured the effects of 40
known chemicals at concentrations of 25 μM on GJIC
activity using this screening system. One chemical, 2-
APB, was found to act as a GJ inhibitor (Fig. 4d).
The tested chemicals are listed in Additional file 5.

Applying the I−-YFPQL GJIC assay to another cell type
To determine whether this GJIC assay was applicable
to other cell types, HOS human osteosarcoma cells
were chosen due to their expression of connexin43
(Additional file 1). As in the LN215-I−/LN215-YFPQL

system, a 2:1 mixture of HOS-I− and HOS-YFPQL

cells was plated 24 h before treatment with vehicle or
25 μM CBX. Each group contained 48 wells treated
for 10 min. The I−-YFPQL assay was performed well
by well. The percent YFP quenching at 10 s is shown
in Fig. 5. The Z’ factor was 0.70.

Discussion
In 2003, Aventis published an HTS system for a GJ
modulator [18] using a high content screening system.
They co-plated donor cells preloaded with calcein-AM
and receptor cells on multi-well plates and chased the
fluorescence image of each well. Calcein diffusion from
donor cells to neighboring receptor cells was quantified
by specialized image analysis software. Although calcein-
AM used in GJIC assay becomes cell-impermeable after
its acetomethoxy group is removed by intracellular ester-
ases, calcein can be actively pumped out by multidrug
resistance protein 1 [19]. Thus, donor cells should be
preloaded with calcein-AM, and donor and acceptor
cells should be detached, mixed and plated, treated with
drug, and incubated to allow for dye diffusion through
the GJs with time-lapse imaging sequentially without
pause. This long, laborious method is difficult to schedule
and is error-prone. Cells that need a long time to attach to

Fig. 4 Performance of I−-YFP GJIC assay as a HTS system. To assess the quality of the I−-YFP GJIC HTS assay, a 2:1 mixture of LN215-I- and LN215-YFPQL

cells was plated on a 96-well plate. After 24 h of cultivation, vehicle (water) or 25 μM of CBX diluted in C-solution was added to the well for 10 min,
with each treatment being applied to 48 wells. To investigate the effect of assay time on Z’ factor, the I−-YFP assay was conducted for 20 s per well.
The percent YFP quenching at 4, 6, 8,…, and 20 s was calculated. The values at 10 s were plotted against well number (a). Z’ factors were calculated
using positive (CBX) and negative (vehicle) control data at each time point, as described in the Methods section, and the results were plotted against
assay time. Pearson’s correlation coefficient was calculated in Microsoft Excel 2010 using Pearson’s function, which was 0.887 (b). The mixed cultures
were treated with CBX at 0, 1, 1.3, 1.7, 2.3, 3 and 10 μM in C-solution for 10 min before the GJIC assay. Each treatment was added to five wells. The
mean % YFP fluorescence was plotted against time. Error bars represent standard deviations. The IC50 for GJIC activity by CBX was calculated with
GraphPad Prism 4 (GraphPad Software) (c). The 40 chemicals listed in Additional file 5 were applied to the mixed cultures before the GJIC assay. All
chemicals were applied at a concentration of 25 μM. The % YFP quenching at 10 s was plotted against chemical number. All GJIC activities were within
the range of the mean ± standard deviation except when 2-APB was applied (d)
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the culture surface and form GJs are not appropriate for
this assay system. Recently another HTS system for GJ
modulators was developed by GlaxoSmithKline R&D [20].
They measured the propagation of cellular calcium signal
using a Ca2+-sensitive, bioluminescent protein, aequorin.
This assay system also used donor and acceptor cells.
Donor cells were engineered to express the adrenergic α1
receptor or TrpV1 ion channel to generate a calcium sig-
nal. This system quantifies light emitted from acceptor
cells, which express codon-optimized aequorin. The
aequorin prosthetic group, coelenterazine, must be added
to culture. Assaying the propagation of a calcium signal,
an important physiological event mediated by GJ, is a
strong benefit of this system. However, it can also be a
drawback because any modulator of calcium signalling
can be detected, most of which may be false positives. The
adrenergic α1 receptor or TrpV1 channel can also cause
false positives.
We developed an improved HTS for GJ modulators.

An iodide transporter, SLC26A4, and a highly sensitive
iodide sensor, YFPQL, were expressed by lentiviral vec-
tors in donor and acceptor cells, respectively. Iodide
transport from donor to acceptor cells via GJs was mea-
sured by YFPQL quenching. While coelenterazine, a
prosthetic group of aequorin is necessary for the
aequorin assay, no additional reagent is needed for the
YFPQL fluorometry, which lowers the cost of this assay.
Another merit of I−-YFPQL assay is the short assay time.
When we used LN215 or HOS cells, 10 s was enough to
achieve excellent assay performance. Furthermore if the

Z’ factor of the I−-YFPQL GJIC assay is low in another
cell type, extending the assay time can improve the per-
formance, as shown in Fig. 4b. To our knowledge, iodide
is not an important intracellular signalling molecule like
Ca2+. Although using iodide might be a drawback of this
assay, it actually reduces the chance of false-positives.
Signal generators in the donor cells, adrenergic α1 recep-
tor or TrpV1, of the Ca2+-aequorin assay and SLC26A4
in I−-YFPQL assay can be affected by other chemicals,
which creates the potential for false-positives. Cellular
calcium signals have numerous targets and modulators,
but, to date, no SLC26A4 modulators have been re-
ported. Aequorin and YFPQL sensors in acceptor cells
are also pseudo-sources of false-positive results. The
Ca2+-aequorin and I−-YFPQL GJIC assays are com-
pared in Table 1.
The I−-YFPQL assay has the same limitations as other

GJIC assays. False positives are possible, as are chemicals
that do not affect GJIC activity but do change the YFP
quenching rate. All GJ-inhibiting hits obtained from this
assay must be confirmed to not inhibit SLC26A4.
Cells expressing both SLC26A4 and YFPQL (i.e.,
LN215-I−-YFPQL) can be used for this determination.
Chemicals that weaken the YFP quenching by iodide
in the cells act as false positives. All detected GJ acti-
vators must be confirmed to not enhance YFPQL

quenching by iodide when acceptor cells are plated
alone. The Ca2+-aequorin assay can also be used as a
second screening method to confirm positive results.
In theory, the I−-YFPQL assay can measure the activity

of any intercellular channels that allow the diffusion of
iodide, despite their composition. Although pannexins
have sequence homologies with innexins, the inverte-
brate GJ proteins, they have not been confirmed to form
GJs [21]. A recent report by Sahu et al. showed that the
formation of GJs by pannexins depends on cell type [22].
Undocked pannexin hemichannels were blocked by
treatment with 30 μM CBX, but pannexin GJs were not.
Thus, even if pannexin GJs exist in LN215 cells, the GJ
inhibition by CBX observed in the present report was
not due to the inhibition of pannexins.
We used lentiviral vectors to produce donor and ac-

ceptor cells in this study. An I−-YFPQL GJIC assay sys-
tem can be set up with other types of cells with
functional GJs, by transducing the cells with the two
viral vectors followed by antibiotic selection to create
donor and acceptor cells. Because lentivirus integrates
its genome into the host cell chromosomes with its inte-
grase, most transduced cells express the transgenes sta-
bly. Thus, this system is easy to apply to other cell types.
Cells that are impermeable to iodide are ideal for use in
the proposed GJIC assay. If a cell line shows sufficiently
greater YFPQL quenching by iodide when donor and ac-
ceptor cells are mixed and plated than when only

Fig. 5 Application of this assay system to HOS cells. HOS-I− and
HOS-YFPQL cells were mixed at a 2:1 ratio and plated on a 96-well
plate. After 24 h of incubation, the medium was changed to
C-solution containing vehicle or 25 μM CBX, followed by further
incubation for 10 min before the 10-s I−-YFP assay. The percent
YFP quenching at 10 s was plotted against for each well. Z’ factor
was calculated as described in the Methods section and shown in
the graph
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acceptor cells are plated, it can also be regarded as suit-
able for this GJIC assay.

Conclusions
We developed a new GJIC assay for HTS, which detects
iodide diffusion through GJs. The only materials needed
for this assay are donor and acceptor cells, a multi-plate
reader capable of fluorometry and automated injection,
C-solution, and I-solution. No dyes or reagents to read
luminescence or to generate a calcium signal are needed.
Each assay can be performed in 10 s. When this system
was used in LN215 human glioma cells and HOS human
osteosarcoma cells, the Z’ factors were over 0.7. This
assay is predicted to have a lower false-positive rate than
that of the Ca2+-aequorin assay. Thus, this assay is ap-
propriate for HTS to develop small molecule drugs tar-
geting GJs.

Methods
Cell culture
LN215 human glioma cells (a kind gift from Dr. Erwin
G. Van Meir), HOS human osteosarcoma cells (ATCC),
and HEK293T cells (ATCC) were cultured in Dulbecco’s
modified Eagle Medium (DMEM) containing 100 IU/ml
penicillin, 100 μg/ml streptomycin, and 10 % fetal bovine
serum. All cultures were maintained in humidified 5 %
CO2/95 % air at 37 °C. Ethical approval or consent to
the use of the cells used in this study is not required.

Plasmid construction
The lentiviral plasmid expressing YFPQL, pLVX-EIP-
YFPQL, was constructed by inserting a DNA fragment
encoding YFPQL into pLVX-EF1α-IRES-Puro purchased
from Clontech. The YFPQL fragment was prepared by
a NheI/XbaI digestion of pcDNA3.1/Hygro(+)-YFP-
H148Q/I152L (a kind gift from Wan Namkung) and
inserted in the SpeI site of the backbone plasmid.
To construct the lentiviral plasmid expressing

SLC26A4, an empty lentiviral vector, pLenti6P, was gen-
erated, and SLC26A4 was inserted. The construction
procedures are described below. A blunted woodchuck

posttranscriptional regulatory element (WPRE) was pre-
pared by ClaI digestion of pSUB/AM-CBA-EGFP-
WPRE-bGH [23] and subsequent blunting with Klenow
fragment. The blunted WPRE was inserted at the
blunted NsiI site of pLKO.1puro (Sigma). The resulting
plasmid, pLKO-W, had puromycin acetyltransferase
(PAC) linked to WPRE. A lentiviral plasmid from Life
Technologies, pLenti6/V5-GW/LacZ, was modified by
EcoRV digestion followed by self-ligation, and the prod-
uct was named pLenti6. A PAC-WPRE fragment with
5’-blunt and 3’-KpnI was prepared from pLKO-W by
sequential BamHI digestion, blunting, and KpnI diges-
tion. This PAC-WPRE fragment was inserted at a
SmaI/KpnI site of pLenti6, leading to an empty vector,
pLenti6P, that expressed PAC as a selection marker and
contained WPRE to enhance transgene expression.
SLC26A4 was removed from pcDNA3.1(+)-hSLC26A4
(a kind gift from Min Goo Lee) by NheI/XbaI diges-
tion and inserted at the XbaI site of pLenti6P.

Lentivirus production
HEK293T cells were plated on six-well plates at a density
of 4 * 105 cells/well and incubated for 24 h. Lentiviral
plasmid, psPAX2, and pMD2.G were mixed at a ratio of
4:3:1, and 3 μg of the mixture was transfected into
HEK293T cells with Lipofectamine2000 (Invitrogen) for
15 h. Cultures were refreshed with 2 mL of growth
media and cultivated for another 36 h. Media containing
lentivirus was harvested and cleared by centrifugation at
3000 rpm for 3 min before storage at −80 °C.

Lentiviral transduction and selection
LN215 and HOS cells were plated on a 24-well plate at
30 % confluence. After 24 h, the cells were transduced
with 400 μL of a 1:1 mixture of lentivirus and fresh
growth medium supplemented with 4 μg/mL polybrene
(Sigma) for 15 h before media change. Cells were further
incubated for 72 h and detached to be re-plated on six-
well plates with 2 μg/mL puromycin. After a week of
puromycin selection, cells were used for the GJIC assay.

Table 1 Comparison of the Ca2+-aequorin assay and I−-YFPQL assay

Ca2+-aequorin assay [18] I−-YFPQL assay (this report)

Signal Luminescence Fluorescence

Reagent needed for assay Coelenterazine None

Assay time (sec per well) 40 10 Longer assay time increases Z’ factor.

Measuring physiologic event? Yes (Ca2+) No (I−)

Sources of false positives ● Adrenergic α1 receptor or TrpV1 channel in donor cells ● SLC26A4

● Any target affecting cellular calcium ● Any target increasing cellular permeability to I−

● Aequorin ● YFPQL
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I−-YFPQL GJIC assay
Donor and receptor cells were detached with trypsin,
counted, mixed, and plated on 96-well plates. After 24 h
of incubation, culture media were changed to 100 μL of
C-solution (10 mM HEPES, pH 7.4, 140 mM NaCl,
10 mM glucose, 5 mM KCl, 1 mM MgCl2, 1 mM CaCl2).
Vehicle or 25 μM CBX was used to treat cultures for
10 min when drug treatment was indicated. The GJIC
assay was performed well by well. The fluorescence of
each well was measured with a POLARstar microplate
reader (BMG Labtech, Germany) every 0.4 s for the indi-
cated time. One second after the first measurement,
100 μL of I-solution (10 mM HEPES, pH 7.4, 140 mM
NaI, 10 mM glucose, 5 mM KCl, 1 mM MgCl2, 1 mM
CaCl2) was added via the injector in the plate reader.
The percent YFPQL fluorescence to time zero was calcu-
lated. The YFPQL quenching rate at a selected time point
reflected GJ activity.

Calculation of Z’ factor
Z’ factor has been used as a quality indicator of HTS sys-
tems [17]. Z’ factor was calculated as follows:

Z0 ¼ 1−
3σcþ þ 3σc−

μcþ þ μc−
�
�

�
�
;

where σ and μ represent standard deviation and mean,
respectively, and c + and c- are the positive and negative
controls.

Additional files

Additional file 1: Expression of connexin43 in LN215 and HOS cells.
To determine whether LN215 and HOS cells express a major connexin,
connexin43, we performed immunoblot analysis with anti-connexin43
antibody (C13720, Transduction Laboratories). HeLa, LN215 and HOS cells
were lysed with PBS containing 1 % Triton X-100 and cOmplete™
protease inhibitor cocktail (Roche) before centrifugation at 15,000 × g
for 10 min at 4 °C. After the BCA protein assay, 20 μg of protein was
used for immunoblotting. Since HeLa cells do not express connexin43 [24],
they were used as a negative control. Connexin43 (arrow head) was
detected in LN215 and HOS lysates. (TIFF 271 kb)

Additional file 2: Determination of the optimal ratio of donor and
acceptor cells. This is the raw data (fluorescence intensity reads) in
Fig. 3a (Microsoft Excel format). (XLS 51 kb)

Additional file 3: Determination of the optimal ratio of donor and
acceptor cells. This is another presentation of the data in Fig. 3a. The
fluorescence intensity reads from the seven groups were presented in
individual graphs without normalization or background subtraction. Final
quenching rates were also shown. Rapid fluorescence reduction before
2 s was due to media dilution by added I-solution. (TIFF 1223 kb)

Additional file 4: Effect of CBX on YFP quenching when only
LN215-YFPQL cells were plated. Only LN215-YFPQL cells or a 2:1 mixture
of LN215-I− and LN215-YFPQL cells were plated on 96-well plate 24 h
before treatment with vehicle or 25 μM CBX for 10 min. Each treatment was
added to three wells. The I−-YFPQL assay was performed for 10 s. The
mean % YFP fluorescence ± standard deviation was plotted against
time. (TIFF 289 kb)

Additional file 5: List of chemicals tested in this study. (TIFF 397 kb)

Abbreviations
2-APB: 2-aminoethoxydiphenyl borate; AM: Acetoxymethyl ester;
CBX: Carbenoxolone; GJ: Gap junction; GJIC: Gap junctional intercellular
communication; HTS: High-throughput screening; PAC: Puromycin
acetyltransferase; WPRE: Woodchuck posttranscriptional regulatory
element; YFPQL: Yellow fluorescent protein H148Q/I152L.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
JL designed the study and constructed the plasmids. JYL and EJC carried out
the gap junction assay. JL prepared the manuscript. All authors read and
approved the final manuscript.

Acknowledgements
We thank Dr. Erwin G. Van Meir from Emory University for the LN215 glioma
cells. We also thank Dr. Namkung Wan for the pcDNA3.1/Hygro(+)-YFP-
H148Q/I152L and Dr. Min Goo Lee for the pcDNA3.1(+)-SLC26A4. This
research was supported by the Basic Science Research Program through the
National Research Foundation of Korea (NRF) funded by the Ministry of
Education, Science and Technology (NRF-2011-0023701).

Received: 6 December 2014 Accepted: 1 October 2015

References
1. Alexander DB, Goldberg GS. Transfer of biologically important molecules

between cells through gap junction channels. Curr Med Chem.
2003;10(19):2045–58.

2. Willecke K, Eiberger J, Degen J, Eckardt D, Romualdi A, Guldenagel M, et al.
Structural and functional diversity of connexin genes in the mouse and
human genome. Biol Chem. 2002;383(5):725–37.

3. Gerido DA, White TW. Connexin disorders of the ear, skin, and lens.
Biochim Biophys Acta. 2004;1662(1–2):159–70.

4. Laird DW. Syndromic and non-syndromic disease-linked Cx43 mutations.
FEBS Lett. 2014;588(8):1339–48.

5. De Vuyst E, Boengler K, Antoons G, Sipido KR, Schulz R, Leybaert L.
Pharmacological modulation of connexin-formed channels in cardiac
pathophysiology. Br J Pharmacol. 2011;163(3):469–83.

6. Patel SJ, Milwid JM, King KR, Bohr S, Iracheta-Velle A, Li M, et al. Gap
junction inhibition prevents drug-induced liver toxicity and fulminant
hepatic failure. Nat Biotechnol. 2012;30(2):179–83.

7. Hawat G, Benderdour M, Rousseau G, Baroudi G. Connexin 43 mimetic
peptide Gap26 confers protection to intact heart against myocardial
ischemia injury. Arch Eur J Physiol. 2010;460(3):583–92.

8. Plotkin LI, Lezcano V, Thostenson J, Weinstein RS, Manolagas SC, Bellido T.
Connexin 43 is required for the anti-apoptotic effect of bisphosphonates on
osteocytes and osteoblasts in vivo. J Bone Mineral Res. 2008;23(11):1712–21.

9. Abbaci M, Barberi-Heyob M, Blondel W, Guillemin F, Didelon J. Advantages
and limitations of commonly used methods to assay the molecular
permeability of gap junctional intercellular communication. BioTech.
2008;45(1):33–52. 56–62.

10. Kanno Y, Loewenstein WR. Intercellular diffusion. Science.
1964;143(3609):959–60.

11. El Fouly MH, Trosko JE, Chang CC. Scrape-loading and dye transfer. A rapid
and simple technique to study gap junctional intercellular communication.
Exp Cell Res. 1987;168(2):422–30.

12. Raptis LH, Brownell HL, Firth KL, Mackenzie LW. A novel technique for the
study of intercellular, junctional communication: electroporation of
adherent cells on a partly conductive slide. DNA Cell Biol. 1994;13(9):963–75.

13. Wade MH, Trosko JE, Schindler M. A fluorescence photobleaching assay of
gap junction-mediated communication between human cells. Science.
1986;232(4749):525–8.

14. Galietta LJ, Haggie PM, Verkman AS. Green fluorescent protein-based halide
indicators with improved chloride and iodide affinities. FEBS Lett.
2001;499(3):220–4.

15. Tani E, Nishiura M, Higashi N. Freeze-fracture studies of gap junctions of
normal and neoplastic astrocytes. Acta Neuropathol. 1973;26(2):127–38.

Lee et al. BMC Biotechnology  (2015) 15:90 Page 8 of 9

http://www.biomedcentral.com/content/supplementary/s12896-015-0211-3-s1.tiff
http://www.biomedcentral.com/content/supplementary/s12896-015-0211-3-s2.xls
http://www.biomedcentral.com/content/supplementary/s12896-015-0211-3-s3.tiff
http://www.biomedcentral.com/content/supplementary/s12896-015-0211-3-s4.tiff
http://www.biomedcentral.com/content/supplementary/s12896-015-0211-3-s5.tiff


16. Davidson JS, Baumgarten IM, Harley EH. Reversible inhibition of intercellular
junctional communication by glycyrrhetinic acid. Biochemical and
biophysical research communications. 1986;134(1):29–36.

17. Zhang JH, Chung TD, Oldenburg KR. A simple statistical parameter for Use
in evaluation and validation of high throughput screening assays. J Biomol
Screen. 1999;4(2):67–73.

18. Li Z, Yan Y, Powers EA, Ying X, Janjua K, Garyantes T, et al. Identification of
gap junction blockers using automated fluorescence microscopy imaging.
J Biomol Screen. 2003;8(5):489–99.

19. Homolya L, Hollo Z, Germann UA, Pastan I, Gottesman MM, Sarkadi B.
Fluorescent cellular indicators are extruded by the multidrug resistance
protein. J Biol Chem. 1993;268(29):21493–6.

20. Haq N, Grose D, Ward E, Chiu O, Tigue N, Dowell SJ, et al. A high-
throughput assay for connexin 43 (Cx43, GJA1) gap junctions using
codon-optimized aequorin. Assay Drug Dev Technol. 2013;11(2):93–100.

21. Penuela S, Gehi R, Laird DW. The biochemistry and function of pannexin
channels. Biochim Biophys Acta. 2013;1828(1):15–22.

22. Sahu G, Sukumaran S, Bera AK. Pannexins form gap junctions with
electrophysiological and pharmacological properties distinct from
connexins. Sci Reports. 2014;4:4955.

23. Luo J, Kaplitt MG, Fitzsimons HL, Zuzga DS, Liu Y, Oshinsky ML, et al.
Subthalamic GAD gene therapy in a Parkinson’s disease rat model. Science.
2002;298(5592):425–9.

24. Olbina G, Eckhart W. Mutations in the second extracellular region of
connexin 43 prevent localization to the plasma membrane, but do not
affect its ability to suppress cell growth. Mol Cancer Res. 2003;1(9):690–700.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Lee et al. BMC Biotechnology  (2015) 15:90 Page 9 of 9


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Design of I−-YFPQL GJIC assay
	I−-YFPQL GJIC assay in the co-culture of LN215-I− and LN215-YFPQL
	Optimizing the I−-YFPQL GJIC assay
	Performance of the I−-YFPQL GJIC assay
	Applying the I−-YFPQL GJIC assay to another cell type

	Discussion
	Conclusions
	Methods
	Cell culture
	Plasmid construction
	Lentivirus production
	Lentiviral transduction and selection
	I−-YFPQL GJIC assay
	Calculation of Z’ factor

	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	References



