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Fig. 1. Sertraline selectively blocks internalization of Tf in Hela cells. Inhibition of endocytosis markers by sertraline in Hela cells. (A) Hela cells were treated for 30 min at
37 °C with vehicle, 20 uM sertraline, 20 uM CPZ or 20 pM citalopram. Upper panels, internalization of Tf (red); lower panels, internalization of CTB (orange). Nuclei were
stained with DAPI (blue). Scale bar = 10 um. (B) Relative fluorescence intensity. Internalized markers in the presence of vehicle, sertraline, CPZ and citalopram were measured
by application of NIH-Image] (vehicle, n = 13; sertraline, n = 19; CPZ, n = 13; citalopram, n = 25). Relative fluorescence intensity was calculated in arbitrary units, based on the
value for vehicle-treated cells as 100%. Red and orange columns show relative fluorescence intensity of Tf and CTB uptake, respectively. Error bars indicate SEM.
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Fig. 2. The inhibitory effect of sertraline on Tf uptake in Hela cells is reversible, Time course of inhibition of Tf (red) internalization by sertraline or citalopram. (A) Treatment
with 20 uM sertraline for 0, 5, 30 or 60 min. (B) Treatment with 20 uM citalopram for 0 and 60 min. (C) Washout procedure: cells were treated with sertraline (30 min, 37 °C)
and then with DMEM (20 min, 37 °C) to wash out sertraline. The washed cells were incubated with Alexa-Tf (5 min, 37 °C). Nuclei were stained with DAPI (blue). Scale
bar=10 pm.

the target of sertraline. We found that Dyn 1 was expressed in SH- suggest that the effect of sertraline on endocytosis of Tf is mediated
Sy5Y cell extract, but was undetectable in Hela cell extract by inhibition of Dyn 2, not Dyn 1, at least in non-neuronal cells.

(Fig. 3B). Dyn 2 and clathrin heavy chain (CHC) were expressed To investigate whether sertraline inhibits Dyn 2 GTPase activity,
in both Hela and SH-Sy5Y cells, as was B-actin, used as a loading the Malachite Green GTPase assay was conducted. Sertraline inhib-
control (Fig. 3B). Since sertraline blocked endocytosis equally effec- ited Dyn2-Hisg with an ICsq value of 3.7+ 1.3 pM as shown in

tively in HeLa and SH-Sy5Y cells (Figs. 1A and 3A), these results Fig. 3C. In our previous study, the ICso value of sertraline for Dyn
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Fig. 3. Sertraline inhibits endocytosis in neuronal cultured cells as well as HeLa cells. (A) Inhibition of endocytosis markers by sertraline in SH-Sy5Y cells. Left panels, vehicle;
right panels, 20 UM sertraline; upper panels, internalization of Tf (red); lower panels, internalization of CTB (orange). Nuclel were stained with DAPI (blue). Scale bar = 10 pm,
(B) Western blotting for endogenous Dyn 1, Dyn 2 and CHC in HeLa (H) and SH-Sy5Y (S) cells, B-Actin was used as an internal control. (C) Sertraline inhibits the GTPase
activity of Dyn 2. PS-stimulated GTPase activity of purified Dyn2-Hiss (100 nM) was determined in the presence of various concentration of sertraline.

1 was 7.3 + 1.0 pM [20]. These results suggest that sertraline inhib-
its Dyn 2 GTPase as well as Dyn 1.

Effect of sertraline on endo‘cytosis in HeLa and SH-Sy5Y cells

Dyn 1 KK44A, a GTP binding-defective variant [2,16,17], was em-
ployed to further examine the mechanism of inhibition of endocy-
tosis by sertraline, We confirmed that purified DynK44A-Hisg did
not show GTPase activity in vitro, as expected (Supplementary
Fig, 1). Then, Hela and SH-Sy5Y cells were transfected with GFP-
Dyn1 wt or K44A to investigate whether expression of the GTP
binding-defective variant would influence endocytosis. Transient
transfection of K44A suppressed the internalization of endocytosis
markers, while transient transfection of wt had no effect (Fig. 4A
and B). These findings correspond well with a previous report that
the proline-rich domain peptide of Dyn 1 disrupts the interaction
between Dyn and amphiphysin and that the PRD peptide of Dyn
1 inhibits Dyn-dependent endocytosis [15]. These results suggest
that K44A variant-expressing cells can be used as a negative con-
trol of dynamin-dependent endocytosis.

The transfection of Dyn 1 K44A inhibited 83.0 + 3.2% of Tf up-
take (Fig. 4C, column 5 versus 1) and 63.1 +6.6% of CTB uptake
(Fig. 4C, column 6 versus 2) by Hela cells. In SH-Sy5Y cells, the
corresponding values were 49.2+6.9% of Tf uptake (Fig. 4C,
column 9 versus 1) and 22.1+11.2% of CTB uptake (Fig. 4C,

column 10 versus 2). In both cell types, Tf uptake was reduced
more markedly than CTB uptake (Fig. 4C, column 5 versus 6 and
column 9 versus 10). On the other hand, sertraline inhibited
04.8+0.8% of Tf uptake (Fig. 4C, column 7 versus 1) and
50.8 +7.7% of CIB uptake (Fig. 4C, column 8 versus 2) in Hela
cells. In SH-Sy5Y cells, the corresponding values were
80.0+3.7% (Fig. 4C, column 11 versus 1) and 359%7.5%
(Fig. 4C, column 12 versus 2), respectively. The Tf uptake was
much more markedly reduced than the CTB uptake in both cell
lines (Fig. 4C, column 7 versus 8 and column 11 versus 12). In
contrast, the transfection of Dyn 1wt did not inhibit Tf or CTB up-
take (Fig. 4C, column 3 versus 1, column 4 versus 2).

Sertraline has little effect on the interaction between PHD of Dyn 1 and
PS-liposomes

SPR analyses were performed to investigate whether sertraline
inhibits the interaction between Dyn 1 and PS-liposomes. Dyn-Hisg
and DynK44A-Hisg showed specific interactions with PS-liposomes
in the absence of sertraline, unlike DynAPHD-Hisgs. Moreover, addi-
tion of 50 uM sertraline had little effect on the binding of PS-lipo-
somes to either Dyn-Hisg or DynK44A-Hisg (Supplementary Fig. 2).
These results show that the PHD of Dyn 1 is necessary for binding
to PS-liposomes and that sertraline does not directly affect the
active site of Dyn 1 GTPase.
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sertraline-treated SH-Sy5Y cells, n = 10). Relative fluorescence.intensity was calculated in arbitrary units, based on the value for column 1 or 2 (vehicle) as 100%. Red and
orange columns show Tf and CTB uptake, respectively, in terms of relative fluorescence intensity. Error bars indicate SEM.

Discussion

We previously reported that Dyn 1 GTPase activity is inhibited
by sertraline in vitro [20]. PS-liposomes were used instead of plas-
ma membrane, and membrane protein was not employed in our
previous GTPase assay. Here, we examined the effect of sertraline
on Tf and CTB uptake in cultured cells. It has been reported
that Tf is internalized by receptor-mediated, clathrin- and
Dyn-dependent endocytosis [17,27,28]. It is known that the endo-
cytic pathway of CTB involves lipid-raft-dependent internalization
via glycosphingolipid binding {29]. In this study, internalization of
Tf was blocked by 20 pM sertraline in HeLa cells (Fig. 1A and B) and
SH-Sy5Y cells (Fig. 3A). Accordingly, we concluded that sertralin
may act as an inhibitor of Dyn-dependent endocytosis in both
neuronal and non-neuronal cultured cells.

In our previous study, only Dyn 1 was employed for in vitro
GTPase assay. Thus, it remained unknown whether sertraline
inhibits other Dyn isoforms. Here, we found that sertraline inhib-
ited endocytosis in Hela cells (Fig. 1), which contain Dyn 2, but
lack endogenous Dyn 1 (Fig. 3B). Furthermore, sertraline inhibited
Dyn 2 GTPase activity in vitro (Fig. 3C). These results indicate that
sertraline inhibited Dyn 2 GTPase in Hela cells. Thus, our results
indicate that sertraline suppresses Dyn-dependent endocytosis
via inhibition of both Dyn 1 and Dyn 2 GTPase activities. Moreover,
inhibition of Tf uptake by sertraline in Hela cells was different
from that in SH-Sy5Y cells (Fig. 4C, columns 7 versus 11). This dif-
ference may be a consequence of the difference in expression of
Dyn isoforms between the two cell lines.

Sertraline inhibited Tf uptake within 5 min (Fig. 2A). The inhibi-
tion lasted for more than 60 min (Fig. 2A) and could be reversed by
washing the cells (Fig. 2C). These results indicate that sertraline is a
rapid, continuous and reversible inhibitor of Dyn-dependent endo-
cytosis of Tf in HeLa cells. In this study, SPR analysis showed that
sertraline had little effect on the interaction between the PHD of
Dyn 1 and PS-liposomes (Supplementary Fig. 2). The results of
SPR analysis are consistent with our previous finding that sertra-
line is not a competitive inhibitor with respect to PS-liposomes
[20]. Sertraline is not a long-chain compound, and therefore is
not expected to interfere with liposome formation or to disrupt
the membrane structure of cultured cells.

It is known that Dyn 1 K44A is a variant deficient in GTP binding
[2,16,17]. There are two possible pathways through which Dyn 1
K44A expression may cause inhibition of endocytosis. First, Dyn
1 K44A has the PXXP motif, like Dyn 1 wt, at the C-terminus, It is
well known that the PXXP motif of Dyn 1 interacts with SH3 do-
main-containing proteins such as amphiphysin [13]. Hence, Dyn
1 K44A may compete with endogenous Dyn for binding to SH3 do-
main-containing proteins in vivo [15]. Second, Dyn 1 K44A showed
no GTPase activity in vitro (Supplementary Fig. 1), in agreement
with several previous reports [2,16,17]. Moreover, it was reported
that tetramerization of Dyn is necessary for GTPase activity [12].
Therefore, Dyn 1 K44A may act as an inhibitor of endocytosis by
forming inactive tetramers with Dyn 1 wt [10]. The transfection
of Dyn 1 K44A indeed reduced Tf uptake in HeLa and SH-Sy5Y cells,
respectively, but sertraline resulted in greater reductions of Tf up-
take (Fig. 4C). These differences between the effects of Dyn 1 K44A
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transfection and sertraline on internalization of Tf and CTB indicate
that different mechanisms of inhibition of endocytosis are
involved.

Although citalopram is a SSR], like sertraline [21,26], it did not
inhibit the uptake of Tf or CTB (Fig. 1A and B). This resuit may be
consistent with the previous finding that citalopram did not influ-
ence the regulation of norepinephrine [30]. The uptake of Tf was
more markedly reduced by sertraline than by CPZ, whereas sertra-
line inhibited the uptake of CIB as effectively as did CPZ in Hela
cells (Fig. 1B). It is well known that CPZ is a clathrin-dependent
endocytosis inhibitor [25]. The difference between sertraline and
CPZ in the inhibition of Tf uptake is consistent with our previous
report that the ICsq values of sertraline and CPZ for Dyn 1 GTPase
were 7.3 + 1.0 and 47.2 + 23.1 pM, respectively [20]. Thus, it might
appear that the difference between inhibition of Tf uptake by
sertraline and CPZ can be attributed to the difference of inhibitory
potency towards Dyn 1 GTPase. In conclusion, this report presents
evidence that sertraline suppresses endocytosis in cultured cells.
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A fiexible hose made of plasticized polyvinyl chloride was introduced into underground radioactive waste-
water drainpipes as preventative maintenance. We completed a seamless connection spanning the longest interval
between the last confluence point and the wastewater tank. Although the flexible hose is not a construction materi-
al but rather a consumable article, it is robust against the effects of temperature change and erosion by chemical
substances. Moreover, it is placed in an underground steel pipe where it is protected from UV irradiation and fric- -
tion. Therefore, increased hose durability is expected. In addition, the risk of damage from earthquakes or ground
subsidence is negligible due to the flexibility of the hose. Compared with a full renovation of the plumbing, the eco-
nomic cost is much cheaper and the construction period is much shorter. We propose the use of flexible hoses as
one of the most convenient methods to prevent leakage accidents at radioisotope facilities with underground

plumbmg for wastewater.

" Key words: flexible hos;é,‘m:aintenanceg plumbing, wastewater, pipe fitting

1. Introduction

Problems arising from plumbing at radioisotope facilities
have been cited often in recent official incident reports issued by
the Ministry of Education, Culture, Sports, Science and
Technology (MEXT)"?. Although recent guidelines recom-
mend placing water tanks and plumbing structures in a visible
space®, some older institutions still use underground plumbing
and storage tanks for radioactive wastewater™,

Earthquakes as well as construction of new buildings near
radioisotope facilities will affect the underground plumbing
over time. In this context, regular inspection and review of
wastewater facilities such as plumbing and reservoir tanks are
necessary in order to test for leakage of wastewater. If leakage is
detected, much work becomes necessary“’, such as reporting,

measurements, dose evaluation and data recording. Some of this
work is based on legal requirements” and thus cannot be post-
poned or left undone.

Therefore, we performed preventative maintenance on the
underground drainpipes at our radioisotope facility. We intro-
duced a flexible hose into the steel drainpipes. Specifically, we
completed a seamless connection spanning the longest interval
between the last confluence point and the wastewater tank.

2. Project description

2.1 Underground plumbing at the Institute of
Radioisotope Research, St. Marianna University
Graduate School of Medicine

The radiation-controlled area is located on the sixth floor of
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Wastewater tanks

Fig. 1 Block diagram of underground plumbing.

Pathway A
——
— Pathway B
© Vertical pipe
Bl Drainagepit

Conyentional |
septic reservoir

“gn “Bv and *V* indicate upstream end of water flow test for drainpipe leakage detection, a conventional septic reservolr,

and position of vertical pipe, respectively.

the school building. Radioactive wastewater from the controlled
area flows through five main steel pipes to a building outside.
After descending from the sixth floor to the ground level, each of
these pipes is connected with a drainage pit made of concrete
that is buried just beneath ground level. From the five dfainage
pits, steel pipes lined with unplasticized polyvinyl chloride
(PVC-U) follow two pathways underground (Pathway A and
Pathway B) and connect to the first wastewater tank, as shown in
Fig. 1.

The present renovation project consisted of three main parts:

(1) Closing Pathway B (area indicated by dotted lines in Fig.-

1) including drainage pits 1, 9 and 10, as well as a conventional
septic reservoir (indicated by “R” in Fig, 1). Vertical pipes 1 and
2 (indicated “V1” and “V2” in Fig.1) are connected by a new
PVC-U pipe at a height of 4 m above ground level.

(2) Preventative maintenance of Pathway A via insertion of
a flexible hose.

(3) Closing drainage pits 2, 3 and 4 in Pathway A. -

The first step is justified only after changing the purpose of
radioisotope use at our facility, namely, abrogation of animal
experiment in the radiation working room. This renovation
. required approval from the MEXT™, which we obtained before
commencing construction for the renovation.

2.2 Flexible hose and fitting equipment
The primary task in the present maintenance is the introduc-

Fig. 2 Insertion of flexible hose to the plumbing.

tion of the flexible hose, as shown in Fig. 2 by a photograph. The
hose is made of plasticized polyvinyl chloride (PVC-P) with an
outer diameter of 78.5 mm (Kanaline A, Kanaflex Co., Ltd,,
Roppongi, Japan). The soft body of the hose allows for flexibil-
ity and is surrounded by a PVC-U spiral (pitch: 14.3 mm) as
shown in Fig. 3.

Although the outside of the hose has a spiral structure, the
inside wall is quite smooth and does not impede the flow of
water. The specifications of the hose are summarized in Table 1.

Since there is a variety in diameters of opening of the con-
crete drainage pits, the edge of the hose was connected with a

15



Utilization of Flexible Hose in Drainpipe

unplasticized
plasticized polyvinyl chloride
polyvinyl chloride

reinforcement cord

7
Y3
q

CRRRRN

(XX

,‘.n
Atofb’,ofo’a

TR

X

R

R0

X

Q000

XX

’I"'Q"

¥
R

OO0

N
0%

A
X
Yy,

V"
\/

0
R

3,

V‘I
X
XX
X

fA

outer
diameter
78.5 mm

i

A"
A
XX
7
X

X

0

&7
w

X

e

XX

7

o,

R

X0

‘,..v
A

XX

T

X

)

inner
diameter
63.5 mm

Fig. 4 llustration of eccentric increaser; PVC-U pipe fitting.

e

X

TRRRERA
X
A

Y

A

..
X

A7
KX

Ta!

X T XXX

X

R0

v,
X

>

.
R

Q

KA
X

K

R

v

Y
K

7
»

= BG&G Ortec).
pitch A total of 65 pieces of filter paper from smear tests, two lots
14.3 mm of water samples and three plates of sludge specimen were sub-
Fig. 3 Structure of flexible hose used In the present mainte- jected to radioactivity measurements. The radioisotope contam-
nance. ination was lower than the detection limit for all samples

collected from Pathways A aod B.
fitting equipment PVC-U eccentric increaser (CU INH,

Aronkasei Co., Ltd., Shinagawa, Japan) as shown in Fig. 4. The 3.2 Water flow test
pipe fitting equipment with a suitable diameter is fixed to The hose between the upstream and downstream ends was
drainage pit by using stainless steel screws and epoxy adhesive inspected visually with a fiberscope. Then, a leakage test was
at each drainage pit. performed by letting water flow through the hose. A total of 300
L of water was passed from drainage pit 14 (point “S” in Fig. 1)
3. Countermeasures and results of measurements at a flow rate of 16-18 L/min. The volume of the retained water
3.1 Radioactivity contamination irispections in the tank was measured by using a linear scale 5~8 min after
Measurements of radioactivity were performed as part of turning off the water.
mandated inspections for radioactivity contamination for The initial time lag (ITL), that is, the time interval between
Pathways A and B. After high-pressure washing, the surface turning on the water and the time when the water reaches the
concentration of radioactivity was measured by smear tests of entrance of the waste tank, was also measured. We have per-
the walls inside the drainage pits. The interior of the drainpipe formed leakage inspection for the drainpipe since 2003%; thus,
was partly smeared except for areas that were out of reach. The we compared the retention efficiency and ITL as measured in
radioactivity concentration was also measured in the washing water flow tests before and after the present maintenance.
| drain water. Sludge was collected from the bottom of the con- The time series of the observed retention efficiency is shown
| ventional septic reservoir tank on Pathway B and was measured in Fig. 5. Two }-othways were present before the renovation;
. after drying on a small measurement plate at room temperature. thus, two series of results are shown. Before the renovation, the
The permitted nuclides used at our institation are °H, “C, maximum and minimum values of water recovery for Pathway
| 3ip, 335G, 45Cq, SICr and 1%, Liquid scintillation counter (LSC- A were 109% and 94%, respectively. However, the retention
i 3500, Aloka) was used for the detection of p-rays from *H and efficiency has remained within the range of 100 * 0.84% after
z ¢, A low-background gas-flow counter (LBC-472Q, Aloka) the renovation.
was used for the inspection of -rays from *P, %S and *°Ca. The The mean values of ITL before and after the renovation are
y-ray spectrometry was used for the evaluation of the y-rays summarized in Table 2. Before and after the renovation, the
from 3'Cr and I by using a Ge(Li) detector (G7700, Seiko mean * SD of ITL was 3.58 + 0.88 min and 1.89 + 0.18 min,

Table 1 Specification of hose “Kanaline A”

Operating - Elongation Allowable Decompression
Size Weight temperature Pe:g:slgglr%le rate bending transfomation
(g/m) limit p(MPa) at 0.4 MPa radius temperature
(C) (%) (mm) at-0.098 MPa ("C)
65 1260 —10~+50 0.490 15 270 60 '
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Fig.5 Time series of retention efiiclency in water flow tests since 2003 for Pathway A (top) and Pathway B (botiom).

Arrow indicates time that Pathway B was closed.

Table 2 Mean ITL (min) before and after renovation

Condition Mean + SD {n) Probability
Before 3.58 £ 0.88 (12)
p < 0.01
After 1.89 £ 0.18 (6)

respectively. We found a statistically significant difference (p <
0.01) between the two means by using the ¢-test for two inde-
pendent groups.

4. Discussion

Before the present maintenance, there were two under-
ground pathways for the flow of wastewater, Pathways A and B,
as shown in Fig. 1. The two pathways met at drainage pit 2 and
then went to the wastewater tank. Since drainage pit 2 lacks a
valve, it functions as a T-junction. Thus, before the closure of
Pathway B, water from drainage pit 1 could flow to drainage pit
3 and water from drainage pit 3 could flow to drainage pit 1. As
a result, the waiting interval after turning off the water before
measuring the amount of water in the wastewater tank was sub-

ject to uncertainty in water flow tests to detect leakage from
Pathway A or B. This might have resulted in the observed fluc-
tuation of retention before the closure of Pathway B, as shown in
Fig. 4. However, after closing Pathway B, the size of the fluctu-
atiqn decreased. In addition, the mean of ITL showed a statisti-
cally significant decrease, as summarized in Table 2. Although
these findings provide only indirect evidence of the benefits of
the present maintenance, at a minimum, the results suggest that
the smoothness of the present hose inside the pipes is equal to or
greater than that of the steel pipe with PVC-U lining.

The flexible hose used in the present maintenance is robust
against the effects of temperature change and erosion by chemi-~
cal substances. Of course, its rigidity and strength are less than
that of the steel drainpipe. However, the flexible hose is installed
inside the steel drainpipe; thus, the risk of damage occurring due
to earthquakes or ground subsidence is negligible even if a gap
or a shift appeared in steel pipe junctions. Moreover, protection
from UV irradiation, rain and friction beneath the ground will
positively affect hose durability. Furthermore, the steel pipe is
lined with a coating material, and thus there is no considerable
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Utilization of Flexible Hose in Drainpipe

difference in the durability of the steel pipe with PVC-U lining

and the present PVC-P hose with respect to acids or diluted alco-

hols resistance. The flexible hose, therefore, can serve as a suit-
able material for wastewater in a radioisotope facility if it is
installed in a steel pipe.

At institutions using underground facilities for radioactive
wastewater, a long period of time, possibly 25 years, has passed
since the establishment of the controlled area. Moreover, ground
subsidence® and earthquakes'® frequently occur in Japan, which
are necessary factors in long-term risk analysis of various facil-
ities'V, This means that the risk of accident due to aging drain-
pipes, drainage pits or fitting equipment likely has reached a
considerable level.

A regular inspection procedure will detect leakage of waste-

water from underground drainpipes. However, once a leakage is .

detected, it means an accident has already occurred. Although
the present preventative maintenance requires approval from the

. MEXT, the preventative maintenance is much easier than taling

action after an accident.

5. Conclusipn

Renovations that include buﬂding new storage tanks and
plumbing facilities will incur a large cost. In addition, such ren-
ovations may not be possible due to a lack of available space at
the institution. Instead, we introduced a flexible hose into the
steel drainpipes. Compared with a full renovation of the plumb-
ing, the economic cost was lower and the construction period
was much shorter. Considering its flexibility, this method will

+be quite advantageous for underground plumbing that will

sometimes encounter ground subsidence.
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Abstract

Objective: It is theoretically possible to induce various cell
types, including retinal neurons, from embryonic stem cells
(ESCs). pax6 regulates early events in eye development, in-
cluding the generation of retinal ganglion cells (RGCs). We
previously reported the successful induction of corneal epi-
thelial cells from ESCs transfected with the pax6 gene. Here,
we attempted to establish cloned RGC-like cells from ESCs
transfected with the pax6 gene. Methods: Undifferentiated
mouse ESCs were transfected with pax6 cDNA by electropo-
ration, followed by selection with G418. We conducted limit-
ing-dilution culture of paxé-transfected cells. We expanded
the cloned pax6-transfected cells, which expressed nestin
and musashi-1, for further characterization in culture media
containing fibronectin. The cells were characterized using
RT-PCR, immunostaining, electron microscopy, renal sub-
capsular transplantation assay and Ca imaging. Results: We
obtained clonally expanding paxé-transfected cells, all of
which were positive for six3, sonic hedgehog (shh), math5,

brn3, thyl and melanopsin, by using several ESCs. When
transplanted into a mouse renal capsule, they differentiated
into neurons with elongated axons, expressing Bl tubulin
and neurofilament middle chain, and were free from tera-
toma development. Electron-microscopic examination
showed neurotubules and neurofilaments in the axon-like
processes of the cloned paxé6-transfected cells. High KCl
stimulation increased free Ca influx on Ca?* imaging. Con-
clusions: ESCs were applicable for the induction of retinal
progenitor cells, including RGClike cells, by transfection
with the pax6 gene and subsequent limiting-dilution cul-
ture. Cloned cell lines may be useful to analyze the require-
ments for retinal progenitor cell differentiation, and our
study suggests the clinical application of this cell type.
Copyright © 2009 S. Karger AG, Base!

Introduction

It has been shown that retinal progenitor cells are mul-
tipotent and retain their ability to generate different cell
types such as 6 major neuronal cell types and 1 glial cell
type [1]. Retinal ganglion cells (RGCs) in the eye originate
from the diencephalon [2, 3] and are first induced from
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{retinal progenitor ‘cells in embryonic development [3].
!{'They elongate axons within the optic nerve, which con-
'vey important visual information to the brain. RGCs are
often damaged in patients with glaucoma, leading to the
apoptotic death of RGCs [4, 5] and visual impairment.
The limited capacity for structural and functional repair
in the retina is partly explained by the inability of the
mature central nervous system to regenerate new cellular
components in response to damage [6].

Embryonic stem cells (ESCs) are derived from the in-
ner cell mass of blastocyst stage embryos and harbor self-
renewing potential and multipotential. ESCs may be-
come an unlimited source of cells suitable for such trans-
plantation therapy. They have been shown to differentiate
preferentially into multiple neural cell types [7] when cul-
tured with medium depleted of all-trans retinoic acid and
fetal calf serum (FCS) [8]. ,

The paired box 6 (pax6) gene, containing a paired do-
main and a paired-type homeodomain, is one of the key
transcription factors in eye development [9-11]. Indeed,
pax6 gene knockout resulted in a small-eye/eyeless phe-
notype in mice [12]. pax6 gene expression is maintained
throughout neuroretinal development, including RGC
development [10, 13]. We thus consider that pax6 trans-
fection into ESCs may induce retinal neurons, including
RGCs and/or their precursors.

Based on these findings, we attempted to establish
cloned RGCs and/or their precursors. We first transfect-
ed ESCs with the pax6 gene and subsequently conducted
a limiting-dilution culture where culture medium was
supplemented with 0.05% fibronectin. We report here the
induction of retinal neuron precursors, including RGC-
like cells in culture.

Materials and Methods

Mouse ESCs

In this study, we used an ES cell line, E14.1, donated by Dr.
Klaus Rajewsky, Cologne University (Passage No. 1218, normal
karyotype) [14]. The culture medium consisted of Dulbecco’s
modified Eagle’s medium (DMEM), supplemented with 2 mM
glutamine, 0.1 mM B-mercaptoethanol, 1 X pyruvate, and 15%
FCS. Undifferentiated ESCs were maintained in the presence of
mitomycin-C-treated mouse fetal fibroblasts on gelatin-coated
Petri dishes in medium supplemented with 1,000 U/ml of recom-
binant mouse leukemia inhibitory factor (Life Technologies,
Grand Island, N.Y., USA) [15]. We found that our undifferentiated
ESC preparation expressed sox2, oct4 and nanog mRNA (datanot
shown), suggesting its undifferentiated status [16]. We conducted
similar experiments with another ES cell line, R-CMT], and ob-
tained essentially the same results.
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pax6 cDNA Expression Vectors

Mouse pax6 cDNA waskindly donated by Dr. Barbara Norman
(National Eye Institute, Bethesda, Md., USA). The pax6 cDNA was
ligated in a frame of green fluorescence protein (GFP) cDNA and
then subcloned into pcDNA 3.1 vector (Invitrogen, Carlsbad, Cal-
if., USA). The resultant vector expressed pax6 + GFP fusion pro-
tein and was designated as ppax6-GFP vector. ESCs were trans-
fected with the empty vector (GFP cDNA only) for use as a control.
Although cytomegalovirus promoter allows for a strong short-
term expression of transduced genes, it became silent within a few
weeks after gene transfer [17]. We confirmed that pax6 and GFP
colocalized on the nuclei at days 1 and 28 of cell culture by immu-
nostaining. Thus, it is possible that the complete silencing of pax6
gene expression did not occur until 28 days. Transfection into un-
differentiated ESCs was performed by electroporation (Bio Rad,
Hercules, Calif., USA), and cells transfected with the pax6 expres-
sion vector were selected in medium containing 100 pg/m! G418.
Fourteen days after initiation of selection culture, G418-resistant
cells were recovered and maintained in DMEM supplemented
with 10% FCS on gelatin-coated dishes in the presence of G418.

Limiting Dilution Culture

Ourtransient transfection experiments of mouse ESCs showed
that some pax6-transfected cells differentiate into neuron-like
cells. To establish whether these cells differentiate into retinal
neurons and/or their precursors, we conducted a limiting-dilu-
tion culture as previously described [18]. The growing cloned cells
were transferred from 96-well plates to 24-well plates. We cul-
tured them in medium (designated as differentiation medium)
composed of DMEM: nutrient mixture F-12 (DMEM/F12) with
N2 supplement (Invitrogen, Tokyo, Japan), and 0.05% fibronectin
(Sigma, Tokyo, Japan) for neural induction. We repeated the
transfection and limiting-dilution culture 4 times and confirmed
the reproducibility.

Reverse-Transcriptase Polymerase Chain Reaction

Total RNA extraction, cDNA synthesis and polymerase chain
reaction (PCR) amplification have been reported [14]. B-Actin
was used to detect housekeeping gene expression in all reverse-
transcriptase (RT)-PCRs. The sequences and annealing tempera-

‘ture of the primers are shown (table 1).

Immunostaining

Immunostaining was performed as previously described [14].
Cells cultured on a chamber slide were fixed in a mixture of meth-
anol and acetone for 10 min at room temperature. They were
blocked for 2 h in 0.2% Tween 20 and 0.2% gelatin in PBS.

They were incubated overnight with one of the following pri-
mary antibodies: anti-Pax6 (1:300; BAbCO, Evanston, Ill., USA),
anti-nestin (1:400; ARP, Belmont, Mass., USA), anti-BIII tubulin
(TUB) (1:400; Promega, Madison, Wisc., USA), anti-neurofila-
ment middle chain (NFM) (1:400; Chemicon, Temecula, Calif,,
USA), anti-isletl (1:200; donated by Dr. Thomas M. Jessell, Co-
lumbia University, N.Y., USA), anti-Brn3 (1:50; Santa Cruz Bio-
technology, Santa Cruz, Calif., USA), anti-thyl (1:50; Santa Cruz
Biotechnology), anti-melanopsin (1:1,000; Affinity Bioreagents,
Golden, Colo., USA) and anti-crx (1:1,000; kindly donated by Dr.
Craft, University of Southern California) [19].

An appropriate biotin-labeled second antibody (Dako Cyto-
mation, Kyoto, Japan) and Cy3-conjugated streptavidin (Jackson

Kayama et al.



Table 1

Primer _PFoward primer (5'—=3') ... - .. . Reverse primer (5'3') = " Annealing . "PCR.
R o _temperature, °C - product, bp
Pax6 aacaacctgectatgcaacc cttggacgggaactgacact 54 206
Nestin ctaccaggagcgcgtggc tccagagccagcetggaactt 64 219
Musashi-1 gagactgacgcgccccagec cgcctggtccatgaaagtgacg 61 213
TUB tagtggagaacacagacgaga ctgctgttcttactctggatg 55 442
NEM gecgagcagaacaaggaggecatt ctggatggtgtcctggtagetget 64 186
B-Catenin gtggaccceaagecttaggta atggtgggtacaggagttta 60 547
Shh cctctectgetatgetectg gtggcggttacaaagcaaat 50 248
Math5 caggacaagaagctgtccaa gggtctacctggagectage 55 173
Isletl geagcataggcttcagcaag atagcaggtccgcaaggtg 55 365
Brn3a atgtccatgaacagcaagca agtgcagcgacgggtactt 45 216
Brn3b tetggaagectacttcgeca ccggttcacaatctctetga 50 350
Thyl caccaaggataactccataa gceacacttgaccagettgt 55 266
Melanopsin tcttcatcttcagggccate ttctetgetgtaggecacata 55 957
PKC gccatcagtaatcatgecact ggaacccaaactatgctctt 52 284
Crx agcggegggageggaccacattca tggaccctggactcaggcagattg 60 136
Opsin gggactgagaaagcatcgag ccatactggcctggaactgt 57 186
Ootx2 gagaggacgacttttactag ttaaaccatacctgcaccct 55 185
Emx1 agcgacgttccccaggacgggct cggttgatatggtogoaacc 53 290
Emx2 ccaccttctaccectggetcatec gectgcttggtageaattctccace 53 373
Enl gtgtggeccgectgggtctac cgtgatatagcggtttgectggaacte 66 177
En2 gataacatcctgeggectgag ctgtgccatgaggtgeacege 60 720
Liml atgcctgtctggggcgat taggcctgtgaggttgag 64 300
HB9 ccctgecgaccccatcaa gecttgteccecgaaace 56 441
L-type alC tegtgggtttcgtcattgica cctetgeactcatagagggagag 55 473
L-type 1D gagcctcgattagtatagtggaatg aggatgcagcaacagtccata 55 217
L-type alF gaagcagcagatggaagaag tgtgtggagcgagtagagtg 50 206
N-type alB gaagtagctgaagtcagec cttgegtgtcageccctgga 50 420
P/Q-type alA gagcggctggatgacacggaacc gagctggegactcacectggatgtce 50 483
T-type alG tacggaggctggagaaaa gatgatggtgos(a/g)ttgat 50 697
T-type alH cgeagactattcacacac gatgatgptaga(a/g)ttgat 49 449
T-type all ggaaaagaagcgecgtaa gatgatggteoo(a/g)ttgat 49 325
R-type alE gagactgtggtoacttitgaggacc atagagctatggggcaccatgget 49 364
NMDAR 2A gctacgggeagacagagaag gtggttgtcatctggetcac 57 257
NMDAR 2B ggctacggctacacatggat ctgeteteteectaccatge 57 339
B-Actin gatgacgatatcgctgegetg gtacgaccagaggceatacagg 35 440

Immuno Research, West Grove, Pa., USA) were used for the de-
velopment of immunofluorescence. A confocal laser scanning
microscope (LSM510, Carl Zeiss, Iena, Germany) was used to de-
tect signals.

Transplantation of Cloned pax6-Transfected Cells under the

Renal Capsule of Mice

We adhered to the tenets of the NIH statement for the use of
Animals in Research in the following study. The subrenal capsule
is suitable to obtain sufficient blood supply to the graft to promote
potent cell growth. In addition, it is easier to fix cells at the trans-
planted site [20, 21]; therefore, we transplanted these cells under
the renal capsule of mice to determine whether the cloned pax6-
transfected cells fully differentiate into mature neurons in vivo
without tumor development [20, 21]. All subsequent procedures
were conducted according to the Association for Research in Vi-

Induction of Retinal Neuron Progenitor
Cells from ESCs

sion and Ophthalmology Statement for the Use of Animals in
Ophthalmic and Vision Research and received the approval of the
Animal Care Facility of St. Marianna University School of Medi-
cine.

Female C57BL/6 mice aged 6 weeks (Charles River, Kanagawa,
Japan) were anesthetized with sevoflurane (Maruishi Pharma-
ceutical, Osaka, Japan) and were placed in a stereotaxic frame
(Narishige Scientific Instrument, Tokyo, Japan).

The dorsum cavity was opened and the cloned pax6-trans-
fected cells were transplanted into the renal capsule. Three groups
were established; the group transplanted with cloned pax6-trans-
fected cells (n = 6), the control group (PBS injection; n = 6) and
the group transplanted with undifferentiated ESCs (n = 3). For the
transplanted group, a single cell suspension (2 X 10°) of cloned
pax6-transfected cells was transplanted under the capsule of the
left kidney. In the control groups, either the vehicle (PBS) or un-
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differentiated ESCs was similarly injected. The operations were
performed using a 1-ml syringe attached to a 31-gauge needle.
Fourteen days after transplantation, the kidneys were removed
for analysis. :

Calcium Imaging

Intracellular free calcium levels were evaluated using fluo-3-
acetoxymethyl (AM) ester (Dojindo, Kumamoto, Japan) [14, 22,
23). Briefly, 14 days after switching DMEM/10% FCS medium to
DMEM/F12 medium with N2 supplement and fibronectin, more
than 90% of the cloned pax6-transfected cells were Brn3 positive
on immunostaining (fig. 2M). Then, the cells were transferred to
glass-bottomed dishes and used for analysis. The cells were load-
ed with 1 uM of fluo-3-AM. Endogenous esterases converted the
nonfluorescent fluo-3-AM into fluorescent fluo-3. After washing,
the cells were kept in a calcium mobilization buffer containing
130 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl;, 0.8 mMm MgCl,, 5.5 mM
D-glucose, and 10 mM HEPES (pH 7.3). Fluo-3 dye was excited
with an argon laser at 488 nm, and fluorescence emission at A
>510 nm was captured every 5 s for 200 s.

Nomarski differential interference contrast microscopic im-
ages were recorded simultaneously to avoid focal errors. The fluo-
3 fluorescence before potassium application was mostly uniform
but sometimes brighter in the cells. To see the voltage-gated cal-
cium influx, 100 mM KCl was added after recording the base
emission intensity. Ca®* influx was induced by adding KCl with a
pipette onto the cells under investigation as well as to proximal
cells from 0.8 to 2 s. It has been shown under a whole-cell current
clamp that the application of 100 mM KCl led to a constant mem-
brane potential of -10 mV [14, 24].

In some experiments, lead chloride (10 M) (Sigma), a Ca?*
channel blocker, was added before KCl stimulation. Ionomycin
(4 wM) (Molecular Probes, Eugene, Oreg., USA) was added at the
end of each measurement as a positive control for [Ca%']; in-
crease.

Addition to the bath of 0.005% saponin in 0 Ca* Ringer’s so-
lution with 10 mM EGTA rapidly quenched an average of 86% of
the whole cell confocal fluorescence after fluo-3 loading (n = 4),
indicating predominantly cytoplasmic localization of the dye.
Thapsigargin (TG) (Sigma), an irreversible inhibitor of sarcoplas-
mic-endoplasmic reticulum Ca?* ATPases, was dissolved in 0.02%
ethanol. Four micromoles of TG were added at 20 min before KCl
stimulation. In Ca?*-free solution, CaCl, was removed. Nifedi-
pine, an L-type Ca?* channel inhibitor, was obtained from Sigma.
In all experiments, we repeated the same experiments at least 4
times.

Statistical Analysis

Data were averaged and expressed as means + SEM. For com-
parisons between the groups the unpaired Student’s t test was
used, and significance was defined as p < 0.05.

Results

Induction of Cloned pax6-Transfected Cells
We constructed a vector expressing pax6 + GFP fusion
protein, and introduced it into mouse ESCs. We previ-
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ously found that the transfection of ESCs with the pax6
gene differentiated not only corneal epithelial cells but
also neural cells [25]. After 2 weeks’ culture with G418,
half of the cells developed a neuron-like configuration
and the remaining cells had an epithelial cell-like con-
figuration. In order to obtain purified neural cells, we
then conducted a limiting-dilution culture (fig. 1A).
pax6-transfected cells became membrane alkaline phos-
phatase negative whereas undifferentiated ESCs were al-
kaline phosphatase positive (fig. 1B) [26].

After limiting-dilution culture, we picked up the
cloned cells expressing nestin mRNA and musashi-1
mRNA, both of which were neural stem/precursor mark-
ers (fig. 2A) [27, 28]. Cells with axon-like processes
emerged when cultured in differentiation medium
(fig. 1C) [29]. During the culture period of 14 days, they
gradually extended axon-like processes that eventually
led to the formation of neural-network-like structures
(fig. 1D, E). Some of the cells had multiple axons and a fat
cell body resembling authentic RGCs (fig. 1F) [30]. The
pax6-transfected cells did not extend axon-like processes
without the addition of fibronectin to culture medium
(fig. 1G). The cells transfected with empty vector did not
differentiate into neuron-like cells such as cells with
axon-like processes (fig. 1H). They did not grow and dis-
appeared thereafter.

To test whether cloned pax6-transfected cells ex-
pressed neural-cell-associated mRNA, we performed re-
verse-transcriptase polymerase chain reaction (RT-PCR)
analyses. Cells cultured for 4 days in DMEM/F12 medi-
um with N2 supplement and fibronectin (differentiation
medium) expressed neural cell-associated mRNA, TUB
[31], neurofilament middle chain (NFM) [32] and B-
catenin (fig. 2A) [33].

We examined the expression of RGC-associated genes,
including six3, sonic hedgehog (shh), math5, islet1, brn3a,
brn3b, thyl and melanopsin, using RT-PCR.

Isletl is a homeodomain family transcription factor
and one of the RGC markers in the earliest development
process [34]. Brn3 POU domain transcription factors,
brn3a, brn3b and brn3c, play essential roles in the differ-
entiation and survival of projection neurons within RGCs
[35, 36]. Thyl plays a role in developmental milestones in
the formation of the visual system [37]. Melanopsin is an
opsin-like protein whose coding mRNA is found in a sub-
set of RGCs and is proposed to be the photopigment of
intrinsically photosensitive RGCs [38].

The cloned cells were simultaneously found to be pos-
itive for six3, shh, mathS5, isletl, brn3a, brn3b, and thyl 4
days after culture in DMEM/F12 medium with N2 sup-

Kayama et al.



Fig! 1. Characterization of cloned pax6-
transfected cells (pax6 cells). Undiff. = un-
differentiated. A" Experimental protocol.
pax6 cDNA was subcloned into eukaryot-
ic expression vector. ESCs were electro-
transfected with the vector. The cells were
selected by culturing in G418-containing
medium for 14 days. To establish clonal
cells of RGCs, limiting-dilution culture of
G418-resistant cells was carried out. We
picked up cloned pax6-transfected cells
expressing nestin and musashi-1 mRNA,
These cell lines were cultured in medium
comprised of DMEM/F12 with N2 supple-
ment and fibronectin (designated as dif-
ferentiation medium). After sufficient ex-
pansion, cloned pax6-transfected cells
with axon-like processes were harvested at
days 1, 4 and 14 after the last passage.
B Alkaline phosphatase staining. The
pax6-transfected cells were negative for
alkaline phosphatase. Undifferentiated
ESCs were membrane alkaline phospha-
tase positive. C Inverted microscopic view
of cloned pax6-transfected cells at day 1.
Inset: Higher magnification of the cell in-
dicated by an arrow. The cellhad axon-like
processes. D Inverted microscopic view of
the cloned pax6-transfected cells at day 14.
Inset: Higher magnification of the cell in-
dicated by an arrow. The cell had elongat-
ed axon-like processes. E Hematoxylin
and eosin staining of cloned pax6-trans-
fected cells at day 14. They had long axon-
like processes and constituted a neural
network-like structure. Inset: Higher
magnification of E. F Inverted microscop-
ic view of cloned pax6-transfected cell at
day 14 with multiple axon-like processes.
G Inverted microscopic view of cloned
pax6-transfected cells at day 14 in differ-

entiation medium without fibronectin.

Inset: Higher magnification of the cell in-
dicated by an arrow. The cells did not have
axon-like processes. H Inverted micro-
scopic view of empty vector-transfected
cells at day 14 in culture. These cells gradu-
ally disappeared. Inset: Higher magnifica-
tion of the cell indicated by an arrow. The
cell did not have axon-like processes. Bars:
B 20 pm, C-E, G, H) 15 pum, (F) 50 pm.
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plement and fibronectin (fig. 2A). At the mRNA level,
they were positive for bipolar cell marker, PKC [39], and

photoreceptor-related markers, crx and opsin (fig. 24)

[19, 40]. The expression profile of these mRNAs was sim-
ilar to that of adult mouse eye (fig. 2B). _ .
With immunostaining, we found that 4 days after cul-
turein differentiation medium, 14.8 * 1.8% of the cloned
pax6-transfected cells expressed nestin, 16.6 * 1.8% ex-

Fig. 2. Characterization of the cloned pax6 transfected cells using
RT-PCR and immunofluorescence staining, A RT-PCR of cloned
pax6-transfected cells in vitro. Cloned cells were harvested and
mRNA expression was examined. B-Actin mRNA served as an
internal control. The positive control study (PC) used ¢cDNA of
appropriate tissues derived from fetal and adult mouse brain ex-
cept the following: PC of melanopsin, PKC, crx and opsin was
adult mouse retina and PC of HB9 was fetal mouse spine. Un-
diff. = undifferentiated; Emp. vec. cells = ESCs transfected with a
vector lacking pax6 cDNA and then were selected with G418; pax6
cells = cloned pax6-transfected cells. A negative control study
(NC) was conducted using double-distilled water. B Comparison
of gene expression of cloned pax6-transfected cells with control
vector-transfected cells and adult eye by RT-PCR. ND = Not de-
termined. Gene expression studies were repeated at least 3 times
independently. C1-C3 Immunostaining with anti-Pax6 antibody
of the undifferentiated ESCs. €1 Immunostaining with anti-Pax6
antibody. €2 DAPI was used for nuclear staining. €3 Merged im-
age. Endogenous expression of Pax6 in the undifferentiated ESCs
was extremely weak. Inset: Merged image of undifferentiated ESC1
colony stained with anti-Pax6 antibody (lower magnification).
D1-K3 Immunofluorescence characterization of cloned pax6-
transfected cells. D1 Immunostaining with anti-Paxé antibody.
D2 GFP. D3 Merged image. Confocal microscopic analysis indi-
cated that cloned pax6-transfected cell expressed Pax6 and GFP in
thenucleus, suggesting the expression of the Pax6/GFP fusion pro-
tein in the nucleus. E1 Immunostaining with anti-nestin antibody.
E2 GFP. E3 Merged image. The GFP-positive nucleus was sur-
rounded by nestin-positive axons. F1 Immunostaining with anti-
TUB antibody. F2 GEP. F3 Merged image. G1 Immunostaining
with anti-NFM antibody. G2 GFP. G3 Merged image. Hf Immu-
nostaining with anti-isletl antibody. H2 GFP. H3 Merged image. A
GFP-positive  nucleus overlaid isletl immunostaining.
11 Immunostaining with anti-Brn3 antibody. 12 GFP. 13 Merged
image. A GFP-positive nucleus overlaid Brn3 immunostaining.
J1 Immunostaining with anti-thyl antibody. J2 GFP. J3 Merged
image. The cell expressed thyl on the cell membrane, whose nu-
cleus was GFP positive. K1 Immunostaining with anti-melanopsin
antibody. K2 GFP. K3 Merged image. Melanopsin immunoreactiv-
ity was located at soma and dendritic processes of cloned pax6-
transfected cells. L1 Immunostaining with anti-crx antibody.
L2 GFP. L3 Merged image. A GFP-positive nucleus overlaid crx
immunostaining. M RGC-related marker expression of 6 cloned
paxé-transfected cell lines at days 4 and 14 judged by immunos-
taining. Data are the means * SEM of 3 independent experi-
ments. * p < 0.05 (unpaired Student’s t test). Bars: C1, D1, E1, F1,
G1,H1,11,J1, K1 and L1 10 pm.
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pressed TUB, and 9.5 * 1.2% expressed NFM (mean *
SEM, n = 3) (fig. 2M). Cells transfected with empty vector
expressed neither TUB nor NFM. Overall, 24.9 * 2.8% of
the cloned pax6-transfected cells expressed islet1, 2.2 +
0.01% Brn3, and 1.3 % 0.01% thyl; however, 4 days after
culture in differentiation medium, the cells did not ex-
press melanopsin, PKC, crx and opsin. Undifferentiated
ESCs and cells transfected with empty vector lacked neu-
ral and RGC marker expression (summarized in fig. 2B).
We next analyzed region-specific transcription factors

‘otx2, emxl, emx2, engrailed (en)l and en2. In early em-

bryogenesis, otx2, a paired homeodomain transcription
factor, is found in RGCs [33] and the retinal primordia
are derived from the rostral region expressing six3 [41].
emxl and emx2 are transcription factors proposed to
regulate the regionalization of the diencephalon [42]. enl
and en2 are transcription factors regulating mesence-
phalic regionalization [43]. The cloned cells expressed
mRNA of otx2, six3, emx1 and emx2, but lacked enl and
en2 (fig. 2A). Cloned pax6-transfected cells lacked moto-
neuron-specific markers, liml and HB9 expression
(fig. 2A).

Immunostaining demonstrated that cloned pax6-
transfected cells expressed Pax6. Endogenous pax6 ex-
pressionofundifferentiated ESCswasveryweak (fig. 2C1).
Pax6 and GFP colocalized on the nucleus of cloned pax6-
transfected cells 1 day (fig. 2D1-D3) and 28 days after
culture in differentiation medium (data not shown).
Fourteen days after culture in differentiation medium,
the cloned pax6-transfected cells showed a more differ-
entiated phenotype: 8.9 + 1.6% of them expressed nestin,
84.3 * 1.6% TUB, 91.8 + 1.9% NFM, 6.4 * 0.6% islet],
91.8 £ 0.6% Brn3, 45.8 * 5.5% thyl, and 7.9 * 3.5%
melanopsin (fig. 2E1-K1, M). It was suggested that in vi-
tro culture brought about further maturation (fig. 2M,
p <0.05). Very small numbers of PKC- (2.0 * 0.2%), crx-
(5.8 *x 0.7%) (fig. 2L1) and opsin-positive cells (0.5 *
0.1%) have appeared 14 days after culture in differentia-
tion medium (fig. 2M). ESCs transfected with empty vec-
tor serving as controls did not express neural-progenitor-
associated proteins and gradually disappeared in the lim-
iting-dilution culture.

Transplantation of Cloned pax6-Transfected Cells

under the Mouse Renal Capsule

To determine whether cloned pax6-transfected cells
fully differentiate into mature neurons without teratoma
development in vivo [20], we transplanted cells which
had been cultured for 4 days in DMEM/F12 medium with
N2 supplement and fibronectin underneath the capsule
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Fig. 3. Histological analyses of cloned
pax6-transfected cells (pax6 cells) in
mouse kidney after transplantation under
the renal capsule. Transplantation was
performed to determine whether cloned
paxé-transfected cells maturated fully in
vivo and whether they developed teratoma
in vivo. A single cell suspension of cloned
paxé-transfected cells was used as a graft
for transplantation. As a control cell, we
used undifferentiated ESCs (undiff, ESCs).
A HE staining of the boundary between
the renal parenchyma and the grafted area
(pax6 cells) at day 14. B Higher magnifica-
tion of frame area in A. The grafted cells
had axon-like processes under the mouse
renal capsule (closed arrow). We did not
find teratoma development or tumor for-
mation of other cell types in the same ex-
periments repeated 6 times. C HE staining
of the boundary between the renal paren-
chyma and the grafted area (control cell
graft; undifferentiated ESCs) at day 14.
D Higher magnification of the framed area
in C. The grafted cells formed tumors
where doctoral structure (open arrows)
and pigmented cells (closed arrows) were
found. We hardly found cells with axon-
like processes at the grafted site. ERT-PCR
of transplanted tissue. The expression of
neuron-associated mRNA was examined.
‘PBS injected area’: injection area of PBS
under the renal capsule of mice; grafted
area (Undiff. ESCs): grafted area of undif-
ferentiated ESCs under the renal capsule of
mice; grafted area (pax6 cells): grafted
area of cloned pax6-transfected cells un-
der the renal capsule of mice. The positive
control study (PC) used cDNA of appro-
priate tissues derived from fetal and adult
mouse brain. The negative control study
(NC) was conducted using double-dis-
tilled water. B-Actin mRNA served as an
internal control. Grafted area of pax6-
transfected cells expressed TUB and NFM,
but not nestin. brn3a mRNA and brn3b

paxé cells
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mRNA were expressed in the grafted area.
Gene expression studies were repeated at
least 3 times independently. F Immuno-
staining with anti-TUB antibody (open
arrows). G GFP (open arrows). H Merged
image. GFP-positive nuclei of grafted
cells were TUB positive (open arrows).
| Immunostaining with anti-NFM anti-
body (an open arrow). J GFP (an open ar-

86 Ophthalmic Res 2010;43:79~91

row). KMerged image. GFP-positive nuclei
of the grafted cells were surrounded by
NEM-positive cytoplasm and axons (open
arrow). L Immunostaining with anti-Brn3
antibody (open arrow). M GFP (open ar-
row). N Merged image. GFP-positive nu-
clei of the grafted cells overlaid Brn3 im-
munostaining (an open arrow). Bars: A, C
100 pm, B, F, 1, L 10 wm, D 50 pum.
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oftheleft kidney. Fourteen days after transplantation, the
cells had grown slightly and formed a boundary between
the renal parenchyma and the grafted area (fig. 3A). The
transplanted cloned pax6-transfected cells were free from
tumor development. With higher magnification, we
found that neuron-like cells had accumulated in the
grafted area (closed arrow in fig. 3B).

We next examined mRNA expression of grafted cells
14 days after transplantation (fig. 3E). These cells were
positive for neural cell markers, TUB and NFM and RGC
markers, including brn3a and brn3b, but negative for nes-
tin.

Confocal analysis revealed that GFP-positive cloned
pax6-transfected cells expressed TUB and NFM, sug-
gesting maturation of the grafted cells into neurons in
vivo (open arrows in fig. 3F-K). They were positive for
Brn3 protein expression (open arrows in fig. 3L-N). In
control experiments using undifferentiated ES cells, they
formed a tumor at the grafted site. Furthermore, no cells
with axon-like processes were found at the grafted site
(fig. 3C, D).

To confirm our findings, we performed an electron-
microscopic examination of the grafted cells (fig. 4).
Cloned pax6-transfected cells elongated axon-like pro-
cesses (fig. 4 inset). Around the boundary of the axon-
like processes and cytoplasm, cloned pax6-transfected
cells had characteristic neurotubules 24.7 nm in diameter
(closed arrowheads in fig. 4) and neurofilaments 9.9 nm
in diameter (open arrows in fig. 4), both of which are ma-
jor cytoskeletal components of neurons, confirming that
cloned pax6-transfected cells differentiated into neurons
[44, 45].

Calcium Imaging of Cloned pax6-Transfected Cells

Voltage-gated Ca®* channels are composed of multiple
subunits and regulate Ca?* influx [46]. It has been re-
ported that RGC yielded the expression of Ca** channel
subtypes, L, N, P/Q, and T [47]. Most inner retinal neu-
rons have glutamate receptors, and RGCs express N-
methyl-D-asparticacid (NMDA) receptors [48]. Wefound
by RT-PCR that L, N, P/Q, and T subtypes of Ca** chan-
nels were expressed in cloned pax6-transfected cells
(fig. 5A). NMDA receptors 2A and 2B were also expressed
(fig. 5A).

A Ca?*-sensitive fluorescent probe, fluo-3-AM, and a
scanning confocal microscope were then used to detect
any changes in intracellular Ca** concentrations. The
basal fluorescence of the cloned pax6-transfected cells
was moderate and was almost homogeneous, except for
the nucleus, before KCl stimulation (fig. 5B).

Induction of Retinal Neuron Progenitor
Cells from ESCs

Fig. 4. Electron-microscopic examination of cloned pax6-trans-
fected cells transplanted under the mouse renal capsule. Electron-
microscopic analysis of cloned pax6-transfected cells transplant-
ed under the mouse renal capsule at day 14 was conducted with
high power magnification (X80,000). We found neurotubules
(closed arrowheads) and neurofilament (open arrows) around the
boundary between the axon-like process and the cytoplasm of the
grafted cloned pax6-transfected cells. Inset: Low power image
(%7,200). Bar: 10 pum.

The cells were examined again after applying a small
amount of 100 mM KCl solution with a micropipette. It
has been shown that application of high concentrations
of KCl leads to depolarization when measured under in-
tracellular recording [22]. The resulting fluorescence of
fluo-3 increased (fig. 5C and open arrowhead in fig. 5E).
The increase in [Ca?*]; upon KCl stimulation showed a
characteristic and easily reproducible pattern. At the end,
the calcium ionophore Ionomycin was introduced as a
positive control for Ca?* influx (fig. 5D, and closed ar-
rowhead in fig. 5E). The depletion of extracellular calci-
um from the cells markedly reduced the fluorescence in-
tensity (fig. 5F); thus, extracellular Ca?* was needed to
elicit an increase in [Ca2*]; upon stimulation of this type
of cell. A similar dependency of extracellular Ca** on an
increase in [Ca*']; was reported in forskolin-induced
Ca?* signals in rat olfactory receptor neurons [49].

Lead chloride is a well-known environmental neuro-
toxicant that blocks the function of voltage-dependent
Ca?** channels. Treatment of cloned pax6-transfected
cells with lead chloride inhibited the increase in [Ca®'];
(fig. 5G).
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Fig.5.Free Camobilization of cloned pax6-transfected cells (pax6
cells). A Ca?* channel mRNA expression by RT-PCR. mRNA ex-
pression of Ca®* channel subtypes, L, N, P/Q and T and NMDA
receptor subtypes, 2A and 2B, in cloned pax6-transfected cells
were examined. B-actin mRNA served as an internal control. The
positive control study (PC) used cDNA of appropriate tissues de-
rived from adult mouse brain except for the following: the PC of
a1C was cardiac muscle and that of a1D, NMDA receptors, 2A
and 2B were retina. A negative control study (NC) was conducted
using double-distilled water. Gene expression studies were re-
peated at least 4 times independently. B-D Cloned pax6-trans-
fected cells were loaded with fluo-3-AM to detect any change of
intracellular Ca?* concentrations after high KCl stimulation.
B A confocal image of the representative cell without any inhibitor
just before stimulation (nonstim.) at 0 s. The basal fluorescence
was moderate and nearly homogeneous except for the nucleus be-
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fore KCl stimulation. Bar: 10 pm. C Fluorescence image of the

representative cell with-KCl stimulation at 35 s. After stimulation
with KCl, the cell elicited increased fluorescence intensity. D Flu-
orescence image of a representative cell with calcium ionophore,
ionomycin (IONO, 4 M) stimulation at 155 s as a positive control
for Ca?* entry. 0, 35 and 155 s represent time after initiation of
confocal microscopic analyses (please refer to E-I, horizontal
axis). E In the absence of inhibitor (control), the cells were stimu-
lated with the introduction of 100 mM KCl (open arrowhead), and
then with ionomycin (closed arrowhead). Fluorescence intensity
of more than 10 cells was measured, and relative fluorescence in-
tensity of a representative cell was depicted. F Cells were stimu-
lated similarly without Ca?* (in the Ca-free solution). G Lead chlo-
ride (Pb) 10 uM was added 20 min before KCl stimulation.
H TG was added 20 min before KCl stimulation. I Nifedipine 3 pM
was added 20 min before KCl stimulation.
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To confirm whether the release of Ca?* from intracel-
lular stores of Ca?* is involved in the KCl-stimulated in-
crease in [Ca®*];, we examined the effects of thapsigargin
(TG), an irreversible inhibitor of sarcoplasmic-endoplas-
mic reticalum Ca?*-ATPases, on [Ca?*]; [50]. TG treat-
ment had no reproducible effects on the increasein [Ca®*];
upon KCl stimulation (fig. 5H). Our results indicate that
the KCl-stimulated intracellular Ca?* increase was main-
ly due to the influx of CaZ* via Ca?* channels and margin-
ally to the release of Ca?* from intracellular stores in
cloned pax6-transfected cells.

Nifedipine modestly suppressed the increase in [Ca®'];
(fig. 51). It is possible that several different types of CaZ*
channels cooperate simultaneously to induce the increase
in [Ca?*]; in these cloned cells.

Discussion

In this study, we successfully induced retinal neuron
progenitors, including RGC-like cells, from mouse ESCs
by pax6 gene transfection. The cells were stable for along
period of time with the expression of several RGC-related
markers and maintained their characteristics as retinal
neuron progenitors, including RGC-like cells for at least
20 passages, even though the expression levels of GFP
gradually weakened with passaging. When we repeated
the experiment, we always succeeded in establishing
cloned pax6-transfected cells. Our present study suggest-
ed the following: pax6-transfected cells retained a mod-
erate proliferative potential for a certain period. They
eventuallylost neural progenitor markers after long-term
passaging, probably due to maturation. As mentioned,
pax6-transfected cells as a whole contained cells in vari-
ous stages of the differentiation pathway of retinal neu-
rons. For example, cells of early passages included those
with higher proliferative potential and the majority
shared their characteristics with neural (and/or retinal
neuron) progenitor cells. In contrast, cells with higher
passage numbers included small numbers of proliferat-
ing cells (thus the majority was dormant) and the major-
ity differentiated to some extent to more mature retinal
neurons.

We previously reported that transfection of the pax6
gene induces ESCs to differentiate into corneal epithelial
cells [25]. At that time we found that the pax6 gene in-
duced ES cell differentiation in two cell lineages, neural
cells and epithelial cells. It is possible that simple pax6
gene transfection by itself brings about differentiation of
ESCs into the stage of ‘theoretical neuro-epithelial lin-

Induction of Retinal Neuron Progenitor
Cells from ESCs

eage’, i.e. cells capable of differentiating into neural and
epithelial cells. Subsequent culture conditions, including
depletion of FCS, addition of fibronectin, addition of N2
supplement and so on [51], largely affect the resultant cell
fate commitment of pax6-transfected cells.

Different extrinsic factors are known to control retinal
cell fate specification, e.g. fibronectin is part of the extra-
cellular matrix in the central nervous system and is one
of the most commonly used substrates for neuronal cell
cultures providing adequate support for cell growth [52].
Murashov et al. [51] studied the requirement of fibronec-
tin for neural differentiation of mouse ESCs. Mouse ESCs
were apparently well differentiated when fibronectin was
supplemented to the culture medium [51]. Based on their
observations, we supplemented fibronectin into culture
medium for neural cell induction. Fibronectin may be
important for differentiating ESCs into retinal neuron
precursors, including RGC-like cells. ‘

RGCs are first induced from retinal progenitor cells in
embryonic development [3]; therefore, it is important to
clarify whether cloned pax6-transfected cells share char-
acteristics with retinal progenitor cells, which differenti-
ate into all retinal cell types, including bipolar cells, pho-
toreceptors and Muller glial cells [13]. We found that the
cells consistently expressed mRNA of RGC-related mark-
ers, isletl, brn3a, brn3b, thyl and melanopsin (fig. 24,
H1-K1). Melanopsin-positive cells comprise only 5% of
RGC populations in vivo [38]. Among our 6 established
cloned cell lines, we found that 7.9% of cloned pax6-
transfected cells expressed melanopsin by immunostain-
ing, almost compatible with the in vivo findings [38].

Occasionally, a few cell lines expressed PKC, crx and
opsin protein 14 days after initiation of cell culture in dif-
ferentiation medium. Muller glial-cell-related markers
glial fibrillary acidic protein (GFAP) and glutamine syn-
thase (GS) [53, 54] were not expressed at all on cloned
pax6-transfected cells. The possibility exists that cloned
pax6-transfected cells have potential to further differen-
tiate into more mature retinal neurons, and that exoge-
nous growth factors and chemokines may be required for
their maturation in vitro. We are therefore conducting
experiments to clarify this issue.

Math5 suppresses the production of other retinal cell
types and promotes RGC formation [55, 56]. It is possible
that pax6 may induce or positively affect Math5 expres-
sion and/or functions. It has been shown that the produc-
tion of RGCs is in part regulated by inhibitory factors
secreted by RGCs themselves. Shh is secreted from dif-
ferentiated RGCs and, through feedback mechanisms,
regulates retinal precursor cell proliferation and RGC
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