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Background: Photoreceptors differentiated from somatic cells are a useful tool for transplantation and

drug screening. We previously showed that photosensitive cells are differentiated from human fibro-

blasts by direct reprogramming. In induced pluripotent stem (iPS) cells or embryonic stem (ES) cells,

the properties of differentiated cells differ among the source of cell lines. However, whether or not the

properties of the photosensitive cells produced by direct reprogramming are controlled by the origin of

the cell line remains unknown.

Methods: We compared the morphological and physiological properties of photosensitive cells induced

by two fibroblast cell lines.

Results: The differentiated cells had larger somas and more primary processes than the non-infected

cells in both cell lines. The degree of morphological change was statistically different between the two

cell lines. In addition, physiological responses to light differed between the two cell lines. An outward

current (photoreceptor-like response) was observed in both cell lines, while an inward current (intrinsi-

cally photosensitive retinal ganglion cell-like response) was observed only in one cell line under light

stimulation.

Conclusions: These results suggest that photosensitive cells produced from different cell lines by direct

reprogramming might express different phenotypes. (J Nippon Med Sch 2018; 85: 110―116)

Key words: direct reprogramming, differentiation, human fibroblast, photoreceptors, intrinsically photo-

sensitive retinal ganglion cells

Introduction

Retinitis pigmentosa, age-related macular degeneration,

and cone dystrophy lead to a loss of photoreceptors and

retinal pigment epithelium. One feasible therapy for reti-

nal disease is regenerative medicine. Photoreceptors de-

rived from embryonic stem (ES) cells1 have been impli-

cated for use as a source of photoreceptor cells. The tech-

nology for producing retinal sheets from ES/induced

pluripotent stem (iPS) cells by self-organogenesis2 is

promising for retinal transplantation, and retinal pigment

epithelium (RPE) derived from human ES cells has been

transplanted for macular degeneration as a safety trial3.

The induction of photosensitive cells by direct repro-

gramming has two advantages for the establishment of

new pharmaceutical approaches. Firstly, working with

human embryos raises ethical issues that prevent the

widespread application of human fetal tissues and hu-

man ES cells. Secondly, the induction of photosensitive

cells by direct reprogramming of fibroblasts takes two

weeks, whereas the induction of photoreceptors from iPS

cells takes about six months. Our previous studies have

found that introducing the CRX, RAX, NEUROD, and

OTX2 (CRNO) genes into human somatic cells by direct

reprogramming induces photosensitive cells4,5. Therefore,
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photosensitive cells induced by direct reprogramming

can become a useful means of establishing new pharma-

cological therapies for patients with various intractable

retinal diseases.

Increasing evidence has recently shown that the type

of ES and iPS cell lines affect the ability of cells to differ-

entiate into specific cells6―9. In addition, the phenotypes of

iPS cell lines differ6. These findings support the notion

that variations of the intrinsic properties among original

cells are represented by the phenotypes of the differenti-

ated cells produced from iPS cell lines. Therefore, how

much phenotypic variation is represented among cell

lines, considering that photosensitive cells can be pro-

duced by direct reprogramming as a platform, is impor-

tant to assess for the development of new pharmacologi-

cal approaches. However, whether the phenotypes of dif-

ferentiated cells induced by direct reprogramming are af-

fected by the source cell lines has not yet been examined.

Therefore, the present study examined whether differ-

ences in fibroblast cell lines can affect the phenotypes of

photosensitive cells induced by direct reprogramming.

Our data supported the possibility that the selection of

cell lines might affect the phenotypes of differentiated

cells, and that new pharmacological approaches for in-

tractable retinal diseases could be designed at the level of

each individual patient.

Materials and Methods

Cell Culture

Two strains of cultured human dermal fibroblasts were

used: HDF-a (Human Dermal Fibroblasts-adult) obtained

from ScienCell Research Laboratories and NHDF (Nor-

mal Human Dermal Fibroblasts) obtained from Promo-

Cell. These two kinds of fibroblasts were designated as

Fib#1 and Fib#2, respectively. The cells were cultured in

medium recommended by the manufactures (Fibroblast

Medium and Fibroblast Growth Medium 2, respectively).

All experiments handling human cells were carried out

in line with the tenets of The Declaration of Helsinki.

Preparation and Infection of Recombinant Retrovirus

Four full-length transcription factors, CRX (RRID,

CCDS: 12706.1), RAX (RRID, CCDS: 11972.1), NEUROD

(RRID, CCDS: 2283.1), and OTX2 (RRID, CCDS: 41960.1),

were amplified from cDNAs prepared from total RNAs

from the adult retina (Clontech CA, USA) by PCR and

cloned into the Xmnl-EcoRV sites of pENTR11 (Invitro-

gen). Each vector contained one transcription factor, and

a mixture of vectors was used.

Preparation and infection of recombinant retroviruses

were performed as previously reported4,5. The resulting

pENTR11-transcription factors were recombined with

pMXs-DEST by use of LR recombination reactions as in-

structed by the manufacturer (Invitrogen). The retroviral

DNAs were transfected into 293FT cells, and 3 days later,

the media were collected and concentrated. The human

dermal fibroblasts were infected with this media contain-

ing retroviral vector particles. In the present study,

the combination of CRNO genes (CRX+RAX+NEUROD+

OTX2) was introduced into two fibroblast cell lines to in-

duce photosensitive cells4. After retroviral infection, the

media were replaced with the DMEM/F12/B27 medium

(GIBCO) supplemented with 40 ng/mL bFGF (PEPRO-

TECH), 20 ng/mL EGF (PEPROTECH), fibronectin (R&

D), and 1% FBS (Hyclone). The retrovirus-infected cells

were cultured at 37°C in a CO2 incubator (95% O2 - 5%

CO2) for up to 14 days. We transfected retroviral eGFP

under the same conditions to measure the efficiency of

the infection. The frequency of eGFP-positive cells was

90―94% of all cells at 48 h after infection.

Patch Clamp Recording

Experiments were carried out under non-blinded con-

ditions. Cells cultured in the dark for longer than 8 hours

were used, and experiments were conducted under a

dim red light. For the light stimulation, a high pressure

UV lamp (USH-102D, Ushio) was used as a light source.

Diffuse, unpolarized blue light was generated through

bandpass filters attached to a fluorescent emission system

(BX-FLA, Olympus, Tokyo, Japan). The wavelength of the

light for stimulation was 460―490 nm. The duration and

timing of the light stimulation was controlled by an elec-

trically controlled shutter attached to a UV lamp box.

The trigger signals to the electrically controlled shutter

were given by commercially available software (pClamp

9) through AD/DA. The light intensity used for stimula-

tion was 390 W/m2. To activate the phototransduction

cascade, 11-cis retinal (a gift from the vision research

community, the National Eye Institute, National Institutes

of Health) was added to the culture medium of human

fibroblasts approximately 20 min before the electrical re-

cording (final concentration: 37.5 μM). The importance of

the addition of 11-cis retinal to evoke light responses was

previously confirmed in studies from our group in hu-

man iris cells (unpublished observation). Electrical re-

cordings were made in the whole-cell patch-clamp con-

figuration. The recordings were performed in L-15 me-

dium (GIBCO). The composition of the intrapipette solu-

tion was (mM) KCl, 135; CaCl2, 0.5; HEPES, 5; EGTA, 5;

ATP-2Na, 5; GTP-3Na, 1; and the pH was adjusted to 7.3
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with KOH. The resistance of patch pipettes was 5-13 MΩ

when filled with an intrapipette solution. The membrane

current was recorded with a patch-clamp amplifier

(Axopatch-200B; Axon Instruments, Foster City, CA,

USA) at 500 or 2,000 Hz through a DigiData 1322A Inter-

face using pCLAMP software (version 9.0, Axon Instru-

ments).

Morphological Analysis

Experiments were carried out under non-blinded con-

ditions. Infected fibroblasts were fixed by 0.1 M phos-

phate buffered saline containing 4% paraformaldehyde

for 5 min. Photomicrographs of fixed cells were taken

under a microscope (BZ-9000, Keyence, Osaka, Japan)

equipped with software (BZ-II Viewer, Keyence). Mor-

phological parameters were analyzed by a BZ-II analyzer

(Keyence). The soma size was calculated as the area sur-

rounded by the base of neurites.

Physiological Analysis

To assess photoresponses, we calculated the holding

current and baseline noise before light stimulation for >6

s. When the holding current was larger than −500 pA or

the standard deviation of baseline noise was larger than

7.0 pA, the data were excluded from the analysis. When

the stepwise baseline shift started after light stimulation

with a modest delay, we judged it as an artificial baseline

shift and excluded it from the analysis. The photo

stimulation-induced current around the maximum cur-

rent amplitude was sampled for 1 s during the light

stimulation. The peak amplitude was calculated as the

mean of the sampled photo stimulation-induced current.

A peak amplitude larger than twice that of the baseline

noise (standard deviation of baseline) before photo

stimulation was classified as a “photo response”. Total

charge transfer across the membrane during light stimu-

lation was integrated over time and normalized to the

charge transfer per second10.

Statistical Analysis

We used the statistical software “EZR”11. Morphological

data were analyzed by the Kruskal-Wallis test. After this

test, statistics for individual data were performed using

the Steel-Dwass test. Electrophysiological data were ana-

lyzed by Fisher’s exact test.

Results

Morphology of Induced Photosensitive Cells from Fi-

broblasts

To investigate the morphological changes in cells, first,

we compared the basic morphological properties between

fibroblast cell lines, Fib#1 and Fib#2. In non-infected fi-

broblast cell lines, most cells were fusiform (Fig. 1A and

C). The soma size of Fib#1 was significantly larger than

that of Fib#2 (mean±SEM, Fib#1: 961.5±48.8 μm2, n=186,

Fib#2: 509.2±28.3 μm2, n=158, P<0.001, Steel-Dwass test)

(Fig. 1E). In contrast, no difference was found in the

number of primary processes between the cell lines

(mean±SEM, Fib#1: 3.8±0.1, n=182, Fib#2: 3.5±0.1, n=158,

P>0.05, Steel-Dwass test).

In CRNO-infected fibroblast cell lines, we observed

very large cells with multiple primary processes (neu-

rites) among the CRNO-infected cells (Fig. 1B and D).

The soma size and the number of processes varied

among cells. In both cell lines, the soma size of CRNO-

infected cells was significantly larger than the soma

size of non-infected cells (mean±SEM, Fib#1: 3,692.5±

204.8 μm2, n=205 for cells and n=4 for cover slips, P<0.01,

Fib#2: 4,989.6±324.8 μm2, n=137 for cells and n=9 for

cover slips, P<0.001) (Fig. 1E). We also observed a signifi-

cant increase in the number of primary processes in

CRNO-infected cell lines (mean±SEM, Fib#1: 7.3±0.2, n=

200 for cells and n=5 for cover slips, P<0.001, Fib#2: 8.0±

0.3, n=136 for cells and n=7 for cover slips, P<0.001) (Fig.

1F). These data indicated that CRNO transfection induces

changes in the morphological properties of fibroblast cell

lines.

We also investigated whether the morphological prop-

erties of CRNO-infected fibroblasts differ between the

two fibroblast cell lines. Contrary to the non-infected

condition, the soma size of Fib#1 was significantly

smaller than that of Fib#2, while no difference was found

in the number of primary processes between infected cell

lines.

Response Properties to Light Stimuli in Induced Pho-

tosensitive Cells

Next, we investigated whether physiological properties

differ between cell lines of fibroblasts. In the present

study, we considered cells with large sized soma as rep-

resentative CRNO-infected cells and recorded the current

from those large sized cells (Fig. 1B and D) as they re-

sponded to light stimuli4.

Light responses in retinal neurons are classified into

photoreceptor-type responses and intrinsically photosen-

sitive ganglion cell (ipRGC)-type responses12. Although

both types of light responses are mediated by cation

channels (the main permeable ion is Na+), their polarity

is opposite. Light stimulation closes cation channels and

hyperpolarizes photoreceptor-type cells, but opens cation

channels and depolarizes ipRGC-type cells. In the present

study, we set the holding potential close to the mem-
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Fig.　1　Effects of CRNO-infection on the morphology of two fibroblast cell lines. A: non-

infected Fib#1 (Fib#1 control), B: CRNO-infected Fib#1 (Fib#1 infected), C: non-in-

fected Fib#2 (Fib#2 control), D: CRNO-infected Fib#2 (Fib#2 infected), bar: 50 μm, 

E and F: Statistical analysis of the soma size and the number of primary processes. 

Whiskers show the 5th and 95th percentiles, and box boundaries show the 25th 

and 75th percentiles. Horizontal lines correspond to the median. ＊＊＊p<0.001, 
＊＊p<0.01 n.s. not significant.
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brane potential of photoreceptors in the dark (−40 mV)13,14

to separate these two types of photoresponses. In our ex-

perimental condition, the closure of Na channels

(photoreceptor-type response) is detected as an outward

current, while the opening of Na channels (ipRGC-type

response) is detected as an inward current (reversal po-

tential of Na is +60 mV).

A detectable current was observed in both Fib#1 and

Fib#2 fibroblasts when photo-stimulation was found (Fig.

2A and C). We observed both an outward current and an

inward current. The outward current started to flow im-

mediately and continued to flow even after the cessation

of light stimuli (Fig. 2A). The inward current also started

to flow without detectable delay and increased in ampli-

tude quickly, and then increased in amplitude gradually

until the end of light stimulation (Fig. 2C). The current

flow decreased gradually after the cessation of light stim-

uli and eventually returned to the baseline level. Light

stimulation did not produce any detectable fluctuation of

the baseline in non-infected cells in either cell line (Fig.

2B and D). Since the distinct response to light was ob-

served only once in most cells examined, we did not use

the same cover slip for other trials.

To assess how many CRNO-infected cells responded to

light, we calculated the peak amplitude and the total

charge transferred across the membrane during light

stimulation. Distinct “photo responses” were observed in

6 cells in CRNO-infected Fib#1 fibroblasts (n=20) and 17

cells in CRNO-infected Fib#2 fibroblasts (n=33) (Fig. 2E,

open circle). Detectable “photo responses” were observed

in no cells in the non-infected Fib#1 fibroblasts (n=15)

and 1 cell in the non-infected Fib#2 fibroblasts (n=10)

(Fig. 2E). The ratio of cells with “photo responses” was

significantly greater in CRNO-infected cells than in non-
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Fig.　2　The light responses in two CRNO-infected fibroblast cell lines. A and B: Responses 

to light in CRNO-infected (A) and the non-infected cells (B) in Fib#1. C and D: Re-

sponses to light in CRNO-infected (C) and the non-infected cells (D) in Fib#2. Tim-

ing and duration of light stimulation are shown under the current trace. The hold-

ing potential was ‒40 mV. E: The relationship between the peak current amplitude 

to photo stimulation and the baseline noise level. The cells with “photo responses” 

are indicated by open circles. Solid line (drawn at 2 in the ordinate) indicates the 

threshold of “photo responses”. ＊p<0.05. F and G: Summary of the polarity of the 

peak current amplitudes (F) and normalized charge-transfer (G) during photo-

stimulation. Open circles and filled circles in F and G correspond to the open cir-

cles and the filled circles shown in E, respectively. Number of cover slips used for 

the experiments is equal to the number of samples.
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infected cells in both cell lines (P<0.05, Fisher’s exact

test). However, the types of light responses in CRNO-

infected cells were different between two cell lines. Only

an outward current was observed in Fib#1 fibroblasts,

while both an inward current and an outward current

were observed in Fib#2 fibroblasts (Fig. 2F, open circle).

The distribution of total charge-transfer of cells with

“photo responses” was similar to the distribution of cur-

rent amplitude (Fig. 2G, open circle), confirming the

plausibility of our criteria.

We also assessed whether the “photo responses” lasted

after the light stimulation. We measured the amplitude of

“photo responses” at 30 s after the light stimulation in 20

cells (3 cells were excluded from the analysis because of

the deterioration of the whole cell configuration after

light stimulation). In 13 cells with the outward current

(total of Fib#1 and Fib#2), 11 cells still satisfied the crite-

ria for “photo responses”. In 7 cells with the inward cur-

rent (Fib#2 only), 2 cells satisfied the criteria for “photo

responses”.

Discussion

We showed that the type of fibroblast cell line might af-

fect the physiological properties of induced photosensi-

tive cells infected with CRNO genes by direct reprogram-

ming. We found that “photo responses” in Fib#1 fibro-
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blasts were an outward current only, while “photo re-

sponses” in Fib#2 fibroblasts were an inward or an out-

ward current. We also found a difference in the morpho-

logical properties of the photosensitive cells between the

two fibroblast cell lines. This is the first report to describe

that induced photosensitive cells produced by direct re-

programming can express a different phenotype.

Photo responses should adapt during light stimulation

and disappear immediately after the cessation of light

stimulation in the mammalian retina14. However, the out-

ward current (photoreceptor like responses) did not re-

cover even when light stimulation was halted. In the

photoreceptors, once the photo-transduction cascade is

activated, an activated phosphodiesterase continues to

hydrolyze cGMP, leading to the reduction of the intracel-

lular cGMP concentration and the closure of cGMP-gated

channels15.

If the outward current is mediated by a similar cascade

of photo-responses in photoreceptor-like cells, a poor in-

activation of the outward current after light stimulation

might be explained by an insufficient recovery of the in-

tracellular cGMP concentration. Although the possibility

that excess degradation of cGMP by the prolonged strong

flash (present study, 5 s in duration) might hamper the

quick recovery observed in the primate retina (10 ms in

duration)14 can not be ruled out, CRNO-infected cells

probably lack the complete machinery to halt the light

responses. Similarly, the recovery of the inward current

(ipRGC-like responses) was partial and slow. The signal

cascade in ipRGCs is thought to be mediated by an in-

crease in the concentration of second messengers (inositol

triphosphate and diacylglycerol)12. If the inward current

is mediated by a similar cascade in ipRGC-like cells, the

degradation of synthesized second messengers is likely

to terminate the photo-responses. However, partial recov-

ery of the inward current might reflect superimposition

of the delayed activation of photoreceptor-like responses.

The functional difference between the two cell lines

was not predictable from their morphology, although

there was a difference in the soma size between them. As

the retinal neurons have a distinct morphology and func-

tion, it is likely that their morphology has a strong rela-

tionship with the function of the retinal neurons. The dif-

ference in soma size of CRNO-infected cells might reflect

the difference of the “photo responses”.

In the present study, we observed that the physiologi-

cal function of the induced photosensitive cells by direct

reprogramming differed between two cell lines. Fib#2 dif-

ferentiated into either photoreceptor-like or ipRGC-like

cells, while Fib#1 differentiated into only photoreceptor-

like cells. The present results corresponded well with

previous findings in the differentiated cells derived from

ES or iPS cells6―9, suggesting that the source of the cell

can determine the fate of the differentiated cells in the di-

rect reprogramming method. In the cardiomyocytes de-

rived from ES and iPS cell lines, it is difficult to clearly

predict how many functional cardiomyocytes are formed

based on the simple expression of molecular markers, al-

though the higher expression level of molecular markers

was detected in the well-differentiated line6,9, suggesting

that the variation of the induced cell types with different

physiological properties reflects the difference of the in-

trinsic properties between Fib#1 and Fib#2. In the retinal

pigment epithelium, the handling during culture (pas-

sage number, initial cell seeding density, composition of

culture medium etc.) also determines the yield of the dif-

ferentiated cells8. Although we have handled the two cell

lines with the same protocol, we have to be careful about

the possibility that the physiological properties of the dif-

ferentiated cells might be affected by the culture condi-

tion. It will be interesting to see if there are additional

factors that affect the physiological properties of the dif-

ferentiated cells in future studies.
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