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APB:  2-amino-4-phosphonobutyric acid 

AUC0-inf:  Area under the concentration-time curve up to infinity 

AUCtau:  Area under the concentration-time curve during dosing interval 

AUCtau,ss:  Area under the concentration-time curve during dosing interval at steady state 

AUC0-24h:  Area under the concentration-time curve up to 24 hours after dosing 

cGMP:  Cyclic guanosine monophosphate 

Cmax:  Maximum concentration 

ERG:  Electroretinogram 

ICH: International Conference on Harmonisation of Technical Requirements for 

Registration of Pharmaceuticals for Human Use 

iGluR:  Ionotropic glutamate receptor 

ISCEV:  International Society for Clinical Electrophysiology of Vision 

L-cones:  Long wavelength sensitive cones 

LED:  Light-emitting diode 

M-cones:  Middle wavelength sensitive cones 

mGluR6:  Metabotropic glutamate receptor type 6 

ND:  Neutral density 

NMDA:  N-methyl-D-aspartic acid 

PDA:  cis-2,3-piperidine dicarboxylic acid 

PDE5:  Phosphodiesterase type 5 

PDE6:  Phosphodiesterase type 6 

PhNR:  Photopic negative response 

QOL:  Quality of life 

RGC:  Retinal ganglion cell 

S-cones:  Short wavelength sensitive cones 

TK:  Toxicokinetics 

TTX:  Tetrodotoxin 
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FIGURE 1.  Diagram of a horizontal section of the eye. 
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FIGURE 2.  (A) A photomicrograph of a vertical section through the central retina in a 

cynomolgus monkey and (B) diagram of the corresponding nerve circuit of the retina. ILM, inner  

limiting membrane; NFL, nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform layer; 

INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; OLM, outer limiting 

membrane; RPE, retinal pigment epithelium. 
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FIGURE 3.  A schematic representation of the extracellular currents that are formed following 

light stimulation. The pathway “A” represents local currents within the retina, while pathway “B” 

shows the currents leaving the retina through the vitreous and the cornea and returning to the retina 

through the choroid and the pigment epithelium. ERG recording is done along the pathway B. 
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FIGURE 4.  A typical waveform of the ERG response elicited by the white light flash of moderate 

intensity in a dark-adapted cynomolgus monkey. Arrowhead indicates onset of the light flash. Two 

components that are most often measured are the a- and b-waves. The a-wave is the first large 

negative component, followed by the b-wave which is corneal positive and usually larger in 

amplitude. Two principal measures of the ERG waveform are taken: 1) The amplitude from the 

baseline to the negative trough of the a-wave, and the amplitude of the b-wave measured from the 

trough of the a-wave to the following peak of the b-wave; and 2) the time from flash onset to the 

trough of the a-wave and the time from flash onset to the peak of the b-wave. It is well known that 

the waveform of ERGs recorded in cynomolgus monkeys is quite similar to that recorded in humans.  
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1 Standard full-field ERG  

 

1.  

 

ERG

 

ERG

ERG

ERG

ERG 1989

International Society for Clinical Electrophysiology of Vision: ISCEV

ISCEV (40) ISCEV ERG

ERG standard full-field ERGs (41-44)  

standard full-field ERG

(1, 59)
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full-field ERGs (12)
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ISCEV standard full-field ERGs rod 
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standard full-field ERGs

 

 

2.  

 

C800264

C800044  

2.  

2.1.  

6 12 3 5

2.8 3.8 kg 3 6 3 4

2.8 3.5 kg 6 3 4 2.8 3.8 kg

ERG 24 60% 12 7:00 19:00

150 300 10 15

PS

1 1 100 g  

 

2.2.  

200 mg; Pfizer Inc., New York, NY, USA

6 0 3

6 12 mg/kg 1

0.2 mL/kg/min 10 min 24

ERG

6 mg/kg 1/2 2
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22; Harvard Apparatus, Inc., Holliston, MA, USA  

0.25 mg

6 0.1 mg/kg

0.05 mL/kg/min 40 min 28

0.125-0.25 mg/men/day (65) 66% (60)

6

6 22 Harvard 

Apparatus, Inc.  

 

2.3. ERG 

2.3.1.  

500 mg 10 

mg/kg 5-10 mg/kg/h

0.6 mg/kg

P

0.4

 

 

2.3.2.  

ERG Ganzfeld Stimulator Model 

2503S; LKC Technologies, Inc., Gaithersburg, MD, USA

6.3 cd∙s/m2 Neutral density ND

Wratten gelatin filter; EASTMAN KODAK COMPANY, Rochester, NY, USA
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2.3.3.  

ISCEV (44) standard full-field 

ERGs H6515NFC

TN208-016

40 0.007 2.7 cd∙s/m2

rod response combined rod-cone 

response 40 cd/m2 10

2.7 cd∙s/m2 single-flash cone response 30 Hz 

flicker ERG 24

24 24 7 14 28

 

0.5 1000 Hz

MEB-9104 3 6

a a

a combined rod-cone response

single-flash cone response b a b

b rod response combined rod-cone response single-flash cone 

response 30 Hz flicker

 

 

2.4.  

ERG ERG HEINE OMEGA 500; 

HEINE Optotechnik GmbH & Co. KG, Herrsching, Germany  
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2.5.  

standard full-field ERGs

SD t

P<0.05  

 

3.  

 

3.1.  

3.1.1. ERG 

Fig. 5 Tab. 1  

Rod response b

b

3 mg/kg P<0.05 6 12 mg/kg P<0.01 Combined rod-cone 

response negative ERG b a b

b b/a

12 mg/kg P<0.01 a Single-flash 

cone response a b

b 6 12 mg/kg

P<0.01 a 30 Hz flicker

b b

6 mg/kg P<0.05 12 mg/kg P<0.01

24 ERG
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3.1.2.  

 

 

3.2.  

3.2.1. ERG 

Fig. 6 Tab. 2  

Rod response b

p<0.01 Combined rod-cone response

a b

p<0.01 a b

Single-flash cone response 30 Hz flicker

b p<0.01

single-flash cone response 30 Hz flicker

b 5/6 24

Single-flash cone response b 24

28 b

p<0.05 28

ERG  

 

3.2.2.  

 

 

4.  
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ERG

(12)  

negative ERG

standard full-field ERGs  

standard full-field ERGs

b a

 

(8, 39, 49, 

54, 74) (49, 74) ERG

 

ERG

standard full-field ERGs
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5.  

 

ERG

standard full-field ERGs

standard full-field ERGs
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FIGURE 5.  Typical waveforms of the standard full-field ERGs in a voriconazole-treated 

cynomolgus monkey. Voriconazole was administered intravenously with increasing doses of 0 

(vehicle), 3, 6 and 12 mg/kg at intervals of one week or more, and the standard full-field ERGs were 

obtained as described in the text. Arrowheads indicate onset of the light flashes. The responses 

recorded 24 hours after each dosing (gray trace) are superimposed on those recorded immediately 

after each dosing (black trace). Each trace represents an average of three responses. 
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FIGURE 6.  Typical waveforms of the standard full-field ERGs in a digoxin-treated cynomolgus 

monkey. Digoxin was administered intravenously at a dose of 0.1 mg/kg, and the standard full -field 

ERGs were obtained as described in the text. Arrowheads indicate onset of the light flashes. The 

responses recorded before dosing (gray trace) are superimposed on those recorded after dosing 

(black trace). Each trace represents an average of three responses. 
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TABLE 1.  Effects of Voriconazole on the Standard Full-Field ERGs in Cynomolgus Monkeys 

 
Data are expressed as the mean ± SD of six animals. 

All the animals were treated with low to high doses at intervals of one week or more. 

* Physiological saline was administered as a vehicle control. 

 p<0.05, ‡ p<0.01; significantly different in comparison with the vehicle-control value by the 

paired t-test 

  

Rod Response
Amplitude (μV)

b-wave 43.9 9.97 34.2 13.80 44.8 13.93 16.5 6.47 47.7 8.23 9.7 5.73 40.8 12.03

Combined Rod-Cone Response
Amplitude (μV)

a-wave 52.8 9.10 49.0 8.97 51.0 7.50 45.4 8.77 54.8 6.53 46.1 12.40 63.7 8.50
b-wave 123.5 24.93 121.9 22.94 126.1 21.81 89.9 14.79 132.5 19.17 60.5 13.88 135.7 21.41

Single-Flash Cone Response
Amplitude (μV)

a-wave 12.7 1.81 12.9 2.36 12.7 1.21 11.1 2.34 13.5 2.22 11.0 2.67 14.6 2.31
b-wave 53.8 6.63 47.7 7.17 55.3 5.42 41.3 5.77 60.3 11.23 33.0 5.11 64.2 12.23

30 Hz Flicker
Amplitude (μV)

b-wave 52.4 6.62 48.1 8.04 55.3 3.80 45.6 6.08 59.6 12.32 35.3 5.09 58.1 11.89

Immediately
After 24 h After

Dose (mg/kg)

0* 3 6 12

Immediately
After

Immediately
After 24 h After Immediately

After 24 h After

‡

‡

†

† ‡

‡

‡

‡
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TABLE 2.  Effects of Digoxin on the Standard Full-Field ERGs in Cynomolgus Monkeys 

 

Data are expressed as the mean ± SD of six animals. 

1) Recorded 24 hours after dosing of physiological saline. 

 p<0.05, ‡ p<0.01; significantly different in comparison with the vehicle-control value by the 

paired t-test 

 

  

Rod Response
Implicit Time (ms)

b-wave   83.5 2.82 87.0 2.27 91.3 4.49 89.5 5.42 84.2 1.95 84.8 2.52

Amplitude (μV)
b-wave   49.0 6.60 58.9 16.58 72.3 12.32 59.8 20.06 47.5 14.40 51.3 9.48

Combined Rod-Cone Response
Implicit Time (ms)

a-wave   17.3 0.48 17.4 0.30 18.4 0.64 18.0 0.69 17.8 0.78 17.3 0.44

b-wave   38.0 1.81 39.4 1.66 42.9 2.56 40.9 3.29 38.7 1.81 38.2 1.41

Amplitude (μV)
a-wave   58.4 8.44 58.6 6.89 57.5 8.09 57.9 9.16 66.8 15.83 65.0 9.59

b-wave   141.5 16.36 138.6 19.59 148.2 11.19 168.6 23.35 158.0 31.08 159.0 23.94

Single-Flash Cone Response
Implicit Time (ms)

a-wave   11.6 0.43 11.8 1.08 12.4 1.09 12.6 0.88 12.0 0.42 11.9 0.34

b-wave   23.9 0.71 24.7 1.00 26.2 1.00 26.1 1.11 25.1 0.61 24.6 0.69

Amplitude (μV)
a-wave   14.4 2.64 12.3 1.10 13.7 2.45 14.7 4.09 14.8 1.70 13.5 2.81

b-wave   57.7 10.90 53.0 7.41 47.9 7.85 53.7 14.71 60.5 7.31 59.5 10.69

30 Hz Flicker
Implicit Time (ms)

b-wave   25.7 0.67 26.3 0.69 27.1 0.69 26.9 0.77 26.7 0.88 26.2 0.59

Amplitude (μV)
b-wave   57.8 6.77 54.5 9.51 47.8 9.96 54.5 15.36 61.1 8.57 61.5 6.55

Times After Dosing

Baseline 1) Immediately 24 hours 7 days 14 days 28 days

‡

† †‡ ‡ ‡

† ‡ ‡ †

‡‡ †

‡ ‡ †
‡ ‡ †
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2 a-wave analysis  

 

1.  

 

Fig. 7

ERG

a Fig. 4

ERG a  

1 standard full-field ERGs

standard 

full-field ERGs

standard full-field ERGs

standard full-field ERGs ERG a

OFF OFF

(5, 23)  

Hood (24, 27) ERG

a

a-wave 

analysis Hood

(26)

 

5 phosphodiesterase type 5: PDE5
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(33) 6

PDE type 6: PDE6 (77) PDE6

PDE6 (33)

Na+-K+ATPase (4) Na+-K+ATPase K+

Na+-K+ATPase (39)  

Hood (28) a-wave analysis a-wave 

analysis

 

 

2.  

 

A1200207

C800264  

2.  

2.1.  

12 24

3 5 2.6 5.1 kg ERG

8 16 4 8

4 3 4



 

24 

2.5 3.4 kg 1 mg/kg 4 2.6 3.0 kg

3 mg/kg 4 5 2.6 3.4 kg 10 mg/kg 3 4

2.6 3.2 kg 4

4 5 2.6 4.6 kg 3 5 2.6 5.1 kg

1  

 

2.2.  

 

Sildenafil citrate salt; Sigma-Aldrich, St. Louis, USA

0.2 μm Minisart; Sartorius stedim biotech, Gottingen, 

Germany 4

1 3 10 mg/kg 0 1 3 10 mg/kg

0.2 mL/kg/min 10 min

1 mg/kg 22; Harvard Apparatus, Inc.

 

4 1 0.1 mg/kg

4  

 

2.3. ERG 

2.3.1.  

1 10 mg/kg 5-10 mg/kg/h

0.6 mg/kg
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2.3.2.  

ERG light-emitting diode: LED

BigShotGanzfeld; LKC technologies, Inc.

826.7 cd∙s/m2 PC

Ganzfeld control panel; LKC technologies, Inc. Hood

(24, 26) troland td scot td

phot td  

 

2.3.3.  

Hood (24, 26, 27) a-wave analysis ERG

 

H6515NFC

TN208-016

40 3.7 4.0 4.3 log scot td-s

ERG combined rod-cone response

30 paired-flash technique

3.4 3.7 4.0 log phot td-s

cone response paired-flash technique Friedburg (16)

Jeffrey (30) 4.0 log scot td-s conditioning flash

0.5 4.0 log scot 

td-s 1 1 2 a

Fig. 8 4.0 log scot td-s 0.3 0.7
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24

24 1  

0.5 1000 Hz

MEB-9104

3 6

rod-isolated 

response Rod-isolated response Fig. 9  

a Rod a-wave Lamb Pugh

(32) Hood Birch (24)  (1)

Rod a-wave  (1)

 

max
2 ]})(exp[1{),( RttSItIR d  (t > td)   (1) 

R μV I log scot td-s S s-2(td-s)-1 Rmax μV

t ms td ms td

20 3.1 ms S

Rmax  

a Cone a-wave  (1) low-pass exponential filter

 (2)(26)

 

max3

3

1)(
)(),( R

ttSI
ttSItIR

d

d  (t > td)    (2) 

R μV I log phot td-s S s-3(td-s)-1 Rmax μV

t ms td ms td

20 1.8 ms S
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Rmax  

 

2.4.  

ERG ERG HEINE OMEGA 500; 

HEINE Optotechnik GmbH & Co. KG  

 

2.5.  

ERG

toxicokinetics: TK ERG

0.5 mL ERG

2 1 3 10 mg/kg 12

10 30 2 4 7 24

11,200 g 4 5

TK

area under the concentration-time curve 

up to infinity: AUC0-inf  

TK 1 ERG 10

4 20 40

1 2 4 7 24 48 72 0.6 mL

20 1,200 g 10

Emit 2000 Digoxin Assay; Dade Behring Inc., Cupertino, CA, USA

TK AUC0-inf  
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2.6.  

SD

Dunnett

SD t

t P<0.05

 

 

3.  

3.1.  

3.1.1. ERG 

Rod a-wave Cone a-wave Fig. 10 Fig. 11

Tab. 3  

Rod a-wave 10 mg/kg Cone a-wave 3 10 mg/kg

24

 

Rod a-wave S 10 

mg/kg S P<0.01 Cone a-wave

S

3 10 mg/kg S P<0.01 24

S

Rmax ERG
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3.1.2.  

 

 

3.1.3.  

TK Tab. 4  

ERG 42-51

1 3 10 mg/kg 378  82.9 1190 ± 181 3610 ± 639 ng/mL

24 ERG 24 34-56

1 3 mg/kg 1 ng/mL

10 mg/kg 1.54 ± 1.09 ng/mL

AUC0-inf 1 3 10 mg/kg 1000 ± 121 4250 ± 748 12900± 2020 ng∙h/mL

 

 

3.2.  

3.2.1. ERG 

Rod a-wave Cone a-wave Fig. 12 Fig. 13

Tab. 5  

Rod a-wave Cone a-wave

24

Cone a-wave Rmax

24 Rmax P<0.01 P<0.05

1 Rmax

Cone a-wave S

Rod a-wave S Rmax



 

30 

ERG  

 

3.2.2.  

 

 

3.2.3.  

TK Tab. 6  

AUC0-inf 334.4 ± 65.43 ng∙h/mL  

 

4.  

 

Hood a-wave analysis(27) ERG a

S Rmax

S

Rmax  

Hood (27) S

Rmax S (31)

 

Rmax

(27)

S Rmax
(68) a-wave analysis

ERG S Rmax



 

31 

(27)

cyclic 

guanosine monophosphate: cGMP Na+

(25, 27)  

 

AUC0-inf 1 3 10 mg/kg

1000 ± 121 4250 ± 748 12900 ± 2020 ng∙h/mL

50 mg AUC0-inf

700 ng∙h/mL (76) 50 mg/men

1 mg/kg

3 10 mg/kg 6 18

 

(33)

PDE6 (77)

PDE6

(33) a-wave analysis

S

 

S Cone a-wave 3 mg/kg

Rod a-wave 10 mg/kg

Rmax Rod a-wave Cone a-wave

S

24 S
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S

S Rod a-wave Cone a-wave

PDE6

in vitro

(77) S

PDE6

 

AUC0-inf 334.4 ± 65.43 ng∙h/mL

0.25 mg/men/day

24 AUC during dosing 

interval at steady state: AUCtau, ss 15.4 ng h/mL (17)

AUC 22

 

Na+-K+ATPase

(4) Na+-K+ATPase K+

Madreperla

(39) Madreperla

Na+-K+ATPase

Na+-K+ATPase

cGMP Na+

in vitro

a-wave analysis
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Cone a-wave

Rmax  

Rod a-wave S Rmax Cone 

a-wave S Rmax 4 Cone 

a-wave Rmax

Cone a-wave

Rmax Na+-K+ATPase

 

 

5.  

 

a-wave analysis

S Rmax

S Rmax

PDE6 Na+-K+ATPase

a-wave 

analysis

 

  



 

34 

 

 

FIGURE 7.  A schematic representation of the phototransduction cascade at the outer segment of 

the rod photoreceptors. (A) In the dark, cGMP-gated cation channel is open. (B) Light transduces the 

visual pigment via the following enzyme cascade: photons - rhodopsin - transducin - 

phosphodiesterase type 6 - closes a membrane bound cGMP-gated cation channel. Abbreviations: R, 

rhodopsin; T, transducin; PDE6, phosphodiesterase type 6. 
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FIGURE 8.  Recovery of the response amplitude for the second stimulation in a pair of bright 

flashes in cynomolgus monkeys. Pairs of identical white bright flashes of 4.0 log scot td-s were 

delivered at a range of inter-flash intervals. Symbols plot the response amplitude of the a-wave for 

the second flash, as a fraction of the response amplitude of the a-wave for single flashes under fully 

dark-adapted conditions at a measurement time of 8.0 ms. Each symbol represents the mean  SD 

of three animals. The lower panel shows the same results as the upper panel, but on a faster time 

scale and an enlarged vertical scale. One component of the response recovered rapidly, reaching a 

plateau of approximately 30% of the maximal ‘rod + cone’ level about 0.3 s, and it was interpreted 

that this reflected recovery of the ‘cone’ component of the ERG. A second component of recovery 

began subsequently (after 1.0-1.5 s), and reached the final level after 15-20 s for flashes delivered in 

darkness, and it was interpreted that this reflected recovery of the ‘rod’ component of the ERG.  
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FIGURE 9.  The schema of obtaining the rod-isolated response in cynomolgus monkeys. (A) 

Combined rod-cone responses (thin black line) were elicited by white bright flashes in fully 

dark-adapted state. Thereafter, cone responses (thick gray line) were elicited by flashes of the same 

intensity presented 0.5 s after a rod-saturating conditioning flash at 4.0 log scot td-s. The difference 

between these two responses is the rod-isolated response (thick black line). The traces represent the 

responses elicited by light flashes at 4.3 log scot td-s from one representative animal. (B) The first 

20 ms of the records in panel A is shown. The traces of the combined rod-cone response and the cone 

response represent averages of three and six responses, respectively. 
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FIGURE 10.  Typical waveforms of the rod a-wave in vehicle- and sildenafil-treated cynomolgus 

monkeys. The solid curves in each panel represent the rod a-waves, which were derived by 

subtracting cone responses from combined rod-cone responses as described in the text. The dotted 

lines are the curves fit from the equation (1). The responses obtained before dosing (gray trace) are 

superimposed on those obtained after dosing (black trace) in the middle (After , immediately after) 

and right (Recovery, 24 hours after) panels. 
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FIGURE 11.  Typical waveforms of the cone a-wave in vehicle- and sildenafil-treated cynomolgus 

monkeys. The solid curves in each panel represent the cone a-waves, which were derived by means 

of the paired-flash technique as described in the text. Each trace represents the average of six 

responses. The dotted lines are the curves fit from the equation (2). The responses obtained before 

dosing (gray trace) are superimposed on those obtained after dosing (black trace) in the middle 

(After, immediately after) and right (Recovery, 24 hours after) panels. 
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FIGURE 12.  Typical waveforms of the rod a-wave in vehicle- and digoxin-treated cynomolgus 

monkeys. The solid curves in each panel represent the rod a-waves, which were derived by 

subtracting cone responses from combined rod-cone responses as described in the text. The dotted 

lines are the curves fit from the equation (1). The responses obtained before dosing (gray trace) are 

superimposed on those obtained after dosing (black trace) in the middle (After, 24 hours after) and 

right (Recovery, one month after) panels. 
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FIGURE 13.  Typical waveforms of the cone a-wave in vehicle- and digoxin-treated cynomolgus 

monkeys. The solid curves in each panel represent the cone a-waves, which were derived by means 

of the paired-flash technique as described in the text. Each trace represents the average of six 

responses. The dotted lines are the curves fit from the equation (2). The responses obtained before 

dosing (gray trace) are superimposed on those obtained after dosing (black trace) in the middle 

(After, 24 hours after) and right (Recovery, one month after) panels. 
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TABLE 3.  Effects of Sildenafil on the A-wave Analysis Parameters in Cynomolgus Monkeys 

 
Data are expressed as the mean ± SD of four animals. 

1) Recorded immediately after dosing.  

2) Recorded 24 hours after dosing.  

* P<0.05, ** P<0.01; significantly different in comparison with the vehicle-treated group by the 

Dunnett's test. 

  

Rod a-wave

Log S (s-2(td-s)-1) 0 1.15 0.086 1.12 0.108 1.20 0.038

1 1.17 0.141 1.14 0.152 1.12 0.113

3 1.22 0.078 1.15 0.073 1.21 0.074

10 1.12 0.057 0.77 0.167 1.13 0.116

Log R max  (μV) 0 2.07 0.222 2.10 0.189 2.11 0.190

1 2.06 0.040 2.12 0.068 2.11 0.081

3 2.11 0.065 2.14 0.059 2.13 0.084

10 2.04 0.047 2.08 0.034 2.06 0.093

Cone a-wave

Log S  (s-3(td-s)-1) 0 3.81 0.120 3.77 0.113 3.77 0.137

1 3.79 0.101 3.56 0.091 3.70 0.107

3 3.80 0.044 3.12 0.166 3.83 0.062

10 3.84 0.084 2.56 0.083 3.92 0.085

Log R max  (μV) 0 1.72 0.181 1.75 0.140 1.76 0.144

1 1.74 0.050 1.80 0.044 1.79 0.046

3 1.75 0.048 1.84 0.102 1.77 0.033

10 1.68 0.101 1.71 0.121 1.68 0.130

Recovery 2)Dose
(mg/kg) Before After 1)

**

**

**
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TABLE 4.  Plasma Sildenafil Concentrations and Toxicokinetic Parameters After Sildenafil Dosing 

 

Data are expressed as the mean ± SD of four animals. 

NC, Not calculated. 

* Individual values were below the lower limit of quantitation (1 ng/mL). 

  

Pre 10 min 30 min 2 h 4 h 7 h 24 h

1070    515    57.5  10.7  1.16  1000 1070    0.835  
±66.8  ±90.4  ±18.7  ±5.03 ±0.836 ±114 ±66.8  ±0.211  

5610    1630    188    21.2  2.46  4250 5610    0.785  
±1670    ±558    ±59.3  ±3.07 ±0.557 ±748 ±1670    ±0.0860 

15600    5880    634    86.6  11.3   12900 15600    2.65   
±2610    ±955    ±276    ±81.0  ±5.83  ±2020 ±2610    ±2.09   

NC*10

NC*

NC*

NC*

t1/2

(h)
Time After the Start of 10-min Infusion

1

3

NC*

NC*

Dose
(mg/kg)

Plasma Concentration (ng/mL)
AUC0-inf

(ng h/mL)
Cmax

(ng/mL)
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TABLE 5.  Effects of Digoxin on the A-wave Analysis Parameters in Cynomolgus Monkeys 

 
Data are expressed as the mean ± SD of four animals. 

1) Recorded 24 hours after dosing.  

2) Recorded one month after dosing.  

* P < 0.05, ** P < 0.01; significantly different in comparison with the baseline value by the paired 

t-test. 

 P < 0.05, ‡ P < 0.01; significantly different in comparison with the vehicle-treated group by the 

Student’s t-test. 

  

Rod a-wave

Log S (s-2(td-s)-1) 1.14 0.195 1.11 0.138 1.20 0.113 1.18 0.095 1.08 0.176 1.32 0.131

Log R max  (μV) 2.00 0.153 2.00 0.161 2.03 0.097 1.97 0.137 2.00 0.158 2.03 0.111

Cone a-wave

Log S  (s-3(td-s)-1) 3.74 0.114 3.75 0.108 3.85 0.098 3.88 0.120 3.86 0.228 3.90 0.222

Log R max  (μV) 1.63 0.099 1.62 0.122 1.66 0.099 1.63 0.124 1.39 0.130 1.69 0.124

Digoxin-Treated GroupVehicle-Treated Group

Recovery 2)Before After 1) Before After 1)Recovery 2)

**†
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TABLE 6.   Serum Digoxin Concentrations and Toxicokinetic Parameters After Digoxin Dosing  

 
Data are expressed as the mean ± SD of four animals. 

NC, Not calculated. 

* Individual values were below the lower limit of quantitation (0.3 ng/mL). 

 

  

Pre 20 min 40 min 1 h 2 h 4 h 7 h 24 h 48 h 72 h

41.5  52.1  22.5  9.7  5.5  4.8  2.7  2.0  1.4  334.4  52.7  44.8  
± 11.44 ± 24.97 ± 4.47 ± 2.19 ± 0.94 ± 0.62 ± 0.38 ± 0.45 ± 0.24 ± 65.43 ± 24.61 ± 25.00

t1/2

(h)
Time After the Start of 40-min Infusion

0.1 NC*

Dose
(mg/kg)

Serum Concentration (ng/mL)
AUC0-inf

(ng h/mL)
Cmax

(ng/mL)
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3 ON-OFF response  

 

1.  

 

ON OFF 2

(50) ON OFF

ON OFF

(50)  

ERG a b

Fig. 4 ERG b

ERG ERG

ERG ON-OFF response

(44) ON-OFF response ON

OFF ERG

ON OFF Sieving

ON-OFF response

ERG b ON OFF

(62) ON-OFF response

ON OFF
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2-amino-4-phosphonobutyric acid: APB ON

6 metabotropic glutamate 

receptor type 6: mGluR6 mGluR6

ON (51, 63, 71)

cis-2,3-piperidine dicarboxylic acid: PDA OFF

ionotropic glutamate receptor: iGluR

OFF PDA

(48, 64)  

Sieving (5, 62) ON-OFF response

ON-OFF response APB PDA

1

 

 

2.  

 

C900335

 

2.  

2.1.  

4 6 10 4 8

2.9 5.3 kg 2 APB 5 8 3.5 5.3 kg APB

PDA 5 7 2.9 3.3 kg 3

5 8 2.9 5.3 kg 5 7

3.5 4.2 kg 1  



 

47 

 

2.2.  

ON APB(63) OFF

PDA(64) APB

Sigma-Aldrich PDA Sigma-Aldrich Bush (5)

40 200 mM

500 mg 10 mg/kg

0.6 mg/kg

0.4%

(5, 62) 0.05 mL

4 mm 30

2 APB 2 APB PDA APB+PDA

4  

1

200 mg; Pfizer Inc.

3 6 mg/kg 0.2 mL/kg/min 10 min

3  

 

2.3. ERG 

2.3.1.  

1 10 mg/kg 5-10 mg/kg/h

0.6 mg/kg
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2.3.2.  

ERG LED LED

W390 LED LED

max = 464 nm max = 563 nm

LED LS-C  

 

2.3.3.  

LED LS-C LED

W390 TN208-016

31.6 cd/m2 10 63.0 

cd/m2 200 ms ERG ON-OFF response

ERG ERG

60 90

 

0.5 1000 Hz

MEB-9104 6 10

b a b d

d  

 

2.4.  

ERG ERG HEINE OMEGA 500; 

HEINE Optotechnik GmbH & Co. KG  
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2.5.  

TK ON-OFF response

3 10 30

1 2 4 7 24 0.5 mL 11,200 g

4 5

TK 24

AUC up to 24 hours after dosing: AUC0-24h maximum 

plasma concentration: Cmax  

 

2.6.  

ON-OFF response SD

t t

P<0.05  

 

3.  

3.  

3.1. APB 

3.1.1. ERG 

Fig. 14 a

b d  

 

3.1.2.  
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3.2. APB+PDA 

3.2.1. ERG 

Fig. 15 a b

d  

 

3.2.2.  

 

 

3.3.  

3.3.1. ERG 

Fig. 16 Tab. 7 a

b

b P<0.01

d  

 

3.3.2.  

 

 

3.3.3.  

TK Tab. 8  

AUC0-24h Cmax 37.60 ± 6.239 μg∙h/mL 5.62 ± 

1.271 μg/mL   
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4.  

 

APB(63) ON mGluR6

mGluR6 ON

(51, 71) PDA(64) OFF

iGluR OFF

PDA (48) ERG

b d

Tetrodotoxin: TTX NMDA N-methyl-D-aspartic acid

(69, 70)

APB ERG

ON APB PDA

ERG OFF  

APB ON-OFF response b

ON-OFF response b

ON APB PDA

ON-OFF response APB ON-OFF response

d

ON-OFF response d OFF

 

AUC0-24h Cmax 37.60 ± 

6.239 μg∙h/mL 5.62 ± 1.271 μg/mL 6 

mg/kg 12 9 3

9

AUC during dosing interval: AUCtau Cmax 13.2 μg∙h/mL 4.70 μg/mL
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(56)

 

ON-OFF response a

b d

ERG a OFF

(5) b d

ON OFF

ON

OFF

 

 

5.  

 

APB APB/PDA ON-OFF response

APB b APB/PDA b

d APB ON mGluR6

PDA OFF iGluR

ON-OFF response

APB PDA

ON
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FIGURE 14.  Typical waveforms of the ON-OFF response from APB- and vehicle-treated eyes in 

a cynomolgus monkey. APB and vehicle were injected into the right and left eyes, respectively, of 

the animal, and the ON-OFF responses were recorded as described in the text. The responses 

obtained before injection (gray trace) are superimposed on those obtained after injection (black 

trace) in the right panel. Each trace represents an average of six responses.  
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FIGURE 15.  Typical waveforms of the ON-OFF response from APB+PDA- and vehicle-treated 

eyes in a cynomolgus monkey. APB+PDA and vehicle were injected into the right and left eyes, 

respectively, of the animal, and the ON-OFF responses were recorded as described in the text. The 

responses obtained before injection (gray trace) are superimposed on those obtained after injection 

(black trace) in the right panel. Each trace represents an average of six responses. 
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FIGURE 16.  Typical waveforms of the ON-OFF response in voriconazole- and vehicle-treated 

cynomolgus monkeys. Voriconazole at a dose of 6 mg/kg or vehicle was administered intravenously, 

and the ON-OFF responses were recorded as described in the text. The responses obtained before 

dosing (gray trace) are superimposed on those obtained after dosing (black trace) in the right panel. 

Each trace represents an average of six responses. 
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TABLE 7.  Effects of Voriconazole on the ON-OFF Response in Cynomolgus Monkeys 

 
Data are expressed as the mean ± SD of three animals. 

a) Elicited with 200-ms white-light stimuli under white background light. 

b) Recorded immediately after dosing. 

* p<0.01; significantly different in comparison with the pre-dosing value by the paired t-test. 

 p<0.01; significantly different in comparison with the vehicle-treated eye by the Student's t-test. 

  

Amplitude (μV)

b-wave 46.6 9.91 41.3 9.20 46.1 2.65 5.8 5.03

d-wave 40.5 7.47 34.1 3.53 33.0 10.35 38.3 7.32

ON-OFF Response a)

Vehicle-Treated Group Voriconazole-Treated Group

Before After b) Before After b)

†

* †
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TABLE 8.  Plasma Voriconazole Concentrations and Toxicokinetic Parameters After Voriconazole 

Dosing 

 

Data are expressed as the mean ± SD of three animals. 

NC, Not calculated. 

* Individual values were below the lower limit of quantitation (0.01 μg/mL).  

 

 

  

Pre 10 min 30 min 1 h 2 h 4 h 7 h 24 h

5.42 4.61 3.74 3.62 2.89 1.79 0.05 37.60  5.62  0.28  
± 1.616 ± 0.862 ± 0.722 ± 0.442 ± 0.291 ± 0.391 ± 0.039 ± 6.239  ± 1.271  ± 0.192  

tmax

(h)
Time after the start of 10-min infusion

6 NC*

Dose
(mg/kg)

Plasma concentration (μg/mL)
AUC0-24h

(μg h/mL)
Cmax

(μg/mL)
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4 Photopic negative response  

 

1.  

 

1 standard full-field ERGs

standard full-field 

ERGs RGC

standard full-field ERGs

 

Viswanathan (72)

ERG photopic ERG b RGC

photopic negative response PhNR (9, 36)

(20, 47, 57) (7, 35) RGC

PhNR PhNR RGC

PhNR RGC

RGC

RGC  

Na TTX

RGC

(3, 22)

(15, 34)

RGC (21)  

Viswanathan (73) PhNR PhNR
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TTX RGC

 

 

2.  

 

C000278

C000528  

2.  

2.1.  

5 4 9 3 8

2.4 5.9 kg

ERG

3 TTX 4 8 2.4 5.9 kg

3 3 4 2.6 3.5 kg

3 2.8 3.7 kg 1  

 

2.2.  

RGC TTX(3, 22) TTX

Sigma-Aldrich Ueno (69) 160 μM

3 3 TTX 3

0.05 mL/eye  

RGC

TTX 3 Schmidt (61)

400 mg/kg/day 14 97 800 mg/kg/day
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Sigma-Aldrich 1 1 39 273

3 39 273

Tab. 9  

 

2.3. ERG 

2.3.1.  

1 10 mg/kg 5-10 mg/kg/h

0.6 mg/kg

 

 

2.3.2.  

ERG LED

BigShotGanzfeld LKC technologies, Inc. LED

LED max = 627 nm max = 590 nm max = 530 nm

max = 470 nm 4

3 LED LED

27.3 cd∙s/m2 PC

Ganzfeld control panel; LKC technologies, Inc.  

 

2.3.3.  

Viswanathan (72)

single-flash cone response (R/B) PhNR 1

standard full-field ERGs

single-flash cone response (W/W)



 

61 

H6515NFC TN208-016

6.9 cd/m2

max = 470 nm 10 2.9 cd∙s/m2

max = 627 nm single-flash cone response (R/B)

29.0 cd/m2 2.8 cd∙s/m2

single-flash cone response (W/W) ERG TTX 60

90 1 1

TTX single-flash cone response (R/B)

 

0.5 1000 Hz

MEB-9104 6 10

a a b

a b PhNR PhNR

b PhNR PhNR/b-wave 

ratio(13)  

 

2.4.  

ERG ERG HEINE OMEGA 500; 

HEINE Optotechnik GmbH & Co. KG  

 

2.5.  

3 02M02 02F01 02M01 23

28 39 3 1 01F01 39
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HE  

 

2.6.  

TK 1 28 94 122 1 2 4 7 24

0.3 mL 11,200 g 4 5

TK AUC0-24h Cmax  

 

2.7.  

TTX single-flash cone response (R/B) SD

t t

single-flash cone response (R/B) single-flash 

cone response (W/W) SD t

t P<0.05

 

 

3.  

3.  

3.1. TTX 

3.1.1. ERG 

Single-flash cone response (R/B) Fig. 17 Tab. 

10  

3 PhNR TTX PhNR
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P<0.05 P<0.01  

 

3.1.2.  

 

 

3.2.  

3.2.1. ERG 

single-flash cone response (R/B) single-flash cone response (W/W)

Fig. 18 Tab. 11 PhNR/b-wave amplitude 

ratio Fig. 19  

Single-flash cone response (R/B) PhNR 1 02M02

22 150 1 02F01 28 192

single-flash cone response (R/B) PhNR PhNR/b-wave 

amplitude ratio P<0.05 single-flash 

cone response (W/W)  

 

3.2.2.  

 

 

3.2.3.  

Tab. 12  

ERG PhNR

2 02M02 02F01 RGC RGC

Fig. 20 RGC RGC

2



 

64 

 

 

3.2.4.  

TK Tab. 13  

1 28 94 122 AUC0-24h 235 ± 44.0

221 ± 57.0 458 ± 128 441 ± 145 μg∙h/mL Cmax 33.0 ± 10.2 33.7 

± 9.32 66.4 ± 11.1 48.5 ± 7.46 μg/mL  

 

4.  

 

TTX Na (22)

RGC (3) TTX

ERG RGC

TTX PhNR

PhNR RGC  

1 28 94 122 AUC0-24h

235 ± 44.0 221 ± 57.0 458 ± 128 441 ± 145 μg∙h/mL Cmax

33.0 ± 10.2 33.7 ± 9.32 66.4 ± 11.1 48.5 ± 7.46 μg/mL

25 mg/kg

AUC0-inf Cmax 29.6 μg∙h/mL 3.83 μg/mL

(52)

400 mg/kg/day Cmax 9 AUC 8 800 mg/kg/day

Cmax 13 AUC 15  
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(15, 34)

RGC (21)  

3 2 PhNR

PhNR 2

PhNR

 

PhNR

PhNR

PhNR

PhNR Rangaswamy (58) PhNR

long wavelength sensitive cones: L-cones

middle wavelength sensitive cones: M-cones short 

wavelength sensitive cones: S-cones

max 627 nm S-cones M-cones L-cones

RGC

PhNR  

 

5.  

 

TTX PhNR

TTX RGC Na

RGC
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PhNR

PhNR RGC

PhNR TTX

RGC

 

  



 

67 

 

 

FIGURE 17.  Typical waveforms of the single-flash cone response (R/B) from TTX- and 

vehicle-treated eyes in a monkey. TTX and vehicle were injected into the right and left eyes, 

respectively, and the single-flash cone responses (R/B), elicited with red light flashes under blue 

background light, were recorded. The responses obtained before injection (gray trace) are 

superimposed on those obtained after injection (black trace) in the right panel. Each trace represents 

an average of six to ten responses. 
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FIGURE 18.  Typical waveforms of the single-flash cone responses at baseline and those recorded 

after repeated dosing in ethambutol- and vehicle-treated monkeys. Ethambutol or vehicle was orally 

administered to monkeys for a maximum of 39 weeks. The single-flash cone responses, elicited with 

two color combinations of stimuli and background, were serially recorded in the monkeys: 1) the 

single-flash cone responses (R/B), red light flashes under blue background light; 2) the single-flash 

cone responses (W/W), white light flashes under white background light. The responses after 

repeated dosing were recorded within Weeks 22 to 39. The responses at baseline (gray trace) are 

superimposed on those obtained after repeated dosing (black trace) in the right panel. Each trace 

represents an average of six to ten responses. 
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FIGURE 19.  Time course of the PhNR/b-wave amplitude ratio in ethambutol- and vehicle-treated 

monkeys. The single-flash cone responses elicited with red light flashes under blue background light 

(A) and with white light flashes under white background light (B) were serially recorded. The 

PhNR/b-wave amplitude ratio was calculated as the ratio of the PhNR amplitude to the b-wave 

amplitude from these responses. Open symbols with dotted line and closed symbols with solid line 

signify the data from a vehicle- and ethambutol-treated animals, respectively. Markedly decreased 

ratio in the single-flash cone response (R/B) was observed in two ethambutol-treated monkeys (No. 

02M02 and 02F01). 
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FIGURE 20.  Photomicrographs of the retina in (A) vehicle- and (B) ethambutol-treated monkeys. 

Single cell necrosis of the retinal ganglion cells (RGCs) (arrowhead) and decreased RGCs in the 

parafovea (arrow) were observed in the retinas of ethambutol-treated animals. Note that the decrease 

in RGCs in the parafovea was more pronounced in the nasal area compared with that in the temporal 

area. Stain, HE. Animal Nos: A, 01F01; B, 02F01. 
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TABLE 9.  Dosage Regimen and Clinical Course in This Study 

 

-, no noteworthy findings. 

NE, not examined pathologically. 

* Recovered mostly within one hour. 

 

  

Group  Animal No. Dosage Regimen
(mg/kg/day×weeks, p.o.) Clinical Course Week (Day)

of Necropsy

01M01 0×39 - NE

Vehicle 01F01 0×39 - Week 39
(Day 274)

01F02 0×39 - NE

02M01 400×13  800×26 - Week 39
(Day 274)

Ethambutol 02M02 400×13  800×10 Anorexia on Days 159 and 160;
incomplete eyelid opening and prone position on Day 160*

Week 23
(Day 160)

02F01 400×13  800×15 - Week 28
(Day 196)
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TABLE 10.  Effects of TTX on the Single-Flash Cone Response (R/B) in Cynomolgus Monkeys 

 

Data are expressed as the mean ± SD of three animals. 

a) Elicited with red light flashes under blue background light. 

b) Recorded 60 to 90 minutes after intravitreal injection. 

* p<0.05; significantly different in comparison with the pre-dosing value by the paired t-test. 

 p<0.01; significantly different in comparison with the vehicle-treated eye by the Student's t-test. 

  

Amplitude (μV)

a-wave 21.4 1.73 25.1 6.66 20.1 2.05 19.1 5.56

b-wave 66.1 9.46 77.4 7.49 62.7 1.80 77.3 8.20

PhNR 21.9 5.93 23.7 6.71 20.4 5.10 -4.8 2.63

Single-Flash Cone
Response (R/B) a)

Vehicle-Treated Eye TTX-Treated Eye

Before After b) Before After b)

†

* †
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TABLE 11.  Effects of Ethambutol on the Single-Flash Cone Response in Cynomolgus Monkeys 

 
Data are expressed as the mean ± SD of three animals. 

a) Elicited with red light flashes under blue background light. 

b) Elicited with white light flashes under white background light. 

* Week 39 (Day 269) for all animal.  

** Week 22 (Day 150), Week 28 (Day 192) or Week 39 (Day 269) in one animal each.  

 p<0.05; significantly different compared with the vehicle-treated group by the Student's t-test. 

  

Single-Flash Cone Response (R/B) a)

a-wave (μV) 16.1 4.24 14.5 2.54 15.5 1.79 16.7 0.31

b-wave (μV) 49.8 7.18 43.9 4.74 44.9 7.12 47.6 7.80

PhNR (μV) 18.9 5.30 19.8 5.39 14.9 2.22 4.7 4.67

PhNR/b-wave amplitude ratio 0.39 0.121 0.46 0.161 0.34 0.097 0.11 0.131

Single-Flash Cone Response (W/W) b)

a-wave (μV) 16.7 5.73 14.6 3.00 15.7 3.06 18.1 2.21

b-wave (μV) 68.6 24.88 63.3 22.41 60.4 6.21 58.3 3.71

PhNR (μV) 20.5 5.15 16.6 1.51 21.1 7.38 16.1 9.37

PhNR/b-wave amplitude ratio 0.32 0.110 0.29 0.112 0.35 0.093 0.28 0.155

Vehicle-Treated Group Ethambutol-Treated Group

Baseline After *
Repeated Dosing Baseline After **

Repeated Dosing

†

†
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TABLE 12.  Histopathological Findings in the Retina in Ethambutol-Treated Monkeys 

 

Grade: -, within normal limits; 1, slight. 

* 400 mg/kg/day on Days 1 to 96 and 800 mg/kg/day on Days 97 to 273. 

  

Tissue Dose (mg/kg/day) 0
Findings Animal No. 01F01 02M01 02M02 02F01

Week (Day) 39 (274) 39 (274) 23 (160) 28 (196)
   of Necropsy

Retina

Single cell necrosis, ganglion cell - - 1 1

Decrease, ganglion cell, parafovea - - 1 1

Increase, microglia, nerve fiber layer - - 1 1

400 800 *
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TABLE 13.  Plasma Ethambutol Concentrations and Toxicokinetic Parameters After Ethambutol 

Dosing 

 
Data are expressed as the mean ± SD of three animals. 

Animals were treated with ethambutol hydrochloride at dose levels of 400 mg/kg/day on Days 1 to 

96 and 800 mg/kg/day on Days 97 to 273. 

Lower limit of quantitation is 0.5 μg/mL. 

NE, not examined. 

 The first day of dosing at dose level of 800 mg/kg/day. ‡ The 29th day of dosing at dose level of 

800 mg/kg/day. 

 

 

  

Pre 1 h 2 h 4 h 7 h 24 h

23.5 26.9 30.9 8.49 0.974 235 33.0 3.3
± 6.43 ± 5.94 ± 11.3 ± 2.72 ± 0.127 ± 44.0 ± 10.2 ± 1.2

1.07 33.3 26.9 20.3 8.50 1.29 221 33.7 2.0
± 0.342 ± 10.1 ± 9.74 ± 8.49 ± 2.36 ± 0.207 ± 57.0 ± 9.32 ± 1.7

1.89 57.7 51.5 44.8 18.3 3.19 458 66.4 2.0
± 0.121 ± 4.12 ± 12.4 ± 29.8 ± 4.71 ± 0.748 ± 128 ± 11.1 ± 1.7

3.10 40.1 47.3 42.2 19.1 3.77 441 48.5 2.7
± 0.434 ± 16.5 ± 8.73 ± 11.7 ± 9.14 ± 0.596 ± 145 ± 7.46 ± 1.2

tmax

(h)
Dose

(mg/kg/day)
Week
(Day)

Plasma Concentration (μg/mL) AUC0-24h

(μg·h/mL)
Cmax

(μg/mL)

400

1
(1) NE

4
(23)

800

14
(97†)

18
(125‡)
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ERG

ERG

ERG

ERG

 

1

(44) standard full-field ERGs

ERG

 

2

a-wave analysis(24, 26)

6

PDE6 Na+-K+ATPase

in vivo
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3

ON OFF ON-OFF response(5, 46, 62)

ON OFF

APB ON

mGluR6 PDA OFF iGluR

ON

 

4 1 standard full-field ERGs

RGC RGC

ERG RGC

PhNR(38, 72) RGC PhNR

TTX RGC Na

RGC

PhNR

PhNR

RGC PhNR

RGC

 

standard full-field ERGs PhNR
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a-wave analysis ON-OFF response
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