Light Adaptation and Sensitivity Regulation by
Calcium Feedback in Primate Rods
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3*i50buty1-l-methyl-xanthine; PDE, phosphodiesterase; Rh, rhodopsin; Rh*, photoisomerized rhodopsin;
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Bt | TRERBERZE = » 7 %™ [120mM NaCl, 3.6
mM KCl, 1.2mM CaCl,, 2.4mM MgCl,, 20mM NaHCQO,,
0.02mM Na-EDTA (ethylenediaminetetraacetic acid), 3mM
Na-HEPES, 10mM Dextrose] %\ 7z, 95% O. - 5 % CO.i&
AAAV BRI ERBEREE = v 7D pH RT.6TH-
fo. —H O RLE TIX Z T 3-isobutyl-l-methylxanthine
(IBMX) 28 L7cix FV 7o, ERE L EERKE (Precision,
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Wk 2 ik HEPES & = v 2 %™ (140mM NaCl, 3.6
mM KCI, 1.2mM CaCl,, 2.4mM MgClL, 0.02mM Na-
EDTA, 3mM Na-HEPES, 10mM Dextrose; pH7.6) % F\»
7-. %7z HEPES #&#i= v 2% ® 0.02mM Na-EDTA & 3mM
Na-HEPES # Z#Hh *£Hh 0.02mM TMA (tetramethylammoni-
um)-EDTA & 3mM TMA-HEPES w@&# L, 5K 140mM
NaCl % 140mM LiCl KB LB HE ) F v L—8 5 7HE
Hr L, 140mM NaCl # 140mM Guanidinium Chloride iZ [B#2
LB BE ST =v=ma—my JIRERFR LI, ¥7ofF &5
Fi~o Ca™ WA L FFEATH DD Ca® FHEEE I TER
TRIVFTA—2y JBPANIT T == h—0 y 7HWH
B CaCl, % % 0.2mM TMA-EGTA (ethyleneglycol-biste-
traacetic acid) M L BB HV, ThiENa-#E Ca &
REFR L. 2 O TR IR IE AR P THI55 CIsHERF
2h100% O, 7 A THEFE L TEK S h A, B hERK
AL OEBRAF = v —AICHATD L, BRTMETSZ
Ee BN EROEMEFEOREXBCIHEOZ ENTE.
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Temperature probe #511, YSI Instrument Co., Yellow
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Fig. 1. Recording configuration for an isolated primate rod. The inner segment (IS) of an isolated rod with cell body missing
Was drawn by gentle suction into a pipette in order to achieve good mechanical stability and high seal resistance during
recording. To avoid bending and damage of the outer segment (OS) during perfusion, the tip of the suction pipette was bent
at right angle so that the long axis of outer segment was oriented parallel to the solution stream. A fine glass fiber was
appropriately positioned inside the pipette to serve as a stop against the inner segment.
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(TRl DB ITNER).
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v 3% Ca™ WAEKE Na-Ca THBEHLY 55 Ca BEH R
brEZh, O TEIhB.

dCat 1

1 . .
n —W-(—Z—-Pcaqch jex) 5)

GRIZBVWTFIZ7 v 7F -8B, VIIFEAGHOMBENE
B, jch 12 cGMP B%M 5 + x V2 @EABEEH, Pca it
cGMP BFEMF » 3 L2 ESH Ca® BIO jch W EDBLk%,
jex RTHRERTHAS. Fi ich G X > TOXTEHLA
63)36)‘

n

Jch=Imax-m (6)
BRIz BT Jmax 1T Na-Ca SEWatiE o M%) L & cGMP B¥
HF X NVEBHBLICREBTHEINDIEREBRTHY,
Kch 12 jch #% Jmax/2 1I27c®d cGMP #ETH b, ni2 Hillf
KTHs. nDELELTH2~4BHFEINTE D, K0
EFATIREBEROMLS n 2.5 L. A EBEHRETR
GCKKeh®thHnDT, ORZMNRCERTES.

jch=]Jmax- T

Kch®

outside

opens

Ca' (plus Na)

Cay

Na'-Ca"™
exchange

Fig.2. Scheme of the Ca®** feedback mechanism in rod phototransduction. hv, photon; Rh, rhodopsin; Rh*, photoisomeriZEd
rhodopsin ; PDE, phosphodiesterase ; Ca/*, free Ca?*; Cay’*, bound Ca**; —, inhibition.
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ZHBR (ex) 12 Caf * EERELTE I vz ) RA—2 VT
JORTHEINB™ LBEIRTWBDT, QRDOML EL
gha.

Caf

jex=Jexc-m’ (8)
@RIz BT Jexc & Na-Ca BB 2 R AN 2R REEC
B ATHRBEROMAMETH Y, Kex 1T jex 2% Jexc/2 1l
Caf THD. BAHBEABEOREIZ X » T4 cGMP BREZH#
Fy XAEEBE LTS L, QR [BHBAR] LBRE®
At Caf RBEEMCECET L LFHELSE. L LERC
it Ca®* 2 BEH 3% Na-Ca THLEHII B 2 BR(LEMTEHEINE
rETAEELETS (HE OV2ER). [BE oV LY
VICi Na-Ca ZZMLBERE DBV ME LT 2 FEPREELER L T,
RAFMBH LAREAVRY I 2= 3 V{ToT.

GOEMEEMDI D OELRIZ cGMP OARE (a) &K
MEFEER (B) KX hOROmELZh3",

m =a—f -G (9)
a7 =N S —EDEE THD guanosine triphos-
phate (GTP) OfifaEBE K X h &3+ %4, Hodgkin 5™ &
R £BERE TR MRS T5ED GTP B EE
L, 77=nBv 25 —€EEIT C L aHIEERY 5 3
M NTalk Caf WL - TDABREIND LEETAHE, «
BRI CHRELINh 5.

Amax

EF (Cal /Ky un

R BT Amaxid cGMP DREAERETH D, Key 127
T=VBYy 7S5 —EDOEREYRAEREDL/2IT 5 Caf TH
D, miX Hill RETH 5. FHmEED cGMP 4% L Caf %
thZha, & Caf, 275 L Amax LR TEINS.

Caf,
Amax= a,- Pa«—fi)} 1
Key

DR L D ORIZORCEREND.

i 1+(Caf,/Kcy)™
14+ (Caf/Kcy)"

a =

o (12
0RA 512 Caf BEEICILB L aNBICESL Z EBNTFRE
5N, Koch b OAE(LEHERTIZE Caf DRETL Aok
BRRIT =AY 7 5 —EEH BRI L. X 20ORE
BRT2Z LIt s OB RCGELUT A L5 a v 5
BTED.

Amax

=2
1+ (Cal/Koy)" -+1f- Amax 13

BREBNT L RERTHD. Lo LIS OEEBITIEATELY
72 Mg™ B (11 mM MgCl) DR T CHbphTHh, *
ROIuM L ED Caf TR Z 7 = Ay 7 5 — CERINZIE—
ROBEMEYFT L\ 5 ERARRIL, AEMEHT Caf %0.1
EM LBk +5 L 727 = Ay 7 5 — EIERRE SIS
Tl ) BRABSWERRERY CF TR, F0O%

¥FCRAEMREBCZEGTE o, TR0 F 10,054
S5EIfER 5 X T, HBEARDOEF L X HEIRBREE
B2 Ca 7 4 — Ky 2 OBRAHE L, KISGEOEERER
FELVEBUHEEFP PR TEERCAR LN 20T, K
DEFATIRamBTHRE LTI RBERALLOVR, T
e HU0R [(HAHVITOR] A LKL,

cGMP DEMIM b DIMKSBEK (B) ikHhA Ry =R
77— EORERIC BT 5 EN & KB X AT AEROR
ELTHREENS. TiabbigEo cGMP 4%y 8, & L,
LXEFOBBIC L hiEkTH cGMP 4#REL B*(t) LT3 &
BlrlyR THRELZhA.

B=B.+B*(t)] a4

MRECBCT LIXFHBEBETHH. AHOEF L TIIEBSH
2L D AT B cOMP SR LICHPIT 2 LEELE. Z0
{RE 1L Barkdoll 5®Dh AR =R F 5 — LEMDOE{LEHE
BERCESVTHS, ®5Y 0BG I, XRKLT S
B E7Y S FRAEY 10 EUT &5 KRB TRV RO
BET TRERMC L VHKT2 cOMP SMRIFIBOLHE
BT 2 EHNE RS, OREUWRLORCRAL TR
B85,

15
PA
10

pA

Time (sec)

Fig.3. Families of current responses from two rods of M.
fascicularis elicited by light steps of different intensities.
Current responses in each family were recorded from a rod
outer segment projecting from a fragment of retina. A.
Cell with the typical relaxation from an initial transient
peak. Light intensities were 18, 64, 110, 240, 400, 850 and
3400Rh*-sec™’, respectively. The corresponding responses
were averages of 2, 2, 2, 2, 2, 1 and 1 trials. Temperature
was 385°C. B. Cell with the striking relaxation. Light
intensities were 18, 30, 110, 240, 400, 850 and 1600Rh*:
sec”!, respectively. The corresponding responses were
averages of 2, 2, 3, 2, 2, 1 and 1 trials. Temperature was
38.0C. Bandwidth was DC~25 Hz in both cases.
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dG 1+(Cafo/Key)"

—dt——ao-m—[ﬁﬁ B*(1)1] -G (5

FEREDEEIRIBTIE % (1) 1=dG/dt=0 PRI T % D TUOR
REMINDG .

a,=B.:G. 16

18RI B\ T G, 12 ORaA cGMP BETH S, Tieb
BIRBNRIERTED.
dG 1+(Cafo/Key)"

—_— ﬁn.Ga.

—_— * . .
dt T (Cal/Keyy AP ATOLI-C

FHATEEIh 3 2BER () 12, SbTHREEERT
B3 jch & jex OF&E LTOROMLSERRINS.

j=jch+jex 18

T8 T3, MKA Ca BEiR% LEOQAR~DRDHIsh
£, BEYRICT S 2EEOMERN Ca BEROFELEEL
RRTLERLTY § 2 v~ 3 VET - (ER). LLDQ)
R~UR BT AERERTROWL AT S hic. MERT S
A ORMBPIERERY 3 X O HASRREO 0 1 L
JAEEABVCAEERY ORBLAEEENERERYSE L
T, Keh En2FREFR0uM £2.5& Lic, VLFFEORR
DEBMRBIC BT 5 jch (jch) 138 20pA THDH, Z D
jche 2 Jmax D) 1 YT AW ERHBLTWBDT,

A a0 o
M. fascicularis L 0% To
o . o
o 0.8+ v ™o "o
2 ' ° vvl ‘
2 .
@ 06 ’ [~ “‘ a
] o % 'A.
% 0.4+ . n,"’u o
E 04wy .,”‘ o
<] - L, Rl wE
Zz 0.2 o vo. b0
-
0 A e
10 10™ 1 10 10
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C 101 . 0
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.
x
® o8r °
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E 04} ey v
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Jmax % 2000pA & L7z, ZhLDEXNDRICRATE L
I o TGDMEELTT.IeM 2B, ¥BEROERRETR
(5)RIZ BT dCat/dt=0 2®ILL, (B)RIZF T Pea 1201
(TBLE | DNEB) B X0 jch, i 20pA ¥RATHZ Lir
D, FEREOITHERM (jex.) & LT 1pA 2157, Tihcb bRk
D j (o) 09K L b 21pA EighH. KBTIWE Caf, 21T 0.3
o MR e e Koy mfEd LTERER 100nM" &
4% R L7,

23 #
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Fig.4. Collected response-intersity relations derived from the step response families at steady state, plotted on normalized axes
from 15 rods of M. fascicularis (A), 8 rods of M. mulatta (B), 5 rods of C.aethiops (C) and 5 rods of G. garnetti (D). Continuous

curves in A~D were drawn according to Eq.19 in the text.

Saturated photocurrents were 13.0~27.0 pA (A), 11.0~250

pA(B), 10.0~17.6 pA(C) and 7.6~12.1 pA (D). Temperature ranges were 37.0~41.0°C (A), 38.0~41.0C (B), 36.5~39.0C ©
and 37.0~39.5C (D). The data obtained from the experiments in Fig. 3A and 3B are indicated by closed triangles and closed

diamonds in Fig. 4A, respectively.
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EREEORELHEEU EOXRBEC B THIEEHSEO—
ATHHREWO—EUITES X H 2 {EIRIE D FIE I~ D
FE2 AT TREREE LIRS 5) BEE I, ERICH
WEIBEDH = 7 A FADIE L b OEBEHIGED 5 B, F
BULEHRASYET I UM ENEREXGE YR 3A
o, B LELVWEHHEZAREI W EREXEE YR
BRT. RBAKTTHRASKOKE 3 B X UKERE T
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i OB TR FIEIA DAL QRMIET S, FEDE
BEYILI8EDT A S FALDOFE, SEDOY Ve F—
OFBEIUCSHEON —F v + 7T TDFEEHAGTIT, =
W DHAFFEOERERIEE DO FH I BT 5 58 LD REE
¥ZThFhK 4B, MAC B LUK 4D wRT. K4A, B, C 8
UD 1231 B8 5o e HERIR9RIC e » THID .

ts=1—exp (—k,-Is) 19

IR BT kDR T ERELX TR T 5 AR (HBds
B)THH, exp xX) RERARBEDE (e) Dx FLEKRTS. (19
AL, FEASAOME«OXBRL L FFY v HFaED
EHD cGMP BSZMF + * AV RHAMETAZ LI - TAELS
EEE AT TIRE—7 5 P VIEELHETS) RE VI
LTBY, HArD8E—7 4+ } VIEELHETRMCINE I ok
ROFGBLIODOREEL LTHEAS LREL THEI W DD,
TibbIRIEBIEE A EE LISV IREET D et OBH R 3R
BT5. K40m, 4EOYAFEOERECIREDFH S
K2 b3 LOBFRIZ9R & 0 Bhhicig b etk & b B
DAL, L oEenis i LOBBRERLE. Tiebb
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D k=ketICL > THEIID. 22T HREFEFE BT A
857 5 v ¥ 2 XIDEDORE B (integration time)® TH 5 (3
LZ2R). ¥ kM7 5 v v 2 HISEOREYRRT 5 E
BThbh, HBE7 5o v RICEOHAIREYEEMRMECRL
THRBELYERILL, SOEHKET7S » v - RBECHRLIE
TH% kilZE1OE~—7 5 + VIEEOHARIELRE BRHE T
BrUTfEI—B T 229 % 1 8R). ERECEFMELES T
VRAE A DFFHE L D D 23 [sDBIFRITIE B A kel iR Bl L TR
D, ERECEMEXRHE CRRIEEDHRE,NEREERCILR
REhTuwisweE2Hh5, 4BV FEOEHERGE
YEETL, BHEXSEORHEBORIEILL 100~400
Rh*-sec™ OXRE CHMBEOEEORXS 1T b, # 2000~
4000Rh*-sec™ DHXHME TR LA (FE1ER). ZhbDMHEI
HOWFIEEH O L b OE 1ELT 5.
DWTERKBHC I AHES 75 v v 2 X RTAREDR
BrHAHABELHESLE2BHE L. Tamura 5 & L O
Nakatani 52D HECHE LT, HEHMEOWEN B LEW
BXIGEOERRE B E HINEIRELLE Lty 5 LI &
D, 7792 XIEERDAS LTREIhABEOHE S~
7w v aXRI5~EREE L, FRELTOES 75 » v 2 KR
B (Sp) AR, WRABEW L ABREDETIZ Sr 2T
DI 7 » ¥ 2T HRE (D) THRLA S/SE THE
END. BB SBIVSRRELRTF v RIEEDOESE
EEXBERTRL, 35K 75 v FHETRLEETH
b, um?photons™ DEM TR ENS. 4OV AFFEHEIE S
FHERNBEL S/ OBGRER 5 ICRT. K5A, B, C%
FOD DR BN L LICHETCHERIR TV B, B0l
BHHER, B4R T S/ #1/21k4 5% 83
B L(F7gdb dark light OXBEEICE L) TERGHE 1) %
BRLTESRLER T3, K5A, B, CEIUDIERITAED
I ERR & BRI TN EFRAOR L QR K-S TR R

1

KONBIEIREEN X 0 BB EELHRD. 25 LB SF/S%ZW Q0
8/ Lo
beifR & D ORI O EIEBI M DOFT (6 L h DREHS o )
2 . Sp/Sr*eXD (”ks'ls) QD
R L3ERABETh-o. R4 BVLTHEADFEL IO
B s DBIR & 18 B o Ao iR & ORI O AL EBIFRIZIE 4 DFF ik ORFIEICREX FTERTE2ORPHERD Y 2~ =+ 7 2 &
Table.l Collected parameters for light-induced current responses from rods of different primate species
Steady state of Incremental
Dark current Single-photon response step response flash on
Species at steady state background
in darkness Half- Saturating
Amplitude Peak latency ti saturating s Is L
pA pA msec msec Rh*-sec™ Rh*-sec™ Rh*:sec™
M. fascicularis 18.1+£3.8 (5 0.62£0.21 (9 234+40 (9 348+091 (5 280+139 (5 ca. 3000 (5 52+34 (0
M. mulatta 18.1£5.2 (8) 0.97+0.48 (8) 233+47 (8) 313k64 (8) 317£102 (8) ca.3000 (8) 37+24 (B)
C. aethiops 13.2+3.1 (8 0.77£0.31 (5) 211+44 (5) 3341149 (5) 390%162 (5) ca. 4000 (5) 3817 (3)
G. garnetti 9.5+1.7 (5) 0.59%0.28 (5 20318 (5) 298+32 (5 118+82 (5) ca.2000 (5) 28x10 &)

Each entry shows the mean and the standard deviation. The number in parentheses indicates the number of cells studied. t,
}ntegra.tlor} time; s, step light intensity; I, constant in Weber-Fechner relation (Eq. 20 in the text); Rh* number of rhodopsin
iSomerizations. The number of Rh* was calculated from calibrated light intensities and an effective collecting area of 0.8 4 m?

for rods of first three species and 0.35m? for rods of G. garnetti.
The amplitudes of single-photon responses were estimated from the ratio ¢%/m, where o2 and m are respectively the varience
the mean of the peak amplitudes of the responses to a series of identical dim flashes. The saturating Is of step responses

and

are rough values because of the asymptotic approach of the light response to saturation.
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Fig.5. Collected relations between incremental flash sensitivities and background light intensities, plotted on normalized axes,

from 10 rods of M. fascicularis (A), 6 rods of M.mulatta (B

), 3 rods of C.aethiops (C) and 4 rods of G. garnetti (D)

Incremental flash responses were recorded from rod outer segments projecting from retinal fragments. Solid curves in A~D
were drawn according to Eq. 20, and dashed curves were from Eq.21 in the text. The position of dashed curve relative {0
experimental points represents the average position for all cells. Saturated photocurrents were 11.0~20.5 pA (A), 10.7~25.0 pA
(B), 11.4~16.6 pA (C) and 6.0~12.2 pA (D). Temperature ranges were 37.0~41.0C (A), 38.5~41.0TC (B), 36.5~39.0C (C) and

37.0~39.5°C (D).
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BE LT, AAKRY AT 5~ CREHTH S IBMX 2N
Lize v 2 B CHE&RER L TRl cGMP BEX LR 3%
Bz bk HEROMIEA~D Ca® AR K X & THEH
g0 Na-Ca THREHOBEM, LA, DL THEHABEOR
Bz X DETD cOMP BEUF + XLV RHIREeC, REKX
THATBEH O SHLBE L. 75 7L O BEREE
B ((HE ©18RB) & bR LefFEse 0.5mM IBMX
PEMLI R » 2 B30 HIEE L - B B ik il
WNEEOERTICRS] - BE LIOREEC 3\ TERET BRI
¥ (12000Rh*-sec™) & RS L RR OB R YK 6 1277 . FIH
YR L VEERIZE BIC 0 pA KKELT, # 4 pA OFE
FEHR LBIC 0 pA ~HI L. WEETOREDERRE
BIb, 0 4pA 5 0 pA ~NEHET 5 BEOHE XKE

I Light

Fig.6. Na*-Ca** exchange current measured from a single
rod of M. mulatta. A rod outer segment projecting from a
retinal fragment was sucked into a pipette after being
exposured to 0.5mM IBMX in Locke solution for 30sec.
The exchange current was recorded as the inward current
in response to a bright step of light (12000Rh*-sec™'). Rod
3 of Table2. 37.5C. Bandwidth was DC~100Hz. The
smooth curve was drawn according to Egs.22 and 24 in
the text with the values of Rt, Kd,, Rt; and Kd. in
Table 2A.

Nl free 140mM Na®

- Light

Fig.7. Na*-Ca’ exchange current recorded after a Ca®'
load.  The inner segment of an isolated rod of M.
fascicularis was sucked into a pipette and the outer
segment was exposured to 0.2mM IBMX in Na* free-140
mM guanidinium solution for 3sec to induce a Ca?" load.
The exchange current was activated by switching back to
Locke solution after the onset of a bright step of light
(3400Rh*-sec™). A few large spikes caused by mechani-
cal vibration during solution change was removed and
replaced by a small dashed line. The junction current
_caused by solution change was nat completely subtracted
In this experiment, as indicated by the small shift in
baseline. A large dashed line indicates baseline in dark
current (OpA) after solution change. Rod 5 of Table 2.
315C. Bandwidth was DC~100Hz. The smooth curve
Was drawn according to Eqs.22 and 24 in the text with
the values of Rt;, Kd,, Rt; and Kd; in Table 2A.

pA -

Pk BMX W X W R LEASh T REBER TH 5 LR X
b, HOIFRTERY LK 1IBOI =241 EIEDT
ALFLOFEESTHEIT, M6 ERFEOKEYBL.
0.5mM IBMX ¥ Liz= » 7 THELBE LRI 8
M~24HThHh, TRERODIICEE XN 2 FHEOER
E+7eb b Jexc WITL L BIMEIL 2.9~5.2pA (PiHE+E
HEREIX 4.010.9A) Thoic., LROERE T Jexe D
LHED 5 LOKKES. 2pA 23% » & SEBWBH O (T
th b EERBIEV) FELBEBONE Jexc TH B LEE
ThiY, ZOBHELYENERMLERTRLTIELIABED
Jexc 12§96.5pA EHEINS. FBEELCFEoRS 2%
NEROEMBIZRE] - FlELICRETERKY IBMX 25
MU 7=2o=Ya—nmy 78 (8 Na i) 1) 2 7oRAE
T3, IBMX 12 & » T Ca** OMIEN~DOHEAIIREI D B,
Na-Ca ZTHBHIEIET25 DT Ca® OHIFIS~DBEH 12814
END. TORR, MR Ca BENEEALELLRS. =
DORETHMAER Y = v 2 CE R L, Na-Ca THuliis
BOEB I 5 WA LATRERIVMERIA D Z L, HE
FOFSETORBOERERNSHERI NS, RTIEEELL
=2 A FNDFFBIEBCERE 2RI LEEOERY
FTolfERe 7T, BOBEOLERMCHEORERE RS -
REL, BESTE0.2mM IBMX #HEM L s 7 =o=
A—By 7T IMWEER LB, e 2 B oERE
FUBOE (3400Rh*-sec™) % B4 L T2 cGMP BEF %+ + 2 L%
FEgRL, 2L THEAIAOERK B 7 » 7RICERT S
E—BUONREFEERIEEINL. ZO—GEORN R XM

-0.2 -

-05 t

-5t
100 msec
Fig.8. Decline of the exchange current from Fig.6 replot-
ted on semi-logarithmic coordinates. The amplitude of
exchange current is indicated at 50msec intervals by filled
circles. The dashed curve was drawn on the assumption
of a single intracellular Ca**-buffer, according to Egs.4 and
22 in the text with the values of 400 #M for Rt and 3 M
for Kd. The continuous curve was drawn on the assump-
tion of two intracellular Ca®*-buffers, according to Egs. 22
and 24 in the text with the values in Table 2A.
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VER), ¥ L0 Jexe # 6.5pA KRET 5 &, QR &
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hB—FHEOBD THVEER AT TILE— Ca BEHR L
T3 THHEEELK. Mlafmo Ca RO Rt & Kdiz
FRAFNEEDOEEXRAL, Cat OMEAEE LT Jexe 1L
LI BRBEREHNT AR o RERBEES LD L, WR
BLUDRXL D jex OxieHT Cat & Caf DRERFEEHRD
bhad. Tichb jex OREMFEEIT Rt & Kd 0BEEKET
A, ZD X5 IEbNT jex DERVELEENERN I N
BRI AT A IO Rt & Kd OfEixkRELE. K80
BkRIZ Rt & Kd DEXZHFR400M &3 uM & UTHR
Pt E R Rt jex OREEELRT. BRI N jex DEF
E ZHRBROVUHCHEEIhFHROBRHME) & Bt
itz jex DRRNENEEKT A X 5 CHErBES ACBE
BRTCHD. MEBIUORT TRTERFEC I WG 5ED
FAFHEOT]RBTICH LT LB L FARORE 2 ML, B
BUEbEHTS Rt & Kd oL LTFhF A 36040
LMOPSIE HEERERR) L 320.74M 2872, ORXEW@KR X
hEhh A ZEBERIERNCIERBIRWCHEL, TOER
ORER () 2R TERIh B,

T__FvV-Kex. Rt+Kd
- Jexc Kd

@3

EEED Rt & Kd OFHEXZORCRATS &, THREBEHOR
FORERITH O0msec LEE IR,

MR O Ca EHRe—BRE L LRDRER, KREOE
BH Rt &£ KdD22DRELERTHS. L LK S DHKET
RENTCERY jex WVERICHEETA LRFO@TRINT
jex DEPEL vFhb. K8 TRERELYRNERE LTS
DTHHRN ERAEOTRIZBAEIL TS0, AEOTHIT
BREHOTNCORAEZ BT HEE I ke, Hodgkin
BRIk o THRIBI N 2EEOMIEA Ca BERDOELE LR

EF I, RO E N D TRABHOMEEE Y RME0+
HiCEbE2 I N TED. 2EEOMBEA Ca BiRyrs
ENREEIR ] CRER2 EFHL, TEFL SITEDTHE
BRTHD EEELEREHOMBPRE & BEEERY Ry &
Kd % X' Rt: & K&, TRE T2 &, WRARUARCBE#mLs
nB (AT TIXRE Ca BERELEHRT ).

Rt Rt,
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Cat=Cal- (R T Cat Ka) “

211 Rt,=400p M, Kdi=3 # M, Rt:=85 1« M, Kd,=0. (5
M OFEMEEMRAL, Fio Cat OFHEEL LT LEL Ak
THREEEEZT, OREUR L VRO LA jex OBY
IR EIEE 2 X 8 DEFITRT. X8 DRBPIIFHITH N, &
D REIMEDORHEREOIULTHS. R8OEMTTRINLE
WY jex XM 6 DTMBROEEHICERTIE LI LEH TS
Rl (MR, MTREBOCCLEBEOMBITI VEShEE
WY jex EXBRBHORBEHECERTHE LN LERTHELL
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WX T Cab & Caf NEWEHREBIZHBED THE Ca
BERIRE Shch, HKEEEER L BREEEER HRE
THD L OBHEIL2EED Ca BEROFELEELTY, B
#H jex ORMEATYEMEC TN AR IR I LATE
3. ZOREXRBTHIIZORB L CURX2OR~NRE
EMZALEND D (LT TIZEH Ca BEREPHT). it
B2EEDO Ca BEREZZTH LHBER | LBEHR2 LWH
L, ThZho Ca BEREHEES LEE Cd 0BES
Cab, & Cab, TEIT5.
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;‘t ! —K,u-Caf-(Rt,—Caby)—Kuq - Cab o
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Kw=8x M, Rt;=90 £ M, Kup=5sec™’, Kdi=Kup/ Ker=0.5
UM DEMEE R ER Caf OMEELXRALTELRLE
Hff7n jex ORFEIRBIZR 8 DRBICED TELT A, ELD
BEDEED S5 HD Kun & Kue DEIL, v 3 2L —vav i)
BORDNEER B OEERRICE L CEBEEEI HAL
Iswrbkom BELE (K] OUBR) . 2 Ca ikl
BB LGS Ca BERYEELT, K6 BIURT TRTE
BATTEEIC & D870 5 [BD Y A KD IE T ORI ER
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Kd, D&(ERRD, FORKREYFE2A, Biogrw, thbo¥
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FRERE 2 OFth3 LS KB TESR. B Ca
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DEFHELER D Z LN TER (R11E L UR2ER). ¥
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OXE

PR AFEAEICE LT Na-Ca TRBESTFET 2
FL BB LT, mEHERKREC Ca 74 — Py 25
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BREREO—fIERT. BELITEORNSEROA LB I ERR
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Table 2. Curve-fitting parameters for the decline of the
exchange current

A. The parameters of two fast Ca** buffers system:
C, =0, Ka=165p2M

ROd Rt[ Kdl th Kdz

uM uM uM uM

1 370 4.2 95 0.06

2 350 2.6 100 0.07

3 400 3.0 85 0.05

4 350 3.2 75 0.07

5 300 4.0 80 0.05
Mean 354 3.40 87 0.060
SD. 36 0.68 10 0.010

B. The parameters of two slow Ca** buffers system:
C., =0, Kn 2155[1 M, Kgm =20sec™! B Kouz =bsec™'

Rod Rt, Kd, Rt. Kd,

uM uM uM uM

1 650 30 100 0.50

2 400 9 110 0.50

3 450 8 90 0.50

4 450 12 85 0.55

5 600 50 90 0.50

Mean 510 21.8 95 0.51
SD. 108 18.1 10 0.022

C. The parameters of modified two slow Ca®* buffers
system :

Cn =0, Kﬁ =1.1 U M, Kﬂ"l =20sec™ , Knuz =5sec™!

Rod Rt, Kd, Rt, Kd,

uM uM uM uM

1 650 23.0 140 0.30

2 400 6.1 150 0.40

3 450 6.0 140 0.25

4 450 8.0 115 0.40

5 600 35.0 110 0.30

Mean 510 15.62 131 0.33
SD. 108 13.0 17 0.087

The parameters in table refer to Eqs.24-27 in the text;
G refers to Eq.41 in the text. In A and B, Eq.41 with
fo=0 reduces to Eq.8 in the text. In C, the value of
14M for K., is obtained from Eq. 41 with the values of
8.5pA for Jexc and 1pA for jex in darkness.

Foy 7 D8RR BNT, MRMERKE R » 7L D&
Na-#& Ca WIZE# L1z, TicbhbililsHERE & v Ca¥ 2k
LT &R IR~ D Ca AR MEL, ¥l ERRK
L0 Na* #BR<Zsick b NaCa THBELELZRT
Ca** it &M % Caf *BEROEHMBECEE L. KIA LM
D2FEWTe » 7R THER LIRETHEZ S v~ 2% Fl;
9.8Rh*) L7 5 » v o ¥ (F2; 280Rh*) # B & Lm0 XIEE
DERENBEE 2EOMEFHERTH D, KA DEMD
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Fig.9. Effect of removing the Ca®* feedback on dim flash
sensitivity in an isolated rod of M. mulatta. A. Dim and
bright flashes were delivered to measure light sensitivity
and dark current in Locke solution and Na* free-Ca’* free
solution. The dim flash response and bright flash response
in Locke solution represent the averages of eight and two
trials, respectively. Responses in 140mM Li* solution were
averages of two trials. The flash F,, F; and F; delivered
9.8, 280 and 370Rh*, respectively. Bandwidth was
DC~40Hz. 37.0C. B. Comparison of the dim f{lash
responses in the two solutions in A. Arrow indicates the
timing of the flashes. Both responses are normalized
against the respective dark currents. The slow drift of
the dark current in 140mM Li* solution was corrected for
by a linear-trend removal. Rod 4 in Table 3.
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Fig.10. Decline of the dark current after removing external Na*. The inner segment of an isolated rod of M. fascicularis was
sucked into a pipette. The slight shift in baseline upon restoring Na* was due to an imcomplete removal of junction curren_tl.
Smooth curve is an exponential decline curve with a time constant of 480msec. Step of light delivered 12000Rh*-sec”
Bandwidth was DC~50Hz. 38.0°C.
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Fig. 11. Same kind of experiment as in Fig. 9 and the flash-triggered phosphodiesterase activities from two isolated rods. Top
panels. Traces a and b show the responses to dim flash in Na* free-Ca®* free solution and control Locke solution, respectively.
Flash was delivered at time zero. (Left column) An isolated rod of M. fascicularis. External Na* was replaced by guanidinium.
Traces a and b were averages of four and eight trials, respectively. Flash intensity was 9.8Rh*. 36.0~38.0C. (Right column)
An isolated rod of M. mulatta. External Na* was replaced by Li*. Traces a was from a single trial, and trace b was average
of fifteen trials. Flash intensity was 5.2Rh*. 36.5C. Bandwidth was DC~40Hz in A and D. Middle panels. The time course
of dim flash-triggered phosphodiesterase activity, 8* (t)-Ir, was extracted by applying trace a in top panels to Eq.35 in the
text. Smooth curves were drawn from Eq. 37 in the text with 7 of 0.1sec in B and from Eq. 38 in the text with z, of 0.045sec
andr, of 0.2sec in E. Bottom panels. Dim flash responses were computed from simulation model with 8* (t):Ir in middle
panels. Trace a was computed in the absence of Ca’* feedback. Trace b~d were computed with Ca** feedback imposed.
Trace b was from the model involving two fast Ca** buffers, trace c.was from two slow Ca?* buffers with Eq.8 in the text,
and trace d was from two slow Ca®* buffers with Eq. 41 in the text.
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Table 3. Collected parameters of the convolution function to fit the

waveform of B*(t)

Rod rz G te Bt AT
sec sec sec sec Rh*'-sec™ Rh*!
1 0.100 0.100 0.100 0.20 0.098 0.036
2 0.100 0.100 0.100 0.20 0.047 0.017
3 0.135 0.135 0.135 0.27 0.120 0.060
4 0.080 0.080 0.080 0.16 0.091 0.027
5 0.045 0.045 0.200 0.15 0.070 0.026
Mean 0.196 0.0852 0.0332
S.D. 0.047 0.0278 0.0164

v, t,and 7, are the three exponential time constants of the
convolution function for three reactions in cyclic GMP cascade. t,ax is
B ¥, is the value of 8* () at teu.

the time to peak of B8* (t).
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Fig.12. Simulated response families to steps of light. Family in A was computed from the model involving two fast Ca.”
buffers, family in B was from two slow Ca*" buffers with Eq. 8, and family in C was from two slow Ca?" buffers with Eq.41 in
the text. Intensities of steps of light used for calculations were 30, 300, 3000 and 30000Rh*:sec™ in A and B, and 10, 100,
1000 and 10000Rh*-sec™ in C.
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Fig. 13. A. Simulated response-intensity relation in steady
state of step responses. Curve 1 corresponds to the
situation in Fig. 12A and B. Curve 2 corresponds to the
situation in Fig. 12C. Curve 3 was drawn from Eq. 44 in
the text. Both dashed curves were drawn from Eq.19 in
the text, but shifted to different positions on the abscissa
to coincide with curves 1(and 2) and 3 at low intensities.
Arrow is at 3000Rh*-sec™ in step light intensity. B.
Simulated step sensitivity (S¢ on background lights,
calculated as Af,/Als from curves 1 and 2 in A. Step
sensitivity was normalized by the value of Ssat 0.1Rh*:
sec™’. Dashed curve was drawn from Eq.20 in the text,
showing Weber-Fechner relation.
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Fig. 14. Oscillations in the decline phase of flash responses
recorded from a single rod of M. fascicularis. Dim and
bright flashes delivered 2.6Rh* and 280Rh*, respectively;
at time zero. The dim flash response and the bright fllash
response represent averages of thirty and two trials,
respectively. Bandwidth was DC~40Hz. 38.0C.
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Abstract

Light adaptation in amphibian rods is known to involve a Ca*-mediated negative feedback in the phototransduction pro-
cess, which works mainly via an inhibitory modulation of the guanylate cyclase activity by Ca™. The macaque monkey rods,
however, were reported to show negligible adaptation to light. This recent finding raises the possibility of a fundamental dif-
ference in phototransduction and sensitivity regulation between primate rods and amphibian rods. To examine this possibili-
ty in detail, adaptability to light was studied in retinal rods of 4 species of monkey. The current responses of monkey rods to
light were recorded by drawing a single rod outer segment from a small piece of retina into a glass pipette. The current
responses to a rectangular light step showed an initial transient peak followed by the rapid relaxation to a lower plateau level.
The relation between light intensity and response amplitude at the steady plateau deviated significantly from an exponential
curve expected in the absence of light adaptation. The incremental flash sensitivity on a backgrond light of increasing inten-
sity followed the Weber-Fechner relation. These results demonstrate light adaptation for monkey rods. The Na*-dependent
Ca* efflux (exchange current) and calcium feedback, which might be involved in light sensitivity regulation, were studied.
The exchange current recorded during illumination after having loaded the rod with Ca* in the dark measured up to 5 pA,
and declined with a time course which appeared to have more than one exponential component. In the absence of calcium
feedback, the current response of single rods to a dim flash was 2~3 times larger, and had a longer peak latency than in a
physiological solution. With the hydrolytic rate for cGMP in darkness (1.2 sec ') and the incremental hydrolytic rate activa-
ted by one photoisomerization of rhodopsin, a quantitative simulation model of phototransduction was constructed, in which
calcium feedback was hypothesized to be the only mechanism for light adaptation in rod outer segments. This model fitted
well with the experimental results, which indicate that calcium feedback mainly regulates light sensitivity in primate rods.



