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Abstract. The functional consequence of the casein ki-Introduction
nase |-catalyzed phosphorylation of the lens gap junc-
tional protein connexin49 was investigated using a sheep? multicellular organisms, intercellular communication
primary lens cell culture system. To determine whethermediated by gap junctions is one of the mechanisms by
the phosphorylation of connexin49 catalyzed by endogwhich cells communicate with each other to coordinate
enous casein kinase | results in an altered junctionalheir activities. Gap junctions are clusters of transmem-
communication between lens cells, the effect of the cabrane channels that connect the cytoplasmic compart-
sein kinase I-specific inhibitor CKI-7 on Lucifer Yellow ments of neighboring cells and allow molecules smaller
dye transfer between cells in the lens culture was examthan approximately 1000 daltons to pass directly be-
ined. Dye transfer was analyzed in cultures of differenttween cells (Bennett et al., 1991; Saez et al., 1993; Ku-
ages because we have demonstrated previously that ttear & Gilula, 1996). Genes encoding the structural com-
expression of connexin49 increases as the cultures agewnents of gap junction channels have been cloned and
while that of connexin43, which is likely not a substrate comprise a family of highly related proteins, called con-
for casein kinase |, has been shown to decrease [Yang &exins (Bruzzone, White & Paul, 1996; Kumar & Gilula,
Louis (1999) Invest. Ophthalmol. Vis. Sci. 41: 2568— 1996) with six connexins aligned to form a channel
2564]. In 9-day old lens cultures, in which gap junctionsstructure containing a central aqueous pore called a
are composed primarily of connexin43, CKI-7 had little hemichannel or a connexon (Musil & Goodenough,
effect on the rate of dye transfer between lens cells. Ill993; Laird, 1996).
contrast, treatment of 15-day and 28-day old cultures  The ocular lens is one of the least complicated sys-
with CKI-7 resulted in a significant increase in the rate of tems in which to study the function and regulation of gap
dye transfer. Thus, the extent of this CKI-7-dependeniunctions. The lens is an avascular tissue composed of
increase in cell-to-cell communication was positively only two cell types: a layer of epithelial cells on the
correlated with the level of expression of connexin49, theanterior surface, and fiber cells that differentiate from the
major casein kinase | substrate in lens plasma memepithelial cells and comprise the bulk of the lens volume.
branes. These results suggest that the casein kinase These cells exchange ions, second messengers, metabo-
catalyzed phosphorylation of connexin49 decreases celites, and nutrients through a network of gap junction
communication between connexin49-containing gapchannels that provide cytoplasmic connections between
junctions in the lens. the fiber and epithelial cells of the lens (Rae et al., 1996).
This network of gap junctions is believed to be critical
Key words: Connexin — Lens — Gap junction — for maintaining lens homeostasis and transparency
Phosphorylation — Regulation — Casein kinase | — (Goodenough, 1979; Goodenough, 1992). ,
Sheep Thr_ee connexins have peen_|dentlf|eo_l in mammaha_n
and avian lenses. Connexin43 is exclusively present in
the epithelial cells of the lens (Beyer et al., 1989; Musil,
Beyer & Goodenough, 1990b), connexin50 has been
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al., 1999) while connexin46 is restricted to the fiber cellsMD); unless indicated, other chemicals were purchased from Sigma

(Paul et al., 1991; Goodenough, 1992). The mechanism&ghemical Company (St. Louis, MO). All chemicals used were of re-

responsible for regulating the gating and permeability?9nt 9rade or the highest grade available.

properties of these connexins in the lens remain to be

defined. However, all three connexins have been retens CULTURES

ported to be substrates for protein kinases (Voorter &

Kistler. 1989: Musil et al.. 1990a: 1990b: Musil & Good- Primary lens cell cultures were grown on 35 mm Falcon brand culture
y T ! ' ' o ishes that were coated with 2 ml of poly-DL-polyornithine (0.1 mg/

eInOliggglzlj:gV?/l, JlaCng, Paul & Cioofgegngugi’rll, 199:;’ ﬂan'g ér:tlnl) 0.15wm borate buffer (pH 8.6), for 2 hours at room temperature.

al., ! arn-Cramer et al, ’ eng OUIS, pishes were then rinsed three times with double distilled water and

199_9)- We have d_emonstrated recently that the phosphofried under ultraviolet light for 20-30 min. Eyes were removed from

ylation of connexin49, the sheep homologue of mouséreshly slaughtered sheep and kept on ice for up to six hours before

connexinb0, is catalyzed by lens membrane-associatedilturing. Lenses were then removed under sterile conditions as de-

casein kinase | (Cheng & Louis, 1999)_ However, thescribed previously (TenBroek et al., 1994) and placed in Hank’s bal-

functional effects of this phosphorylation remain to be?2nced salt solution without Caand Mg™ (HBSS-CMF, pH 7.3).
defined Approximately 20 nicks were made along the equator of each lens and

. - the lenses were digested with trypsin (2.5 mg/ml) for 15 to 30 minutes
A primary sheep lens culture system that mimics theat 37°C; cold HBSS-CMF was then added to slow the reaction. The

early stages of lens fiber cell differentiation and pos-solution was triturated 20-30 times to dislodge cells from the lenses,
sesses functional gap junctions was developed previand cells were subsequently centrifuged (230 x g for 5 min) and re-
ously in this |aboratory (TenBroek, Johnson & Louis, suspended in Medium 199 containing 10% fetal calf serum, penicillin
1994; TenBroek, Louis & Johnson, 1997)_ We have(lOO_U/mI), and streptomycin (100 mg/ml). Two ml of th_is cell sus-
shown that in the first 10 days in culture, connexin43 jsPension was placed in one pre-coated 35-mm culture dish and incu-
. . . bated at 37°C in a humidified atmosphere with 5% Q@allow cells
the major connexin exprgssed (vang & LOUIS'_ 2OOO)'to adhere. The medium was removed after 24 hours and centrifuged as
Subsequently, the connexin43 mRNA and protein levelgefore to pellet cells not adherent to the dishes. These cells were
decline while those of connexin49 increase (Yang &resuspended in fresh medium and reapplied to the culture dishes. Me-
Louis, 2000). This “switch” in the expression of con- dium was replaced every other day throughout the period of cell cul-
nexin43 and connexin49 appears to precede the expretuve.
sion of connexin44 which is not a substrate for casein

kmasell (Arneson, Cheng & Louis, 1995) and remains alpgeparaTioN OF THEMEMBRANE KCI EXTRACT, AND

a relatively _Iow level compared to that of connexin4d3 g rrerwWASHED OR UREA-WASHED MEMBRANES FROM

and connexin49 at all stages of these cultures (Yang &gmary LENS CULTURES OR INTACT LENSES

Louis, 2000). Therefore, in the first 10 days in culture,

gap junctions are composed mainly of connexin43, whilePrimary lens culture cells were scraped off the culture dishes using a
in 15_day or older cultures, the ratio of connexin49 pro- rubber policeman and suspended in HBSS-CMF buffer containing 1

tein/connexin43 protein significantly increases. z“é'a?qe%/r:ﬁtggfh“)'f‘}m fs"d‘s’zgssf:sfgst'zeﬁggggg ;g@‘;ﬁf?aﬁ”
To determine the. role of the .Casem kinase - min, then the pelleted cells were homogenized in Tris buffer [(im) m
Cat_alyzed phosphorylation of conne_:xm{19, we _ha\{e_ €X25 Tris-HCl (pH 7.4), 1 phenylmethylsulfonyl fluoride, 2 benzamidine,
amined the effect of CKI-7, a casein kinase | inhibitor 2 g-mercaptoethanol, 1 mg/ml each leupeptin, aprotinin, and pepstatin
(Chijiwa, Hagiwara & Hidaka, 1989), on junctional com- A] and centrifuged at 50,@x g for 15 min. The membrane pellet was
munication between cells in the Sheep lens primary cellvashed twice with Tris buffer, resuspended in the same buffer and
culture system. In this report we demonstrate that thetored at -80°C (buffer-washed membre}nes). Urea—washeq membranes
membrane-associated casein kinase | activity is preseffse Prepared by subsequently extracting membranes twice with 8
. . . urea and centrifugation at 170@8 g for 15 min. The membrane pellet
in the lens C_UItureS and that connexin43 is not a SUbStra_ as washed once with Tris buffer, centrifuged at 50,8@ for 15 min,
for casein kinase |. Furthermore, we demonstrate that ifesuspended in Tris buffer, and stored frozen at —80°C. Alternatively,
connexin49-containing lens cultures, CKI-7 effected apuffer-washed membranes were resuspended in Tris buffer containing
significant increase in the rate of Lucifer Yellow dye 0.6m KCl and centrifuged at 50,000 x g for 10 min. The supernatant
transfer between lens cells. Our data thus suggest that th@ction, which contained casein kinase | activity (Cheng & Louis,
casein kinase I-catalyzed phosphorylation of connexin4§999)' was collected, dialyzed against Tris buffer overnight, re-

decreases cell communication between ConneXm49<3entrifuged at 50,00 x g for 10 min, and the supernatant stored at
containing gap junctions in the lens —-80°C. All procedures were performed on ice or at 4°C.

Preparation of urea-washed membranes and KCI extract from
intact lenses was performed as described previously (Cheng & Louis,

Materials and Methods 1999).

MATERIALS PREPARATION OF SHEEP CARDIAC MEMBRANES

Sheep lenses were obtained from John Morrell & Co. (Sioux Falls,Five grams of sheep cardiac tissue was homogenized and suspended in
SD); CKI-7 was purchased from Seikagaku America Inc. (Rockville, Tris buffer containing (in m) 25 Tris-HCI (pH 7.4), 1 phenylmethyl-
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sulfonyl fluoride, 2 benzamidine, and@mercaptoethanol, and 1 mg/ with ECL Western blotting detection reagent (Amersham Life Science

ml each leupeptin, aprotinin, and pepstatin A; these and all other stepkic., Arlington Heights, IL) for 20 sec to 1 min followed by exposure

were performed on ice or at 4°C. The suspension was centrifuged ab Kodak Max X-ray film.

500 x g for 5 min to remove particulate material. The supernatant was

subsequently homogenized with a Dounce tissue homogenizer and cen-

trifuged at 50,00 x g for 15 min. The resulting pellets were subse- LUCIFER YELLOW MICROINJECTION OF THELENS CELLS

guently washed twice with 8 urea and centrifuged at 170@8 g for

15 min. The membrane pellet was then washed once with Tris bufferCells in the lens culture were microinjected with a 4% (wt/vol) Lucifer

centrifuged at 50,00 x g for 15 min,resuspended in Tris buffer, and Yellow CH solution by overcompensation of the negative capacitance

stored frozen at —80°C. circuit in the amplifier until the impaled cell was brightly fluorescent.
A Zeiss IM35 fluorescence microscope with a mercury lamp and a
DAGE SIT camera were used to monitor the movement of dye from

PHOSPHORYLATION OF LENS MEMBRANES ORCASEIN injected to neighboring cells. After each injection, the image of dye
transfer between the injected and neighboring cells was captured and

Buffer-washed or urea-washed membranes isolated from primary lengecorded at the indicated time by a computer connected to the camera

cultures were incubated at 37°C for 60 min in 1@ migCl,, 25 pum with the software package Image-1/Fluorescence (Universal Imaging

[y-*2P]ATP, 10 mm Tris-HCI buffer (pH 7.5). When indicated, 5 units  Corp., PA). Subsequently, from the recorded images, cells with brightly

of casein kinase | was also included. The reaction was stopped bfluorescent cytoplasm and nucleus were counted as the number of

centrifugation at 50,00 x g for 15 min at 4°C and resuspending the neighboring cells having received dye from the injected cell as de-

resulting pellet in SDS-PAGE sample buffer (Laemmli, 1970). The scribed previously (TenBroek et al., 1994).

membranes were then electrophoretically fractionated on a 12% SDS-

polyacrylamide gel, stained with Coomassie blue R-250, and dried

under vacuum. Phosphorylated components were detected in autor®TATISTICS

diograms by exposing the dried gel to Kodak Max X-ray film (Eastman

Kodak Co., Rochester, NY). Data were analyzed by analysis of variance (ANOVA) using the soft-

Urea-washed membranes isolated from intact lenses were incuware SuperANOVA (version 1.1, Abacus Concepts Inc.). The two-

bated at 37°C for 60 min in 10 mMgCl,, 25 pm [y-*2P]JATP, 10 nu tailed probability P) values were considered significant when <0.05.

Tris-HCI buffer (pH 7.5), and the membrane KCI extract isolated from

intact lenses or the primary lens cultures. The reaction was stopped and

samples processed as described above. Phosphorylation of casein wResults

performed as described previously (Cheng & Louis, 1999).

CHARACTERIZATION OF THE M EMBRANE-ASSOCIATED
PHOSPHORYLATION OF CARDIAC MEMBRANES CasEIN KINASE | ACTIVITY IN THE PRIMARY LENS

: . . CULTURE SYSTEM
Sheep cardiac membranes were incubated at 37°C for 60 min im10 m

MgCl,, 25 uM [y->3P]JATP, 10 nmu Tris-HCl buffer (pH 7.5) and 5 units . .
of purified casein kinase I. The reaction was stopped by centrifugationlt has been demonstrated previously that phosphorylation
at 45,000 x g for 15 min at 4°C and resuspending the resulting memOf connexin49 in lens membranes is catalyzed by mem-
brane pellet in SDS-PAGE sample buffer. The membranes were thefprane-associated casein kinase | which can be extracted
electrophoretically fractionated on a 12% SDS-polyacrylamide gel.from lens membranes by 0% KCI (Cheng & Louis,
stained with Coomassie blue R-250, and dried under vacuum. Phosiggg). To confirm that membrane-associated casein ki-
phorylated components were detected in autoradiograms by exposin . . . .
the dried gel to Kodak Max X-ray film. Hase I is also present in cells pf the primary ovine lens
cell culture, membranes were isolated from 9-, 15-, and
28-day lens cultures, respectively, and extracted with 0.6
WESTERN BLOTTING OF LENS MEMBRANE OR CARDIAC M KCI. The resulting KCI extract from each of these
MEMBRANE PROTEINS cultures was then incubated with-f?PJATP and urea-
washed membranes isolated from whole sheep lenses
Lens or cardiac membrane proteins were electrophoretically fraction{from which most peripheral proteins including any en-
ated on 12% polyacrylamide gels and transferred overnight to nitro—dogenous casein kinase | activity had been removed (Ar—
cellulose membranes (Schleicher and Schuell, Keene, NH) at 300 m@leson et al 1995)] The membranes were then precipi-
in a Transfer-Blot electrophoretic transfer cell (Bio-Rad, Hercules, M 2 . .
CA). The nitrocellulose membranes were then incubated in 3% nonfa{ated by Cent”fUQa_tlon and pro_telns fractionated by SDs-
dry milk/PBS buffer (pH 7.4)/0.2% Tween-20 (blocking solution) for PAGE. The resulting autoradiogram demonstrated that
one hour, hybridized at room temperature for 1-2 hour with con-all these different KCI extracts were able to catalyze the
nexin43 antibody (Chemicon, Temecula, CA), diluted in blocking so- phosphorylation of connexin49 in the urea-washed lens
lution, and washed extensively with PBS buffer (pH 7.4)/0.2% Tween-membranes (Fig. 1, |an€g_4)_ As a positive control,
20 at least 3 times. The nitrocellulose membranes were S“bsequemBhosphorylation of connexin49 catalyzed by the KCI ex-
incubated at room temperature for one hour with horseradish peroxis . . .
dase-coupled anti-mouse IgG + IgM antibody (KPL, Gaithersburg,tract of membranes isolated fror_n intact lenses (Flg' 1,
MD) diluted in blocking solution, and washed extensively with PBS lane 1) was also Shown' Incubation of Fhe urea'washed
buffer (pH 7.4) containing 0.2% Tween-20. Immunoreactive bands/€Ns membranes withyf**P]ATP alone did not result in
were detected following incubation of the nitrocellulose membranesthe phosphorylation of any lens membrane protein (Fig.
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Fig. 1. Phosphorylation of urea-washed lens membranes by the KCIFig. 2. Phosphorylation and Western blot analysis of membranes iso-

extract isolated from sheep primary lens cell culture mem_branes. Ureayted from the sheep primary lens cell culture. Urea-washed mem-
washed, sheep outer cortical lens membranesu@Owere incubated 565 (5g) isolated from lens cultures were analyzed by Western

. i .
with [y-**P]JATP and the KCI extract of membranes isolated from p,,ing ysing a connexin43-specific antibody as described in Materials

either sheep lenses (ladg, 9-day lens cell cultures (lar®), 15-day 5, \ethods. &) Buffer-washed membranes () isolated from lens
lens cell cultures (lan8), 28-day lens cell cultures (lan®, or buffer cultures were incubated at 37°C for 60 min in 161 #IgCl,, 25 M

alone (lane5). Samples were then processed for electrophoresis an%_azp]ATp 10 nm Tris-HCI buffer (pH 7.5) in lanel; casein kinase
autoradiography as described in Materials and Methods. The arroyy (5 units) was included in lan&. Samples were then processed for

indicates the mobility of connexin49. electrophoresis and autoradiography as described in Materials and
Methods. The arrow indicates the mobility of connexin49.

1, laneb). In addition, each of these KCI extracts was ] o )

able to catalyze the phosphorylation of caselatg not ~ autoradiography. As shown in FigB2incubation of the
shown). Together, these data demonstrated that, at afpuffer-washed r_nembgr)gmes with-FPJATP alone (Fig.
three stages tested (9-day, 15-day, and 28-day), mentB. lane 1) or with [y-"“P]ATP and exogenously added

brane-associated casein kinase | activity is present i§@Sein kinase | (Fig.E, lane2) showed identical results.
cells of this lens culture system. Namely, several proteins, including a 60—65 kDa com-

ponent corresponding to thd, of connexin49 in these

lens cultures (Yang & Louis, 2000), were phosphorylat-
DoEs CASEIN KINASE | CATALYZE THE ed; notably, there was no 42-47 kDa phosphorylated
PHOSPHORYLATION OFCONNEXIN43? component corresponding to th of connexin4d3 (Fig.

2A). These data indicate that neither the endogenous
We have shown previously that in contrast to con-membrane-associated casein kinase | nor the exog-
nexin49, connexin44 is not a substrate for the lens memenously added casein kinase | catalyzes the phosphory-
brane-associated casein kinase | activity (Arneson et allation of connexin43.
1995; Cheng & Louis, 1999). Although connexin4d3 is To further confirm that casein kinase | does not cata-
also present in the ovine lens cultures, there is no priotyze the phosphorylation of connexin43, sheep cardiac
report indicating that casein kinase | catalyzes the phosmuscle membranes were isolated because connexin43 is
phorylation of this connexin in mammalian lenses. abundantly expressed in this tissue (Manjunath, Goings

To determine whether connexin43 is a substrate fo& Page, 1985). The presence and mobility of connexin43

casein kinase I, membranes were isolated from 9-dayn the sheep cardiac membranes were first confirmed by
lens cultures and the presence of connexin43 in thes&/estern blot analysis using a connexin43-specific anti-
membranes was confirmed by Western blot analysis usbody (Fig. 3, lane 1). As a negative control, mem-
ing a connexin43-specific antibody (FigAR Subse- branes isolated from the outer cortical fiber cells of ovine
quently, buffer-washed membranes isolated from thdenses were also examined and, as reported previously,
9-day cultures, which should retain most peripheralshowed no detectable connexin43 immunoreactivity
membrane proteins including the endogenous casein kiFig. 3A, lane2). To determine whether casein kinase |
nase | activity (Arneson et al., 1995), were incubatedcatalyzes the phosphorylation of connexin43 in cardiac
with [y-**P]JATP with or without exogenously added ca- membranes, urea-washed cardiac membranes were incu-
sein kinase I. The membranes were then precipitated bigated with purified casein kinase | ang-{°P]JATP, and
centrifugation and proteins analyzed by SDS-PAGE andhe membrane proteins were then analyzed by SDS-
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A B culture ages. In this lens cell culture system, cells reach
kDa ! 2 kDa 1.2 3 confluence approximately fiye days after plating when
90— .they. start to form an gxteqswe network of communicat-
ing intercellular gap junction channels. Therefore, the
107.7— 107.7— ratio of connexin49 protein/connexin43 protein in inter-
74.7 — cellular channels should be lowest in the 9-day old cul-
74.4 — tures but should then increase significantly in the older
47— 48 cultures. Hence, to elucidate the functional consequence
' of the casein kinase |-catalyzed phosphorylation of con-
44.7 — nexin49, 9-, 15-, and 28-day old lens cell cultures were
28.3 — ) used to examine the effect of the casein kinase I-specific
inhibitor CKI-7 (Chijiwa et al., 1989) on the junctional
28.3— communication between the lens cells.

Cells in the primary lens culture were microinjected

with the fluorescent dye Lucifer Yellow either prior to,
Fig. 3. Phosphorylation and Western blot analysis of membranes isoOf Subsequent to the addition of CKI-7 diluted in serum-
lated from sheep cardiac musclg) Urea-washed sheep cardiac mem- free medium 199 to give a final concentration of 400
branes (51g) (lanel) and urea-washed sheep outer cortical lens mem-CK|-7, 0.4% DMSO. Gap junctional communication in
branes (5.9) (lane2) were subjected to Western blot analysis using a the presence or absence of CKI-7 was then quantitated
connexin43-specific antibodyB) Urea-washed sheep outer cortical . . .
lens membranes (30g) (lanel), or urea-washed sheep cardiac mem- b_y counting the number of apljac_ent cells recen_nn_g Lu-
branes (75,9 ) (lanes2 and3), were incubated at 37°C for 60 min in  Cifer Yellow dye from the microinjected cell within a
10 mv MgCl,, 25 um [y-32P]JATP, 10 nu Tris-HCl buffer (pH 7.5)in ~ defined period of time. We have shown previously that
the presence of casein kinase | (5 units). The cardiac membranes in langnder the conditions used here, 4Q0 CKI-7 inhibits
2 were pretreated with alkaline phosphatase prior to this subsequerhe casein kinase I-catalyzed phosphorylation of con-
incubation with the phosphorylation mixture. Membranes were thennexin49 by more than 80% while having little effect on
analyzed by SDS-PAGE and autoradiography. . . . .

the activity of casein kinase Il ( for which, as we have
shown previously, connexin49 is not a substrate) (Cheng
& Louis, 1999). Similar concentrations of CKI-7 have
been used in several previous in vitro and in vivo studies
of casein kinase | action [e.g., Manno et al., (1995);

PAGE. The resulting autoradiogram is shown in Figure
3B. Whether or not the cardiac membranes were pre
treated with alkaline phosphatase (Fi@®, Bane2: alka- .
line phosphatase-pretreated cardiac membranes:3ane Krantz et al., (1997); Bioukar et al., (1999)].
untreated cardiac membranes), no protein in these mem-  1he time course of Lucifer Yellow transfer between
branes in the molecular weight range of ovine cardiad®ns cells prior to and subsequent to the addition of
connexind3 (42-44 kDa, as shown in Figh,3ane 1) CKI-7 was f|r_st characterized in 9- and 28-day cultures
appeared to be Significanﬂy phosphory|ated by the ex.that were de.rlve.d from the same set Of Ienses: The cul-
ogenously added casein kinase I. As a positive controfures were first incubated for 2.5 hr with medium 199
for casein kinase | activity, the same amount of caseirfontaining 0.4% DMSO, microinjected with Lucifer Yel-
kinase | was incubated with urea-washed lens memlow, and the time course of dye transfer recorded by
branes, which resulted in the phosphorylation of con-quantitating the number of neighboring cells receiving
nexin49 (Fig. B, lane 1). Together, these data indicate Lucifer Yellow from the microinjected cells at various
that connexin43 is not a substrate for casein kinase |. times after each microinjection. This was taken as the
control rate of dye transfer before CKI-7 treatment. The
medium was then changed to medium 199 containing

FuncTioNAL EFFecT oF CKI-7 oN GAP JUNCTIONAL 400 um CKI-7, 0.4% DMSO and the cultures were in-
COMMUNICATION IN PRIMARY LENS CULTURES OF cubated for a further 2.5 hr, and assays for the time
DIFFERENTAGES course of Lucifer Yellow transfer were repeated. The

results are reported in Fig. 4. For the 28-day culture,
It has been shown previously that the amount of con-addition of CKI-7 resulted in an increased rate of dye
nexin43 protein did not change significantly in the first transfer when compared to the control rate (Fig),4
10 days of the primary ovine lens culture, but declined towhile cells in the 9-day culture showed no difference in
approximately 45-60% in 15- and 20-day old culturesthe rate of dye transfer after addition of CKI-7 (Fid)4
(Yang & Louis, 2000). In contrast, the amount of con- If DMSO alone was added instead of CKI-7 after 2.5 hr,
nexin49 protein increased more than 20-fold from 5 to 20the rate of dye transfer was unaffected, irrespective of the
days in culture (Yang & Louis, 2000). Thus, the ratio of age of the culturedata not showh An example of Lu-
connexin49 protein/connexin43 protein increases as theifer Yellow dye transfer between cells in a 28-day cell
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Fig. 4. Effect of CKI-7 on the time course of dye transfer between cells
in the primary lens cell cultures. 9-daf)(and 28-dayB) primary lens
cultures that were derived from the same set of lenses were incubats
at 37°C in medium 199 containing 0.4% DMSO for 2.5 hr before
Lucifer Yellow was injected into one cell and dye transfer between
cells in this lens culture was determined (control) as described in Ma+ig. 5. An example of Lucifer Yellow dye transfer between cells in a
terials and Methods. Each lens culture was subsequently incubated @8-day sheep primary lens cell culture. The recorded images of Lucifer
37°C in medium 199 containing 0.4% DMSO and 400 CKI-7 for an Yellow dye transfer 1 and 3 min following the microinjection of a cell
additional 2.5 hr, and the time course of Lucifer Yellow transfer was in a 0.4% DMSO-treated 28-day primary lens culture, are shown. As-
measured{CKI-7). The time course of dye transfer is expressed as theterisk indicates the microinjected cell.

number of cells receiving Lucifer Yellow that were adjacent to the

microinjected cells. Values represent meansem. (The error bar for . i X .
most data points fell within the diameter of the symbol); 5 microinjec- CUltures was analyzed in this experiment, while the 15-

tions were performed at each time point in one plate each of either &ay cells were from two of the three sets of lens cultures.
9-day or a 28-day lens culture. The data consistently showed that addition of CKI-7 did
not result in any significant changes in the rate of dye
transfer between cells in the 9-day old lens cultures.
culture 1 and 3 min after the microinjection of Lucifer However, in the 15- and 28-day old cultures, in which
Yellow is shown in Fig. 5. the level of expression of connexin49 has been shown to
The experiment described in Fig. 4 was further re-be significantly increased (Yang & Louis, 2000), treat-
peated in three different sets of lens cell cultures wherenent with CKI-7 significantly increased the rate of dye
Lucifer Yellow dye transfer was quantitated before andtransfer between these cells. This rate increased approxi-
after CKI-7 treatment of 9-, 15-, and 28-day cells in 3 mately 29% and 49-68% in the 15-day and the 28-day
sets of cultures derived from different sets of lensesold cultures, respectively, after CKI-7 treatment. That is,
Lens cultures were first incubated for 2.5 hr with 0.4% the CKI-7-dependent increment in the rate of dye trans-
DMSO, and the number of adjacent cells receiving dyefer was greater in 28-day cultures indicating a positive
was counted 2 min after each microinjection to deter-correlation between the action of CKI-7 and the level of
mine the control value. Medium was replaced and theexpression of connexin49 in these cultures.
cultures were then incubated with 4pM CKI-7/0.4% The effect of CKI-7 on dye transfer in 28-day old
DMSO for another 2.5 hr, and dye transfer assays weréens cultures can be observed by 30 min after the addi-
repeated. Results are reported in the Table. One plate dion of inhibitor to the lens culture. As shown in Fig. 6,
9- or 28-day cells from each of the three sets of lensvhen dye transfer in a 28-day old culture was analyzed
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Table. Effect of CKI-7 on gap junctional communication as measured 60 - . * %
by dye transfer in primary lens cultures
- = 50 *
Days of Number of cells receiving dye +CKI-7/control B
culture (%) -
Control +CKI-7 = 40
ey
9 36.8+1.9 (2% 36.1+1.9(22) 98 S 304
9 45.6+2.1(23) 50.6 +2.7 (15) 111 S
9 29.2+1.1 (20) 34.1+1.2(22) 117 5 20 -
15 35.2+1.3(31) 455+ 2.2 (29)* 129 'g
15 37.3+1.5(28) 48.0 2.1 (28)* 129 =
28 32.0+1.3(30) 53.7 £2.0 (23)* 168 Zz 107
28 38.1+1.0(24) 60.3+1.4 (21)* 158
28 33.3+0.6 (24) 49.6 £ 1.0 (21)* 149 0
0 0.5 2 4 8

2Cells were first treated with 0.4% DMSO for 2.5 hr (control), then
with CKI-7 + 0.4% DMSO for another 2.5 hr (+CKI-7). After each
treatment, gap junctional communication was determined by measuring
the number of cells receiving Lucifer Yellow dye as described in Ma-
terials and Methods. The number of cells receiving dye from the mi-
croinjected cells was measured 2 min after each microinjection.

P Values are reported as the meansem. The number of cells micro-

injected with Lucifer Yellow in each treatment is indicated in paren- ig. 6. Lucifer Yellow dye transfer following different times of incu-
theses. Three different sets of lens cultures were used to derive thgation of the sheep lens cell cultures with CKI-7. Lucifer Yellow

9-day and 28-day data and two different sets of lens cultures were useglansfer between cells in a 28-day primary lens cell culture was ana-

to derive the 15-day data. lyzed following treatment with M199 medium containing 0.4% DMSO

* Significantly different from controlsR < 0.01). and 400pm CKI-7 (+CKI-7). As a control, another 28-day primary
lens culture was also analyzed for Lucifer Yellow transfer following
treatment with M199 medium containing 0.4% DMSO alo@erftrol).

following incubation of the culture with 40Q.m CKI-7 The extent of dye transfer is expressed as the number of cells adjacent

for various time periods, an increased rate of dye transfete the microinjected cells that received Lucifer Yellow dye 2 min after

can be detected within 30 min of the addition of CKI-7, each m|cr0|njecF|on. 12_ to 15 microinjections were perform_ed gnd as-

and this effect reached a maximum by 2 hr and Wassgyed at each time pqnt, val_ues represent meassvt Asterisk in-

. . dicates the data statistically differemft € 0.01) from the value of zero

maintained for at least up to 8 hr. As a control, dye, .- pation.

transfer in another 28-day old culture incubated with

0.4% DMSO alone for the same period of time was also

analyzed and the rate of dye transfer was shown to be ) ) .
unaffected by this reagent. three connexins. However, evidence presented here in-

dicates that connexin43 is likely not a substrate for ca-
sein kinase |. Furthermore, CKI-7 had no obvious effect
on the rate of dye transfer between cells in 9-day old
cultures in which connexin43 is the major connexin pro-
This study has characterized the effect of the casein kitein (Yang & Louis, 2000) even though membrane-
nase l|-specific inhibitor, CKI-7, on gap junctional com- associated casein kinase | activity is present at all three
munication in a sheep primary lens cell culture systemstages of the lens cultures examined here, including the
We have demonstrated the presence of membrané-day cultures (Fig. 1). Thus, the CKI-7-induced increase
associated casein kinase | in these cells, and that cornn the rate of dye transfer in the older (15- and 28-day)
nexin43 is likely not a substrate of casein kinase I. In thecultures was unlikely due to changes in the activity of
presence of CKI-7, Lucifer Yellow dye transfer between connexin43-containing junctional channels.
cells in older lens cultures that contain higher levels of It has been shown previously that connexin44 is not
connexin49 (Yang & Louis, 2000) is increased, suggesta substrate of casein kinase | (Arneson et al., 1995), and
ing that the casein kinase I-catalyzed phosphorylation ofhat there is no obvious temporal change in connexin44
connexin49 decreases cell communication between corexpression in this culture system (Yang & Louis, 2000).
nexin49-containing gap junctions in the lens. Thus, the ability of CKI-7 to increase the rate of dye
Multiple connexins (connexin43, connexin44, and transfer only in the older cultures cannot be attributed to
connexin49) are expressed in this sheep lens culture syshanges in connexind44 expression level or activity in
tem, so the observed changes in gap junctional commuhese cultures. Although these results could be explained
nication after CKI-7 treatment could be attributed to al- by the expression of a nonconnexin casein kinase | sub-
tered levels of phosphorylation of one or more of thesestrate that only regulates the junctions in older cultures,

Treatment time (hours)

-+ CKI-7
ezzzZ1 Control

Discussion
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this seems less likely as no phosphoproteins have bedhe distinct gating and permeability properties of the
identified that are associated with, and directly regulatethree different connexins in the lens (White et al., 1994;
connexin44-containing gap junction channels. ThereforeEbihara, Berthoud & Beyer, 1995; Moreno et al., 1995;
it appears more likely that the action of CKI-7 on gap Srinivas et al., 1999), the potential existence of both
junctions in the lens cultures results from its ability to heterotypic (White et al., 1994) and heteromeric (Ebihara
inhibit the phosphorylation of connexin49. Furthermore,et al., 1999; Jiang & Goodenough, 1996) gap junction
that CKI-7 did not affect the rate of cell-to-cell transfer channels between the three lens connexins, and the turn-
of Lucifer Yellow in the 9-day lens cultures suggests thatover of the connexin proteins, multiple mechanisms are
this chemical does not have nonspecific effects on gapikely required to maintain a constant level of cell-to-cell
junction channels. Rather, these data suggest that theommunication in such a differentiating lens culture sys-
CKI-7-induced increase in the rate of dye transfer betem. Concentrations of CKI-7 that inhibit casein kinase |
tween cells in the older lens cultures was due to changesffect an increase in Lucifer Yellow dye transfer in the
in the connexin composition of the gap junction channelsolder lens cultures suggesting that casein kinase |, which
in these older cultures. Taken together, these results sugatalyzes the phosphorylation of connexin49, inhibits
gest that CKI-7 increases cell-to-cell communication ingap junctional communication in the connexin49-con-
the older lens cultures by specifically altering the phos-taining lens cell cultures. This could play an important
phorylation state of connexin49 and thus increasing celfole in regulating cell-to-cell communication as the lens
communication of connexin49-containing gap junctions.cultures age. Thus, under basal conditions there would be
Studies of lens connexin43-, connexind6- (rodenta pool of connexin49 in the lens cells that is inhibited by
homologue of sheep connexin44), or connexin50- (ro-casein kinase I|-catalyzed phosphorylation; on the addi-
dent homologue of sheep connexin49) knockout miceion of CKI-7, the activity of casein kinase | is inhibited
have all been reported (Gao & Spray, 1998; Gong et al.so that an endogenous protein phosphatase activity could
1997; White, Goodenough & Paul, 1998). The pheno-now catalyze the dephosphorylation of this pool of con-
types of the lenses in these different lines of mice dif-nexin49 resulting in an increased level of cell-to-cell
fered, indicating that these three connexins may haveommunication.
different functions in the intact lens. The connexin46- Although the role of casein kinase | in regulating
and connexin50-knockout mice developed cataractgellular functions in any tissue remains poorly under-
(Gong et al., 1997; White et al., 1998), while the con- stood, the involvement of casein kinase | in two cellular
nexin 43-knockout mice exhibited signs of early stagesprocesses has been described. In the nucleus of the cell,
of cataract formation (Gao & Spray, 1998). Whereascasein kinase | has been proposed to regulate DNA me-
deletion of either the connexin43 or connexind6 geneabolism (Cegielska & Virshup, 1993; Hoekstra et al.,
had no obvious effects on lens formation or lens fiber cell1991), whereas cytoplasmic casein kinase | has been pro-
differentiation, deletion of connexin50 resulted in mice posed to play a role in regulating membrane structure
that exhibited a reduced rate of growth of the lens and thend cell morphogenesis (Lu, Soong & Tao, 1985; Eder,
eye. Therefore, among the lens connexins, connexin5@oong & Tao, 1986; Robinson et al., 1993; Manno et al.,
appears to play a critical role in the early stages of lensl995). Membrane-associated casein kinase | has been
development and fiber cell differentiation (White et al., shown to decrease the affinity between cytoskeletal ele-
1998). ments or reduce membrane mechanical stability (Lu et
In spite of the temporal changes in the levels ofal., 1985; Eder et al., 1986; Manno et al., 1995). The
expression of connexin43 and connexin49 in this lendmportance of the cytoskeleton in remodeling and main-
culture system, the basal level of dye transfer betweeiaining cell integrity during lens development has been
these cells (as represented by the control values of thdemonstrated (for reviewseeWride, 1996), as has as-
rate of dye transfer in the Table) did not change signifi-sociation of cytoskeletal components with gap junctions
cantly as the cultures aged. Yang and Louis (2000) havéLarsen et al., 1979; Lo, Mills & Kuck, 1994; Toyofuku
shown that compared to 5-day old cultures, the level ofet al., 1998). Hence, disassembly of the cytoskeleton and
connexin43 protein is reduced approximately 50% by 20nhibition of gap junctional communication by casein
days in culture. In contrast, connexin49 protein level iskinase I-catalyzed phosphorylation of cytoskeletal pro-
increased more than 20-fold over this same time periodteins and connexin49, respectively, may play an impor-
Thus, it might be expected that the gap junction-tant role in lens fiber cell differentiation. Alternatively,
mediated cell-to-cell communication in the older culturesas an integral membrane protein, connexin49 may make
would differ from that in the younger cultures. However, a significant contribution to the lens membrane/
this was not the case, indicating that the activity of con-cytoskeletal superstructure. Hence, connexin49 may be
nexins is tightly regulated so that the cells can maintairregulated together with cytoskeletal proteins by casein
a constant level of gap junction-mediated cell-to-cellkinase | in order to make adjustments for this structure
communication as the cultures differentiate. Recognizingluring fiber cell elongation and growth.
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Other factors that have been shown to be fundamen- negatively regulates tumor necrosis factor signaling for apoptosis.
tal for lens development and have also been shown to be J- Biol. Chem27023293-23299 ,
substrates for casein kinase I, include the insulin receptdpe¥e" E-C.. Kistler, J., Paul, D L., Goodenough, D.A. 1989. Anti-sera
(Rapuano & Rosen 1991) and the p75 tumor necrosis dlregted agalnst.conr'wexm.43 pepnde; react with a 43-kD protein
! localized to gap junctions in myocardium and other tissde€ell
factor (TNF) receptor (Beyaert et al., 1995). It has been gjq 108595-605
shown that lens epithelial cells express insulin receptorsgioukar, E.B., Marricco, N.C., Zuo, D., Larose, L. 1999. Serine phos-
and changes in the binding affinity of insulin with its phorylation of the ligand-activated beta-platelet-derived growth
receptors was correlated with changes in the differentia- factor receptor by casein kinase I-gammaz inhibits the autophos-
tion state of lens epithelial cells (Bassas et al., 1987), Phorylating activity.J. Biol. Chem 2742145721463 _
However, the functional consequence of casein kinasg''z2one: R., White, T.W., Paul, D.L. 1996. Connections with con-
. . . nexins : the molecular basis of direct intercellular signaltgr. J.
I-catalyzed phosphorylatlon qf |n§uI|n receptors has not g om2381-27
been determined. The casein kinase I-catalyzed phoegielska, A., Virshup, D.M. 1993. Control of simian virus 40 DNA
phorylation of the p75 TNF receptor in lymphoid-origin  replication by the HeLa cell nuclear kinase casein kinagddL.
cells has been shown to inhibit apoptosis mediated by Cell. Biol. 13:1202-1211
this receptor (Beyaert et al., 1995), whereas TNF ha§heng, H.-L., Louis,_C.F. 1999. Enqogenous casein_ kinase | cgtalyzes
been proposed to play a role in the degradation of lens the phosphorylatlon of the lens fiber cell connexin&ar. J. Bio-
fiber cell DNA and nuclei (a process similar to apopto- ., Snem-2631-12

. . . . L. Chijiwa, T., Hagiwara, M., Hidaka, H. 1989. A newly synthesized
S'S) that occurs du”ng lens fiber cell differentiation selective casein kinase | inhibitor, N-(2-aminoethyl)-5-chloroiso-

(Wride, 1996). Thus, it iS possible that casejn kinase | qguinoline-8-sulfonamide, and affinity purification of casein kinase
regulates a number of biochemical steps critical for lens | from bovine testisJ. Biol. Chem264:4924-4927
fiber cell development and differentiation, and that regu-Dahm, R., Marle, J.V., Prescott, A.R., Quinlan, R.A. 1999. Gap junc-

lation of gap junctiona' communication is one of the tions containingx8-Connexin (MP70) in the adult mammalian lens
links in this complex process epithelium suggests a re-evaluation of its role in the |&xp. Eye

. . . : Res.69:45-56
In conclusion, this study provides evidence that ca- °s

. . .. Ebihara, L., Berthoud, V.M., Beyer, E.C. 1995. Distinctive behavior of
sein kinase | may regmate cell-to-cell communication connexin56 and connexind6 gap junctional channels can be pre-

between connexin49-containing gap junctions in Vivo.  dicted from the behavior of their hemi-gap-junctional channels.
Furthermore, these data suggest that casein kinase | cata- Biophys. J.68:1796-1803

lyzes the phosphorylation of connexin49 but not theEbihara, L., Xu, X., Oberti, C., Beyer, E.C., Berthoud, V.M. 1999.
phosphorylation of connexin43 or connexin44, indicat- Co-expression of lens fiber connexins modifies hemi-gap-

ing differential mechanisms for the regulation of these é‘rm;“g”a'sggigng' bJehiggBlaph1§é;'YF?ﬁi,Zi;i?ﬁafon educes the
. . . , P.S,, , C.-J,, , M. . ylati u
three connexins in the mammalian lens. Of the three lens affinity of protein 4.1 for spectrinBiochem 25:1764-1770

connexm_s, conneX|_n49 ap_pe_ars to be critically Importanbao, Y., Spray, D.C. 1998. Structural changes in lenses of mice lacking
for lens fiber cell differentiation and lens development,  the gap junction protein connexindfivest. Ophthalmol. Vis. Sci.
indicating that the possible regulation of connexin49 by  18:1104-1122
casein kinase | may play an important role in these proGong, X., Li, E., Klier, G., Huang, Q., Wu, Y., Lei, H., Kumar, N.A.,
cesses. Horwitz, J., Gilula, N.B. 1997. Disruption ak3 connexin gene
leads to proteolysis and cataractogenesis in nGed.91:833-843
Goodenough, D.A. 1979. Lens gap juncsona structural hypothesis
We thank Dr. Grant Churchill (Oxford University) and Dr. Erica for nonregulated low-resistance intercellular pathwalysiest.
TenBroek (University of Minnesota) for instruction in lens cell culture Ophthalmol. Vis. Scil8:1104-1122
and Lucifer Yellow microinjection techniques. This research was sup-Goodenough, D.A. 1992. The crystalline lens. A system networked by
ported by NIH grant EY-05684 (CFL). gap junctional intercellular communicatidBemin. Cell Biol3:49—
58
Hoekstra, M.F., Liskay, R.M., Ou, A.C., DeMaggio, A.J., Burbee,
D.G., Heffron, F. 1991. HRR25, a putative protein kinase from
budding yeast: association with repair of damaged DS&ience
Arneson, M.L., Cheng, H.-L., Louis, C.F. 1995. Characterization of the .. 2531031-1034 . .
ovine-lens plasma-membrane protein-kinase substiatgsJ. Bio- Jiang, J_.X., (_soodenough, D-A. 1996. Heterqmerlc c.onnexons in lens
gap junction channel$roc. Nat. Acad. Sci. US83:1287-1291

chem 234:670-679 . Jiang, J.X., Paul, D.L., Goodenough, D.A. 1993. Posttranslational
Bassas, L., Zelenka, P.S., Serrano, J., Pablo, F.d. 1987. Insulin and IGF o ssphorylation of lens fiber connexin6: a slow occurrefoeest

receptors are develomently regulated in the chick embryo eye lens. Ophthalmol. Vis. Sci34:3558—3565
Exp. Cell Res168:561-566 Jiang, J.X., White, T.W., Goodenough, D.A., Paul, D.L. 1994. Mo-
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