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Abstract. Calcium (C&")-mediated signaling is fueled Introduction
by two sources for Cd: Ca&* can enter through Ga
channels located in the plasma membrane and can also ) _
be released from intracellular stores. In the present stud{p most cell types including muscle cells, neurons and
the intracellular C#' release channel/ryanodine receptor €pithelial cells intracellular calcium (€9 signaling is
(RyR) from zebrafish skeletal muscle was characterizedmediated, in part, by ryanodine receptors {Giaduced
Two RyR isoforms could be identified using immuno- C&" release channels, RyR). RyRs releasé dans
blotting and single-channel recordings. Biophysicalfrom the sarcoplasmic/endoplasmic reticulum (SR/ER)
properties as well as the regulation by modulators ofinto the cytosol and thereby convey the transduction of
RyR, ryanodine, ruthenium red and caffeine, were meaéxtracellular stimuli into intracellular CGasignals or am-
sured. Comparison with other RyRs showed that the zeplify and regulate the intracellular @aconcentration.
brafish RyRs have features observed with all RyRs deRyRs are large transmembrane proteins of 565 kDa that
scribed to date and thus, can serve as a model system farm tetrameric C&" channels. They show sequence
future genetic and physiological studies. However, someimilarity with inositol 1,4,5-trisphosphate (Pgated
differences in the biophysical properties were observedCa&* channels of the SR/ER, but have distinct biophysi-
The slope conductance for both isoforms was higher thagal and pharmacological properties (Smith, Coronado &
that of the mammalian RyR type 1 (RyR1) measuredMeissner, 1986; Ehrlich & Watras, 1988; Supattapone et
with divalent ions. Also, inhibition by millimolar G&  al., 1988; Mignery et al., 1989; Palade et al., 1989,
concentrations of the RyR isoform that is inhibited by Ehrlich et al., 1994). C& and adenine nucleotides have
high C&* concentrations (teleost RyR isoform) was been shown to modulate RyR channel activity. Pharma-
attenuated when compared to mammalian RyRs. Due teological agents that regulate RyR channel-open prob-
the widespread expression of RyR these findings haveability include caffeine, ryanodine, ruthenium red, prot-
important implications for the interpretation of the role amine sulfate, heparin (Xu et al., 1998). There are three
of the RyR in C&" signaling when comparing zebrafish mammalian isoforms of the RyR which differ in their
with mammalian physiology, especially when analyzingamino-acid sequence, cellular and tissue-specific distri-
mutations underlying physiological changes in zebrafishbution. Physiological differences among the three iso-
forms are based on the degree of activation by micro-
molar C&" concentrations as well as phosphorylation-
Key Words: Vertebrate — Sarcoplasmic reticulum — induced changes in channel properties (Witcher et al.,
Caffeine — Intracellular calcium signaling — Ruthe- 1991; Strand, Louis & Mickelson, 1993; Lamb, 2000).
nium red — Teleost In nonmammalian vertebrates two distinct RyR iso-
forms termedx andp were identified (Sutko et al. 1991;
Block, O’'Brien & Meissner, 1996). These proteins are
homologues of the mammalian type 1 and 3 RyR (Block
et al., 1996; Ottini et al., 1996; Sonnleitner et al., 1998).
* These authors contributed equally to the work. Whereas in skeletal muscle of nhonmammalian verte-
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ol B IMMUNOBLOTTING OF ZEBRAFISHRYRS

Expression of RyR& and was monitored by immunoblotting using
specific, affinity-purified rabbit polyclonal antisera directed against
- -a?2(] chicken RyR1 and RyR3 (Ottini et al., 199&eFig. 1; antibodies were

kindly provided by Dr. V. Sorrentino). Immunoblotting was performed
-ll6 as previously described (Koulen et al., 2000) with aliquots of zebrafish
- 80 skeletal muscle SR membrane vesicles that were also used in bilayer

experiments, as described below. Immunoreactivity was visualized us-
ing the Vector VIP peroxidase substrate colorimetric detection system

47 (Vector Laboratories, Burlingame, CA).
e | 2

Fig. 1. Western blot showing the expression @f(left panel) and3 BILAYER EXPERIMENTS

(right panel) RyR isoforms by zebrafish skeletal muscle tissue. Mem-

brane proteins of skeletal muscle SR vesicles (80total protein per

lane) were separated by SDS/PAGE in a 4-12% gradient gel. TheZebrafish skeletal muscles from the dorsal body musculature, exclud-
primary antibodies directed against chicken RyBnd@ each detected  ing muscles from the organs or the head, were dissected and homog-
a band of(B00-600 kDa using peroxidase detection. Phésoform enized. Vesicles from zebrafish skeletal muscle sarcoplasmic reticu-

band has a slightly lower molecular weight than thesoform. Num- lum (SR) were isolated in the presence of protease inhibitors by dif-
bers indicate the position and molecular weight of protein standards irferential centrifugation (Kim, Ohnishi & lkemoto, 1983). The SR
kDa. microsomes were incorporated into planar lipid bilayers (Ehrlich &

Watras, 1988) containing phosphatidylethanolamine and phosphatidyl-
brates RyRx andB are expressed in approximately equal serine (3:1 w/w; Avanti Polar Lipids, Alabaster, AL) dissolved in dec-
amounts (Ottini et al., 1996; this study), mammalian ane+(40 mg lipid per ml) and RyR channel activity was monitored using
skeletal muscle predominantly expresses type 1 RyR anﬁaz ions as the current carrier (Koulen & Ehrlich, 2000). A KCI

onlv small amounts of tvoe 3 RVR (Takeshima et al gradient with the higher KCI concentration on the side of vesicle in-
y yp y “’corporation (cis side) was used to facilitate fusion. The experiments

1994, 1995). The co-expression of RyRand  has  \yere performed with a 250 mHEPES-Tris solution, pH 7.35 on the

been an important feature in a two-component model otis and a 250 m HEPES, 55 m Ba(OH), solution, pH 7.35 on the

C&* release in skeletal muscle of nonmammalian verteirans side of the bilayer. Pharmacological agents were applied to the

brates with two different forms of excitation-contraction cytosolic side of the channel (cis side). Ruthenium red, ryanodine and

coupling (O’Brien, Valdivia & Block, 1995)_ However, caffeine were purch_ased from C_albiochem (Sgn Diego, CA) all other

the biophysical and physiological properties of RyR '62gents were obtained from Sigma (St. Louis, MO). Data were re-
. L. e . . corded under voltage-clamp conditions, filtered at 1 kHz, digitized at 3

function are stnkmgly similar When, comparing Q'ﬁerent kHz and directly transferred to a computer. PClamp version 6.0.3

vertebrate and invertebrate species (Sorrentino, 1993axon Instruments, Burlingame, CA) was used to acquire and analyze

Quinn et al., 1998). In the present study the biophysicakxperiments. The distribution of open times was fitted to exponential

properties of RyRs from zebrafish skeletal muscle wereurves using Marquardt least squares and statistical evaluation of the fit

characterized for the first time using single-channel re-with x*tests (pClamp version 6.0.3, Axon Instruments). The concen-

cordings from RyRs incorporated in planar lipid bilayers. t"’r‘]tl'or;h‘;fn:gles t‘fgt Z‘;ajddsée;r:t'iczge C"j‘sb d:zzril?:ndq:é z;tl'?g’t'hi%&

Data Wer.e compared to the predomlnant RyR ISOform.oﬁis zide, as observed for the majority of )éxperiments, were regarded as

mamma“an Ske.letal muscle RyR1. Channel p_mper.t'eﬁroperly inserted into the artificial bilayer and were analyzed. Data

found in zebrafish skeletal muscle sarcoplasmic reticUshown in the present study were obtained from four or more indepen-

lum showed similarities to mammalian homologues in-dent trials for each experiment.

dicating that physiological mechanisms for the regula-

tion of intracellular C&" signaling are preserved across

vertebrate species. The results complement the curreiagits

view of the role of RyR isoforms in nonmammalian ver-

tebrate skeletal muscle and on the regulation of excita-

tlon-_contractlon coupling by RyRs. _The present dfitaZEBRAHSH SKELETAL MuscLE SR GONTAINS RyRs

provide a tool to assess the contribution of RyR function AND B

in cellular physiology of zebrafish, an emerging model

animal for vertebrate ontogenesis, muscle and nerve cell

developmental physiology, cellular development and dif-SR vesicles prepared from zebrafish skeletal muscle

ferentiation. were analyzed using standard Western blotting tech-
_ nigues and antisera specific for nonmammalian RyR iso-
Material and Methods forms (chicken RyR1¢) and RyR3 g); Ottini et al.,

All experiments described in this study were carried out in accordancel 996). Figure_ 1 shows that bOth. antisera detect high-
with the appropriate NIH, MBL and Yale University guidelines. molecular weight bands of approximately 500-600 kDa.
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250 - Fig. 2. Basal activity of zebrafish RyRsA] Traces from a single
| typical experiment monitoring activity of the higher conductance

channel are shown. Full openings and distinct intermediate conducting

states of the channel were observed. Channel openings are displayed

as downward deflections. The zero-current baseline is indicated by

bars on the left.) An amplitude histogram of a typical experiment

analyzing channel activity of the higher conductance channel shows at

least two subconductance states besides the fully open state and the

closed state of the channel. The amplitude of the full channel opening

was 2.7 £ 0.3 pA ©3), but the two sub-states with smaller amplitudes

100 (01, O2 could be observed frequently. The solid line connects the
moving average of data points as a visual aid to better visualize
subconductance states in the channel amplitude histog@nT.he

50 mean open time of the zebrafish RyR channel with higher
conductance was 6.5 + 2.4 msec. The distribution of open times was
fit by an exponential curve using Marquardt least squares and

0| — — statistical evaluation of the fit witly*tests).
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The B isoform immunoreactive band was of a slightly THE PHARMACOLOGICAL PROFILE OF ZEBRAFISH RYRS I
lower molecular weight than the isoform immunore-  IDENTICAL TO MAMMALIAN RyRI

active band. This is in agreement with observations

made for other nonmammalian vertebrate species (AireysR vesicles from zebrafish skeletal muscle were incor-
et al., 1990; Olivares et al., 1991; Ottini et al., 1996). porated into planar lipid bilayers. Channels could be ac-
Taking into account that equal amounts of protein werdtivated by 1um cytosolic free C&' (Fig. 2A). Typically
loaded in each lane, the semi-quantitative immunoblothe active channel displayed at least two subconductance
indicates that the two isoforms are expressed at similastates besides the fully open state and the closed state of
concentrations. the channel. The current amplitude of the full channel
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Fig. 3. Modulation of the zebrafish RyR by pharmacological agents
known to affect mammalian RyRsA)Y Basal single channel activity
was recorded in the presence of 100 fnee C&* on the cytoplasmic
side of the RyR f§Ca7;top trace). The channel could be further
activated with caffeine (10 st middle trace) and could be blocked
with Ruthenium Red (3wm; bottom trace). Traces from a single
typical experiment monitoring activity of the channel with higher
conductance are shown. Channel openings are displayed as downward
deflections. The zero-current baseline is indicated by a bar on the
right of each trace. In the middle trace a dotted line is added to
indicate the baselineB} The zebrafish RyR was modulated by the
addition of 100 m ryanodine to the cytosolic side of the channel. The
! 1pA four consecutive traces show a continuous recording of a single
channel starting 3 min after ryanodine addition. The zero-current

ls

C baseline and three distinct conductance states are indicated by dotted
700 lines for each trace (top line: closed state; bottom line: open state). As
,, 600 observed with mammalian RyRs, the current amplitude was reduced
5 500 - to a subconductance state (1 pA; upper middle line). Open probability
E 400 | declined with time. €) Amplitude histogram of channel activity
e ‘ before (black) and after (white) addition of 106 myanodine to the
2 300 cytosolic side of the channel. Whereas in the control situation (black)
é 200 full openings are predominant, ryanodine-treated channels open to
100 - substates and are more frequently closed (white). The analysis of one
0 m—= a1l typical experiment measured at pCa 7 is shown.
-4 -3 2 0

amplitude (pA)

opening was 2.7 + 0.3 pA at a holding potential of 0 mV. RyR channels led to a pronounced increase in the chan-
Current amplitudes of 0.8 £ 0.2 pA and 1.3 £ 0.3 pA nel-open probability (11-fold). Further addition ofy2x
were measured for the two substates with smaller ampliand higher ruthenium red concentrations blocked chan-
tudes (Fig. B). For the mammalian RyRs channel am- nel activity completely and irreversibly (Fig.A3. If
plitudes of 2.5-3.9 pA have been observed (Bezprozehannels were exposed to a concentration of 10@®n
vanny et al., 1991; Quinn et al., 1998; Koulen andhigher of the alkaloid ryanodine the channel only opened
Ehrlich, 2000). The mean open time of zebrafish RyRsto the 0.8 pA subconductance state within minutes after
at submaximal concentrations of Oulv free C&" at  drug application (Fig. B). Continued exposure to rya-
the cytosolic side wa7 + 3msec (Fig. £). These val- nodine led to a decrease in open probability while the
ues again are similar to measurements obtained frorshannel was locked in a subconductance state and did not
mammalian RyRs using the same experimental condiepen to a full conductance state (Fid3)3 After treat-
tions (Quinn et al., 1998). The effects of pharmacologi-ment with ryanodine the number of RyR channel open-
cal agents known to affect mammalian RyRs were exdings into a sub-conductance state increased while the
amined for zebrafish RyRs. The addition of 1&maf-  occurrence of fully open channels decreased with time
feine to the cytosolic side of submaximally activated (Fig. 3C).
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Two TyPES OF ZEBRAFISH RyR CHANNEL holding potential (mV)
CaN BE DISTINGUISHED BASED ON THEIR 10 5 0 5 10
SINGLE-CHANNEL CONDUCTANCE 0 ‘
Further analysis of the biophysical properties of RyRs__; _ e
from zebrafish skeletal muscle revealed the presence of 8- a
at least two physiologically distinct isoforms. When the'g 5 | Pt i o
current-voltage relationship of rabbit RyR1 was com-g ///i l
pared with that of zebrafish RyRs higher slope conducis _3 o e
tances were found for the zebrafish channels. Two dis§ - - P % rabbit RyR
tinct types of RyR channel could be distinguished byg _4 i E type 1
their slope conductance. In figure 4 experiments havec

been summarized and plotted together with results fo 5

the rabbit RyR1 for comparison (dashed line/circles:

channels with lower conductance, = 4; solid line/ -6

squares: channels with higher conductamces 7; dot-

ted line/triangles: rabbit RyRIn = 6). The conduc- Fig. 4. Comparison of the current-voltage-relationship of rabbit RyR1

tances for each channel as determined by linear regre§’-“h those of _zebrafish RyR isof(_)rms. For_each channel isofor_m _the

sion analysis clearly identify the isoforms biophysically averagelamplltudes gt glyen holding potentlals. were plot'ted (_solld !lne/

. . squares: channels with higher conductamce; 7; dashed line/circles:

(174 +7pS for thechannels. with hlgher conductance, channels with lower conductance,= 4; dotted line/triangles: rabbit

149 + 6 pS for thechannels with lower conductance, and ryr1,n = 6). The conductance of each channel isoform was deter-

104 * 8 pS for theabbit RyR1; correlation coefficients mined by linear regression analysis over the holding potential range of

R? for the linear regression analysis were 0.97, 0.98 and10 to 10 mV. The slope conductances of the zebrafish RyR channels

0.97, respectively). Note that the zebrafish RyR channe(174* 7 pS and 149 £ 6 p@spectively) were significantly higher than

conductances are significantly Iarger when Comparedhe one_ determi_ngd for their mqmmalian homologue (rgbbit: 104 pS;

with a mammalian homologue under identical I,ecordiﬂggog;rselatlon coefflmentst_ for the linear regression analysis were 0.97,
o . . .98 and 0.97, respectively). The two zebrafish RyR channels were

Qond'tlons' Th_e value for rabbit Rle agregz_s with pu_b'identified based on their single-channel conductances(agher con-

lished data using the same recording conditions (QUiNRjuctance) ang (lower conductance).

et al., 1998) and with values obtained using similar con-

ditions (Meissner 1986, 1994; Ehrlich et al., 1994). Thedence described for mammalian RyR (Smith et al., 1986;

two groups of zebrafish RyRs were identified based onBezprozvanny et al., 1991: rabbit RyR1 in Fig)5 A
the properties of single channel conductances of Othe{urther increase in c;}tosolic’; free €ahowever, showed
nonmammalian vertebrate RyRsa@$or the higher con- ’

ductance channel arglfor the lower conductance chan- two groups of channels distinguishable by their'Ga
nel (Sutko et al. 1991: Block et al.. 1994, 1996). Typicaldependem activity: One set of channels which had been

; ) shown to have a higher single-channel conductance (Fig.
for the zebrafish RyRs, as seen'forlall RyRs described 32, thea isoform) showed inhibition by submillimolar and
far, was the lack of voltage activation.

millimolar free cytosolic C&" similar to mammalian
RyR (Fig. BA, ©). The second group of RyR channels
MODULATION OF ZEBRAFISH RyRSBY CYTOSOLIC maintained maximal activity and was not inhibited even
Freg C2* at millimolar C&* concentration (Fig. B, C). This
group was identical to the set of channels identified in

To further characterize the two distinct groups of RyRFig. 4 as thep isoform with a smaller single-channel
channels, the effect of different concentrations of freeconductance (149 pS) when compared with shéso-

C&"* on the cytoplasmic side of the RyR was investi- form (174 pS). Thus, a plateau of channel activity is
gated. In all cases an increase in the freé*@ancen- reached for th@ isoform. These data also show that the

tration from 10 m, as found in the cytosol of unstimu- « isoform retains a residual activity at an elevated free

lated cells, to submicromolar concentrations led to arfytosolic C&" concentration of 1 m. When compared
activation of RyR channels (FigA6 B, top and middle o the rabbit RyR1 both the zebrafishand isoforms
traces). The single-channel open probability was 33 #emain active at higher free cytosolic Taconcentra-
11% at maximally activating G4 concentrations (pCa tOns.

5.5 for thea and pCa 4.5 for th@ isoform, Fig. £).

Data from individual experiments were normalized be-Discussion

fore they were averaged, because activity levels vary

among individual channels. This €ainduced increase In the present study zebrafish RyRs were shown to share
in channel activity was very similar to the €adepen- a high degree of similarity in their biophysical charac-
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A teristics when compared with other nonmammalian ver-

AN AN Ao AR/ tebrate RyRs. Two types of functionally distinguishable
RyRs were found, as in other teleosts (Block et al., 1994;

- WWWMMWW‘T O’Brien et al., 1995) and sauropsids (Sutko et al. 1991;
- WW%MWM O'Brien et al., 1995; Ottini et al., 1996). Ottini et al.,
1996 could show that the homologues of the two iso-
B forms in chicken, termed and isoform and identified
based on biochemical and immunochemical properties
(Airey et al., 1990, 1993; Olivares et al., 1991; Lai et al.,

- WWWWW 1992; O'Brien, Meissner & Block, 1993), are mamma-

lian RyR1 and RyR3. In contrast to mammalian skeletal

B "WWWWW muscle, which expresses predominantly RyR1 and only

small amounts of RyR3 (Takeshima et al. 1994, 1995),
100 ms |3pA nonmammalian vertebrate skeletal muscle tissue was
found to express both isoforms together at equal amounts

C (Fig. 1; Airey et al., 1990, 1993; Olivares et al., 1991; Lai
et al., 1992; O'Brien et al., 1993). This finding has been
B interpreted both as a phylogenetic specialization using a
R .- % - _ 2-component model of G4 release in skeletal muscle
'-é B P %, (O'Brien et al., 1995) and as a phylogenetic precursor
08 j' form of the mammalian muscle types (Ottini et al.,
i : 1996).
s 04 a T/ i' . SIMILARITIES OF THE ZEBRAFISH RYRSwWITH
oy ' . !\ MAMMALIAN HOMOLOGUES
g 02 e, rabbit RyR " o
X 1 type 1 The RyR from zebrafish skeletal muscle sarcoplasmic
ow-g-= = reticulum shows similarities to mammalian homologues
8 7 6 5 4 3 with regard to channel current amplitude, single-channel
pCa conductance, open states, dwell times and modulation by

pharmacological agents (present paper; Bezprozvanny et
Fig. 5. Cytosolic free C&" dependence of the zebrafish RyR isoforms. al., 1991; Marks et al., 1989, Nakai et al., 1990; Ku-
A) Single-channel activity of the zebrafish RyR isoform (higher " . . ;
E:o)nduc?ance) was recordgd in the presence oﬁvl{f\l)mp trace),( 1guv| wajima et E?.l., 1992; Hakamata et al., 1992; _Melssner
(middle trace) and 1 mM (bottom trace) free?Can the cytoplasmic 1986, 1994; Chen, Zhang & MacLennon, 199,2’ Chen &
side of the RyR. Traces from a single typical experiment are shownMacLennon, 1994). Zebrafish RyRs and their mamma-
Channel openings are displayed as downward deflections. The zerdian homologues are clearly distinct from other types of
current baseline is indicated by a bar on the left of each trace. InhibitiorC&* channel by their biophysical characteristics (Tka-
of channel activity induced by micromolar free Taconcentrations chuk, 2000), despite differences in the exact values for
occurred when cytosolic free €aconcentrations were raised to mil- channel current amplitudes and single—channel conduc-
limolar levels. B) Recordings of single-channel activity of the ze- tance. As shown for mammalian homologues, the ze-

brafish RyR isoform (lower conductance) were monitored in the . I
presence of 10m (top trace), 1Quv (middle trace) and 1 mM (bottom  Prafish RyR channels exhibited subconductance states,

trace) free C& on the cytoplasmic side of the RyR. Traces from a Which are a typical functional property of channel ion
single typical experiment are shown. Channel activity was induced bygating (Meissner, 1986, 1994). These channel subcon-
micromolar free C& concentrations but did not get inhibited when ductance states are found more frequently when associ-
cytosolic free C&" concentrations were raised to millimolar levels. ated proteins, such as FKBP, dissociate from the RyR or
Scale bars ifB are forA andB. (C) The cytosolic free Ci dependence during pharmacological modulation of the RYR by rya-
of the normalized open probability of the zebrafish RyRand 3 . . ) . .

isoforms was compared with the rabbit RyR1. Individual points repre-n()dl_ne (Flg. 3; Ehrlich et al., 19_94' Kaf_tan’ Marks _&
sent means * standard error of the mesawj for the zebrafish Ry Ehrlich, 1996). The pharmacological profile of zebrafish
isoform (dashed lineftriangles, = 4), a isoform (solid line/circles, ~RYRS also clearly relates them to mammalian RyR iso-
n = 7) and rabbit RyR1 (dotted line/squares= 6). If vertical error  forms and distinguishes them from €achannels with
bars are not visible, theem of the open probability is smaller than the - similar biophysical properties, such as Igs®ceptors
symbols. The zebrafish RyR isoform and the rabbit RyR1 showed a (Ehrlich et al., 1994; Ghosh et al., 1988; Mignery et al.,
bell-shaped activity dependence on cytosolic freé*Chibition re- 1989: Palade et al 1989) However. some hallmarks of

quired higher C& concentrations and at 1nmfree C&* the zebrafish . . .
RyR « isoform was not fully inhibited. The zebrafish RyRisoform zebrafish RyRs have to be noted as different from their

was active at submicromolar cytosolic free?C@oncentrations, but mamma"a_n CO_U”terpart.S in order to properly interpret
was not inactivated by higher free €aconcentrations. their physiological function.
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SPECIFIC PROPERTIES OFZEBRAFISH RyRS tivation by C&" could serve as a model to exaggerate
DISTINGUISHING THEM FROM MAMMALIAN RyRs functional properties of mammalian RyR2 and RyR3 be-
havior in cells.
Significant, species-specific differences in the regulation ~ C&* signaling mediated by RyRs plays important
by cytosolic C&* and in single channel conductance roles in the development of cells and organs (Ferrari &
were found for zebrafish RyRs when compared to mam-<Spitzer, 1999). The zebrafish serves in many disciplines
malian RyRs. Zebrafish RyR channels with their higheras a model system for vertebrate development (Drum-
slope conductance, a typical feature of nonmammaliamond, 2000; Paw & Zon, 2000; Malicki, 1999; Solnica-
vertebrate RyRs (Block et al., 1994; 1996; O’'Brien et al.,Krezel, 1999; Fetcho & Liu, 1998; Metscher & Ahlberg
1995), are capable of mediating a higher’Ceelease  1999). The results of the present study lay the founda-
from intracellular stores per channel and unit time thantion for a more detailed analysis of the contribution of
their mammalian counterparts (this study; BezprozvannyRyRs to C&"-mediated development of cells and tissues.
et al.,, 1991). This could become important whenevern addition, the advanced genetic analysis and the tech-
channel kinetics and kinetics of €aransients are func- nically well understood genetic manipulation of gene ex-
tionally relevant in cellular signaling. The 439 {so-  pression in zebrafish (Driever et al., 1994) will enable
form) to 67% @ isoform) larger slope conductances of future research efforts using zebrafish as a genetic model
the zebrafish RyRs can, however, potentially create onlyfor RyR regulation.
small differences in the overall already fast and large
release of C& from mtracellu_lar stores via RyRs, when .Supported by a Grass Foundation fellowship (PK), a BASF scholarship
compared to their mammalian homologues (Zahradnipk), German National Merit Scholarship Foundation scholarships
kova et al., 1999; Kim et al., 1983; Meissner, 1986). (PK, TJ, FWJ), and grants from the American Heart Association and
The most dramatic difference of zebrafish RyRs tothe NIH (BEE). The authors are grateful to Dr. V. Sorrentino for
mammalian RyRs is the regulation of their activity by generously providing antibodies. We thank M. Koulen and S. Koulen
cytosolic free C&" (this study; Bezprozvanny et al., fOr 9enerous support and encouragement.
1991, Marks et al., 1989; Meissner, 1994). Two distinct
sets of channels in zebrafish skeletal muscle were foun
Both were activated by physiologically low €acon-
centrations, one was inactivated and the other one Nofjrey, J.A., Beck, C.F., Murakami, K., Tanksley, S.J., Deerinck, T.J.,
affected by physiologically high Ga concentrations. Ellisman, M.H., Sutko, J.L. 1990. Identification and localization of
This matches results obtained from other nonmammalian two triad junctional foot protein isoforms in mature avian fast
vertebrate species (O'Brien et al., 1995; Oyamada et al., twitch skeletal muscleJ. Biol. Chem265:14187-14194
1994) The predominant RyR isoform in mammalian Airey J.A., Grinsgll, M.M., JOHIES, L.R., Su.tko., J.L.., Witcher, D. 1993.
skeletal muscle, Rle, shows a similar activation by Three rygnodlne receptor isoforms exist in avian striated muscles.
. : 3* trations but a distinct Biochemistry32:5739-5745 -
phys!ologlcally .IOW C+ concen . - Bezprozvanny, |., Watras, J., Ehrlich, B.E. 1991. Bell-shaped calcium-
inactivation at high C& concentrations (this study; _Bez- response curves of Ins(1,4,3)Rind calcium-gated channels from
prozvanny et al., 1991, Marks et al., 1989; Meissner, endoplasmic reticulum of cerebelluMature 351751754
1994). Mammalian RyR2 and RyR3 show a reducedgiock, B.A., O'Brien, J., Franck, J. 1996. The role of ryanodine re-
sensitivity for high C&* concentrations and remain more  ceptor isoforms in the structure and function of the vertebrate triad.
active under such conditions (Sonnleitner et al., 1998; Soc. Gen. Physiol. Se51:47-65
Holmberg & Williams, 1990; Tu et al., 1994; Valdivia, Block, B.A., O'Brien, J., Meissner, G. 1994. Characterization of the
1998). The results of the present study show that ze- sarcopla;mic reticulum proteins in the thermogenic muscles of fish.
brafish RyRs provide an excellent model system forCh:r-\ C:IRBIOI:/.I;iZ:anZ:n_lES}: 1994. Identification of calmodulin-
mammall.a'n physiology: The direct Compa“.son of RyR Ce’1(2+)-,’ and rutheniu’m red-binding domains in the'Caelease ’
function in nonmammalian and mam_ma“an Sl.(eletal channel (ryanodine receptor) of rabbit skeletal muscle sarcoplasmic
muscle has to be carefully evaluated given the different eticulum.J. Biol. Chem 269:22698—22704
Ca&" dependence of the channels involved. Howeverchen, S.R., Zhang, L., MacLennan, D.H. 1992. Characterization of a
RyR3, albeit expressed at low levels, has been identified C&"* binding and regulatory site in the Earelease channel (rya-
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