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Abstract Pollen tube reorientation is a dynamic cellular In non-excitable cells, the predominant mechanism
event crucial for successful fertilization. Previously, for Ca* release is triggered by inositol 1,4,5-triphos-
was shown that reorientation is preceded by an asymnpétate [Ins(1,4,5)f}, a diffusible messenger (Berridge
ric increase of cytosolic free calcium ([€R) in the side 1993). In contrast, excitable cells rely on &Gaduced

of the apex to which the cell will bend. In order to fin€Cza*-release mechanism triggered by an influx of*Ca
the targets for this signal transduction pathway, the &bm voltage-dependent €achannels. Although signal-
fects of inositol 1,4,5-trisphosphate [Ins(1,48)id the ing in both types of cells is regulated by plasma mem-
reorientation process were analyzed. Ins(1,4,8)% ar- brane C& channels, these channels seem to be different
tificially increased in different cell domains by localizeth each case. However, recent reports have revealed un-
photoactivation of caged Ins(1,4,5)&nd its effects on expected similarities in these two €aignaling mecha-
[Ca2*], monitored by ion confocal microscopy. It wasisms (De Waard et al. 1992; Putney 1993). In plants,
found that photolysis of caged Ins(1,4,5)the nuclear Ins(1,4,5)R has been shown to release2Ciaom a num-

or subapical region resulted in a transient increasebir of cell fractions (Drgbak and Ferguson 1985) and re-
[Ca2*], and reorientation of the growth axis, while phazent studies on the self-incompatibility mechanisms of
tolysis in the apex frequently resulted in disturbgmbppy (Franklin-Tong et al. 1996) have characterized the
growth or tip bursting. Perfusion of the cells with thactivity of a Cé&*activated phospholipase C. Thus, it
Ins(1,4,5)R receptor blocker heparin prior to photoactwas decided to examine the possible role of Ins(1,4,5)P
vation inhibited the increase in [€§. and no reorienta- in the reorientation mechanism of pollen tubes. This was
tion was observed. @arelease from Ins(1,4,5)Rlepen- achieved by loading a UV-sensitive caged Ins(1,4,5)P
dent stores localized in the shank of the tube thus seémts the cells and releasing it in spatially restricted areas
to be part of the signal transduction pathway that cdiMalh6 and Trewavas 1996).

trols tube guidance, although not the primary stimulus

leading to reorientation.

Material and methods
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g ollen tubes oAgapanthus umbellatusere grown in vitro as de-

Pollen tube Agapanthus umbeliat s scribed previously (Malho et al. 1994; Malhé and Trewavas 1996)
and microinjected with the free acid of the2€aensitive dye Cal-
- cium Green-1 (Molecular Probes, Eugene, Ore.). Changes in
Introduction [Ca2*], were imaged by confocal microscopy; detailed analysis

and critical assessment of this procedure can be found in Malhé
In previous work (Malho et al. 1994, 1995; Malhé anehd Trewavas (1996). _ o
Trewavas 1996) it has been shown that the distribution oflCa; values were artificially manipulated by photoactivating

. . . . caged Ins(1,4,5) Calbiochem, Nottingham, UK) in different cy-
[Ca]. in the apical region and €ainflux by an asym- tological regions of the pollen tube using a flash photolysis

metric activity of C&" channels have crucial roles insystem. This system allows photolysis in circular areas of about
tube guidance. However, how cells interpret this info80-95um? (Fig. 1); detailed analysis of its characteristics (resolu-

mation is not known. tlon,(ef'fici?ncy and limitations) can be found in Malhé and Trewa-
vas (1996).
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diate increase in [CH, was observed in this area
(Fig. 2A). This effect was similar to that observed with
the release of caged €an the same region (Malhé and
Trewavas 1996). First, an elevation in f@a level
reaching about 0.9+41M spreads toward other regions in
a slow wave-like fashion (~7@um min?). Second,
growth rates decline when the elevation reaches the tip.
Third, there is random reorientation of the growth axis
upon recovery. The similarities in these two sets of data
clearly suggest that, in vivo, [€9, increases result from
opening of Ins(1,4,5)Pdependent intracellular stores.
When photolysis of caged Ins(1,4,5)®as performed
in the subapical region, the effects were again similar to
those from photolysis of caged €aln the 16 tubes
where the experimental procedure was carried out,
Fig. 1 Confocal time course series of a release of cagp@a?*], elevations reaching 600-700 nM were observed
Ins(1,4,5)R in the apical region (indicated tmyrcle) at ~40 s. An r‘Fig' 2B). Two of these tubes stopped growing and did
increase in Ins(1,4,5)Revels in the apex was not followed by a - . .
equivalent increase in [@4, and soon after the release the tubBOt recover, three tubes re'cover_ed in the same d'reptlon'
ceased its growth and did not recover. The times (s) at which @d 11 tubes showed reorientation of the growth axis. If
ages were taken are shown adjacent to the right of the growg@ls are loaded with a higher concentration of caged
tubes.Bar 20 pm Ins(1,4,5)R by increasing either the concentration in the
needle or the loading period, the increase in2flca
Ins(1,4,5)R, Calcium Green-1 and heparin (1% of a 140 unitould reach values above M. When this happened,

mg* stock solution; Sigma, Dorset, UK) and f&g imaged upon pollen tubes did not recoven<9) and occasionally tip
photolysis. Details of the experimental procedure and criteria “(%ﬁrsting was observed<3)

to establish the success of microinjection can be found in Malh . . . .
al. (1994). Numerical data presentation follows the criteria defined 1he main differences from the data obtained with

in Malhé and Trewavas (1996). caged C& (Malh6é and Trewavas 1996) were observed
when Ins(1,4,5)Pwas released in the apical region. In
ten tubes where photolysis was achieved in the overall
Results apical region, four burst 30-60 s after release, four
stopped growing and did not recover (Fig. 1), and the re-
Effect of localized photoactivation of caged Ins(1,4;5)Pmaining two recovered with a new growth axis. When
on pollen tube [C&], and orientation release was performed only in the left side of the apical
region by focusing the UV beam on the edge of the pol-
Photoactivation of caged Ins(1,4,5)®as performed in len tube apexnc7), two cells showed a transient de-
different regions of the pollen tube as reported earliease in growth rate but no visible reorientation, while
(Malhé and Trewavas 1996). These were the nuclear ttee remaining five exhibited curvature of the growth axis
gion, 30-50um behind the tip; the subapical regionjFig. 2C). However, the angle of curvature never exceed-
15-30um behind the tip; and the apical dome, Ogb% ed 35° and, in most casas=4§), growth returned to the
from the tip. Quantification of [Gd], imaging with Cal- previous direction within 1 min. In all cases, these ef-
cium Green-1 is given in Fig. 2. Calcium Green-1 isfacts were accompanied by an elevated level o#Ca
non-ratio dye and although fluorescence intensity is di-
rectly proportional to changes in the levels of {qait
does not allow precise quantification. Therefore, tlidfect of heparin on pollen tube [€%, and orientation
variation in dye fluorescence should be compared only
within each cytological region. Estimates of f@a To test the extent of a possible role for Ins(1,4,%)Rhe
changes presented in this work were calculated basedewrientation mechanism, two questions were addressed:
previous measurements A umbellatussing the ratio- (1) are the observations described here due to a direct ef-
able dye Indo-1 (Malho et al. 1994, 1995) and should feet of Ins(1,4,5)P on C&+ metabolism and (2) is
regarded only as rough approximations to true valuéss(1,4,5)R (and the inositol phosphate pathway in gen-
The concentration of Ins(1,4,5)Released was estimateceral) primarily involved in the reorientation mecha-
according to our caged fluorescein calibration methatsms? A recent report on poppy pollen tubes (Franklin-
(Malhé and Trewavas 1996) to be 500-700 nM in the nleng et al. 1996) suggested that 2Caelease is
clear region and 200-400 nM in the apical and subapitad(1,4,5)B-dependent. However, in this work the author
regions. Higher values were found to result in extremalid not examine localized photolysis so no conclusions
disturbing effects for pollen tubes, namely complete aran be drawn about the possible localization and role of
rest of growth and tip bursting. Ins(1,4,5)R receptors.
When the photolysis was carried out in the nuclear re-Both of the questions were addressed with the use of
gion (n=12; eight tubes showing reorientation) an immé&eparin. Heparin is the most specific inhibitor of the in-




tracellular Ins(1,4,5)P receptor currently known (Ko-
bayashi et al. 1988) and a similar functional use w
demonstrated in plant cells (Brosnan and Sanders 1¢
Franklin-Tong et al. 1996). Pollen tubes loaded with he
arin were used for photoactivation of caged Ins(1,4,5)
as described in Materials and methods10Q). In all

cells tested the resulting [€%. transient change was
strongly but not totally inhibited (Fig. 2D). Growth rate
declined only temporarily and no reorientation was o
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Fig. 3 Effect of a 5 V cm! external electrical field on the distribu-
tion of [C&*]; in a growing tube loaded with heparin. The start of
the electrical stimulus is indicated by arrow. Average pixel in-
tensity of Calcium Green-1 was determined in the nuclear, subapi-
cal and apical regions. Heparin inhibited almost completely the in-
crease in [C&], in nuclear and subapical regions but not in the
tube apex

served. Total inhibition of the [G§, transient change
could be achieved by increasing the concentration of
heparin loaded into the cell. However, this procedure
also led to the inhibition of tube growth, precluding any
further analysis. Furthermore, it was observed that tubes
loaded with heparin and exposed to an external electrical
field of 5 Vcrmrlfailed to reorient and exhibited a [€h
increase restricted to the tip region (Fig. 3). This con-

Fig. 2A-D Effect of UV photolysis of loaded caged Ins(1,45)P
in different regions of a growing pollen tube on the distribution of
[C&a*].. As a control, tubes loaded with Calcium Green-1 were ex-
posed to similar pulses of UV light. This treatment had no detect-
able effect on [C&]., growth rate or reorientatiofrilled squares

(m) represent growth rates. Calcium Green-1 pixel intensity in the
apical region is represented fifed circles (e ), in the subapical
region bystars (00) and in the nuclear region bifled triangles
(A). In order to relate pixel intensity within each region to4ga
distribution, all values were multiplied by the average ratio value
determined for that region with the dual wavelength dye Indo-1
(x1.3 for the apical, x0.8 for the sub-apical, and x0.7 for the nu-
clear region).Arrows indicate times of photoactivatio® Flash
photolysis of loaded caged Ins(1,4,5)R the nuclear region at
=55 s. Average pixel intensity of Calcium Green-1 was determined
in the nuclear, subapical and apical regions. Random reorientation
of the tube growth axis occurred after the elevation in2{ica
reached the tip. There is a delay between the releasebinGhe
nuclear regiongrrow) and the increase of [€4,. in the subapical
and apical regiondB Photolysis of loaded caged Ins(1,45)R

the subapical region a5 s @rrow) on growth rates and pixel in-
tensity in the nuclear, subapical and apical regions. A transient in-
crease in [C&], and random reorientation were obsern@d?ho-
tolysis of loaded caged Ins(1,4,3)i the left hemisphere of the
apical region at35 s @rrow); effects on growth rates and pixel
intensity in the subapical and apical regions. A slight and short-
lived reorientation of the tube growth axis followed the localized
elevation in [C&Y. in the left side of the tube apeR.Flash pho-
tolysis of caged Ins(1,4,5)M the subapical region (a65 s;ar-

row) of a tube loaded with heparin. Average pixel intensity of Cal-
cium Green-1 was determined in the nuclear, subapical and apical
regions. Heparin inhibited almost completely the increase in
[C&a?*]. and no reorientation was obser.ad
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trasts with the effect of the electrical field per se, mange, however, Cais found to be inhibitory and the re-
which the elevation in [Cd]. was observed throughoutceptor undergoes an intrinsic inactivation when IP3 is
the 100um of the tube within the field of view; it is like-bound. Further support for this hypothesis derives from
ly the elevation occurs in remote regions of the tube ta® lines of evidence. (1) A release of high concentra-
well (Malho et al. 1994). These data indicate that*Caions of Ins(1,4,5)Rin the apical region did not result in
release can be regulated by Ins(1,45)But that higher [C&], elevations; in such cases tip bursting was
Ins(1,4,5)R receptors are active (located) mainly in thesually the final result. Franklin-Tong et al. (1996) found
shank of the tube. that Ins(1,4,5)R turnover after photolysis is slow and
can result in prolonged inhibition of PIC and disturbance
of cell homeostasis. (2) Heparin also inhibited the elec-
Discussion trical field-induced reorientation. Imaging of €ainder
these conditions showed that the typical elevation
It is clear from the data gathered so far that pollen tulirsoughout the shank of the tube (Malho et al. 1994) no
can respond to a variety of stimuli that change théinger occurred. Instead, a localized elevation in the tip
growth direction. However, we must distinguish thogegion was found. Petersen and Berridge (1994) showed
which promote a consistent and predictable changethat injection of heparin completely blocked responses to
growth axis from those which act simply by disruptinflash photolysis of caged Ins(1,4,5)But had no appar-
the polarity axis, even if transiently. In vivo, it is cleagnt effect on C& entry. In the work reported here, hepa-
that the former are the stimuli which guide the tube tim incompletely inhibited the Ga elevation triggered
the micropyle. by Ins(1,4,5)R. This can be interpreted to be a direct ef-
It was previously shown (Malhé et al. 1994, 199%¢ct of Ins(1,4,5)Ron C&* channels through a mecha-
Malhé and Trewavas 1996) that reorientation is precededm similar to that which occurs in cerebellar granule
by an elevation in [Cd], resulting from C&" channel ac- neurons (De Waard et al. 1992). An alternative, and sim-
tivity in the pollen tube plasma membrane. However, itjiger explanation, is that the highest concentration of hep-
unlikely that the elevation recorded in distal parts of tla@in compatible with growth was not high enough to
tubes is due only to an influx of extracellular?€dt is completely block all Ins(1,4,5)Receptors.
plausible to assume that the initial influx of2€&ould In conclusion, Ins(1,4,5)binding does not seem to
result in subsequent releases from internal stores, a méehrequired for activation of €aentry, one of the prima-
anism common to different cell types (Fewtrell 1993)y events leading to reorientation. Instead, Ins(1,4;5)P
Voltage- and/or Ins(1,4,5)Rperated channels existing innduced-Ca*-release seems to play a vital role in the
the tonoplast (Alexandre et al. 1990) or endoplasmic teansduction of the signal to the body of the tube.
ticulum (Muir and Sanders 1997) could play a role ipcknowled ements The author wishes to thank Dr. J.A. Feijo
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ly and structurally to the tonoplast (Canut et al. 1993). _ Gan-
It was fo_und_ that artificially mcreasmg_the Iev_els d%leﬁagllgrﬁ Ji‘sélziesgligd\]%eé??golt?-l\-/esggglg) ragre}]nbl?gngf by inositol
Ins(1,4,5)R in either the nuclear or subapical region re- 1 4 5-trisphosphate. Nature 343:567-570
sulted in random reorientation of the cell growth axi&erridge MJ (1993) Inositol triphosphate and calcium signaling.
and also in a transient increase inga The similari- Naturg 3Sf3113(;15v3§51990 Inositol trisphosphate-mediagsd C
t'.es between these results and those.Obt.amed by.phOtBW?enlggsel ir?nb:erj mi(croso)mgsosilsoinrrl{i%t?iteocic'pb)ijl ﬁepgrir? FEB%
sis of caged Cd clearly suggest that, in vivo, [€], in- 260:70-72
creases in the shank of the tube result from the open@agut A, Carrasco A, Rossignol M, Ranjeva R (1993) Is the vacu-
of Ins(1,4,5)R-dependent intracellular stores. On the O:Znihceelgg)hgls;nftggieg%f_1|g§(ll,jé5)P3-m0bi|izab|e calcium in
other hand, re_Iease In one half of .the qplcal dome éﬁson AP (1997) How do IP3 receptors work? Curr Biol
duced only slight or transient reorientation. A simple™ | "Rs44_R547
Ins(1,4,5)R-induced [C&'],, elevation cannot account forpe waard M, Seagar M, Feltz A, Couraud F (1992) Inositol phos-
this effect because the same effect is not observed Witmga}fa :Z?;Lal}ignngfj ;/(;)rllt:\gﬁ-eolljelrgﬁngdzgt7 cglgi3um channels in cer-
photolysis of caged Ga (Malh6é and Trewavas 1996).  &P€ 1955 Reléase—of Salcium from plant
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foundly affected by Citions (Dawson 1997). In the nMFrar?lfli\?ﬁrt:));lsgio\llgs:érzggglféJ Allan AC, Watkins PAC, Trewavas
range, increasing [G. potentiates Cd release by AJ (1996) Growth of poIIe'n tubes @ﬁpaver rhoeass regu-
Ins(1,4,5)R to the extent that Gaand Ins(1,4,5)Pcan lated by a slow moving calcium wave propagated by inositol
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