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The Unusual Microtubule Polarity in Teleost

Retinal Pigment Epithelial Cells

Louise Leotta Troutt and Beth Burnside

Department of Physiology-Anatomy, University of California, Berkeley, California 94720

Abstract. In cells of the teleost retinal pigment epi-
thelium (RPE), melanin granules disperse into the
RPE cell’s long apical projections in response to light
onset, and aggregate toward the base of the RPE cell
in response to dark onset. The RPE cells possess
numerous microtubules, which in the apical projec-
tions are aligned longitudinally. Nocodazole studies
have shown that pigment granule aggregation is micro-
tubule-dependent (Troutt, L. L., and B. Burnside,
1988b Exp. Eye Res. In press.). To investigate further

the mechanism of microtubule participation in RPE
pigment granule aggregation, we have used the tubulin
hook method to assess the polarity of microtubules in
the apical projections of teleost RPE cells. We report
here that virtually all microtubules in the RPE apical
projections are uniformly oriented with plus ends to-
ward the cell body and minus ends toward the projec-
tion tips. This orientation is opposite that found for
microtubules of dermal melanophores, neurons, and
most other cell types.

forms of intracellular particle transport (cf. Schliwa,

1984). Bidirectional movement of vesicles along single
microtubules has been documented in a giant amoeba
(Koonce and Schliwa, 1985), in keratocytes (Hayden and Al-
len, 1984), and in axons (Allen et al., 1985; Schnapp et al.,
1985). Particularly striking examples of intracellular parti-
cle transport are provided by pigment-bearing cells that cy-
clicly disperse and aggregate pigment granules (cf. Schliwa,
1984). Microtubules have been shown to be necessary for
pigment migration in fish dermal melanophores and in
teleost retinal pigment epithelial (RPE)! cells (Schliwa and
Bereiter-Hahn, 1973; McNiven and Porter, 1986; Murphy
and Tilney, 1974; Burnside et al., 1983; Troutt and Burnside,
1988b).

In our laboratory we have been using pigment migration
in teleost RPE as a model for studying cytoskeletal function
in intracellular particle transport. In response to changes in
light conditions, the melanin pigment granules of teleost
RPE cells undergo extensive displacements of up to 100 pm
at a rate of 1-4 um/min (cf. Burnside and Nagle, 1983, and
Fig. 1). At light onset, pigment granules disperse into long
apical RPE cell projections that interdigitate with the pho-
toreceptors, thus shielding the outer segments of the dim-
light receptors (rods) from bright light. At onset of darkness,
pigment granules aggregate into the cell body, thus expos-
ing the rod outer segments. The apical projections contain
numerous, longitudinally arranged microtubules. Disruption
of these microtubules with nocodazole and cold treatment
blocks pigment granule aggregation, but not dispersion
(Troutt and Burnside, 1988b).

IN eukaryotic cells, microtubules are required for many

1. Abbreviation used in this paper: RPE, retinal pigment epithelial (cells).
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To further our understanding of the mechanism of pigment
aggregation we have ascertained the polarities of the micro-
tubules within apical projections of teleost RPE cells. Mi-
crotubules are structurally and functionally polarized not
only in their interactions with mechanochemical motors such
as dynein (Sale and Satir, 1977) and kinesin (Vale et al.,
1985b), but also in having different polymerization kinetics
at their two ends. At the plus or rapidly growing end, the crit-
ical concentration for assembly is lower than at the minus or
slow-growing end (cf. Frieden, 1985). We report here that
virtually all microtubules in the RPE apical projections are
oriented with plus ends toward the cell body containing the
nucleus. This orientation is opposite that observed in fish
dermal melanophores, axons, and most other cells that have
been studied, in which microtubules are oriented with minus
ends toward the nucleus (Euteneuer and MclIntosh, 198la;
McNiven et al., 1984; Soltys and Borisy, 1985; Filliatreau
and DiGiamberardino, 1981; Burton and Paige, 1981; Heide-
mann et al., 1981]).

Materials and Methods

Animals

Green sunfish (Lepomis cyanellus) were obtained from Chico Game Fish
Farm in Northern California, and maintained in outdoor ponds under am-
bient lighting and temperature.

Dissection of Retinas With Attached RPE (RPE-retina)

Light-adapted green sunfish were taken directly from the pond, killed by
spinal section, and their eyes were removed. Retinas with adherent RPE
(RPE-retinas) were dislodged from the eyecup by directing a stream of
calcium-free Earles’ Ringer solution between the RPE-retina and  the
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Figure 1. Retinomotor movements in the retina of lower vertebrates.
In response to light onset, cones contract, rods elongate and pig-
ment disperses into the apical projections of the RPE cell. In re-
sponse to dark onset, cones elongate, rods contract, and pigment
aggregates to the RPE cell body.

choroid. This ringer contained 5 mM EGTA, 1 mM MgSO,, 24 mM so-
dium bicarbonate, 25 mM glucose, 3 mM Hepes, | mM ascorbate, pH 7.4.
The RPE-retina was freed from the eyecup by severing the optic nerve and
then bisected along the choroid fissure.

Microtubule Polarity Determination

Microtubules in 2-mm squares of green sunfish RPE-retina were decorated
as described previously with endogenous tubulin (Troutt and Burnside,
1988a), a procedure adapted from the well-documented methods for decor-
ating microtubules with exogenous tubulin (Heidemann and Mclntosh,
1980; McIntosh and Euteneuer, 1984; Euteneuer and McIntosh, 198la, b).
In this procedure no exogenous tubulin is added to the decoration medium.
Briefly, tissue was incubated in a lysis and hook-assembly medium (I mM
EGTA, | mM MgCl,, 1 mM GTP, 2.5% DMSO, 1% Triton X-100, and
0.5% deoxycholate in 0.5 M Pipes buffer, pH 6.9) at 0°C for 30 min, 22°C
for 10 min, then 37°C for 15 min. After treatment retinas were fixed and
embedded for electron microscopy as previously described (Troutt and
Burnside, 1988a). Blocks were oriented so that RPE apical projections were
cross-sectioned.

Microtubule orientation was ascertained as described by Heidemann and
Mclntosh (1980) in micrographs of RPE projections in cross section,
printed at 60,000X. Clockwise hooks indicate that the observer is looking
toward the minus end (McIntosh and Euteneuer, 1984). Microtubules were
scored for clockwise or counterclockwise hooks, or as ambiguous if they
bore hooks in both directions. Decorated microtubules with hooks that con-
nected them to other microtubules or appearing as doublets were not scored
to indicate polarity.

Results

Microtubule Polarity

An average of 656 + 6.3% (n = 20 projections) of the
microtubules in individual RPE projections were decorated
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Figure 2. Microtubule polarity shown by decoration with hooks of
endogenous tubulin in cross sections of RPE projections of green
sunfish. Sections are viewed toward the cell body. Hooks are coun-
terclockwise, indicating that the microtubuie plus ends are oriented
toward the cell body. Arrowheads indicate some prominently deco-
rated microtubules. (P) pigment granule. Bar, 0.2 pm.

with hooks from endogenous tubulin. RPE projections were
identified by their possession of pigment granules. In 45 RPE
projections, 205 decorated microtubules were scored for
polarity orientation. When viewing the projection toward the
cell body 92.7% of decorated microtubules had one or more
hooks in the counterclockwise direction (Fig. 2). This in-
dicates that virtually all of the microtubules in the RPE pro-
jects are oriented with plus ends toward the cell body and
minus ends toward the distal tip of the projection. Another
4.4% of scored microtubules had clockwise hooks, and
2.9% had hooks in both directions.

Since this polarity of microtubules with minus ends distal
to the cell body is highly unusual (Euteneuer and Mclntosh,
1981a; McNiven et al., 1984; Soltys and Borisy, 1985; Fil-
liatreau and DiGiamberardino, 1981; Burton and Paige, 1981;
Heidemann et al., 1981), it was confirmed by comparing
microtubule polarity in RPE projections and in photorecep-
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tors within the same field of view. In these micrographs RPE
microtubules bore counterclockwise hooks, indicating plus
ends toward the cell body, while rod myoid microtubules had
clockwise hooks, indicating plus ends toward the synaptic
end of the cell, as previously shown (Troutt and Burnside,
1988a).

After treatment of RPE cells with the described hook
decoration procedures, the morphology of the apical projec-
tions closely resembled that of directly fixed material, and
the average number of microtubules in a projection of a dis-
persed cell was 14 + 2 (n = 18 projections). This is com-
parable to the number of microtubules in projections after di-
rect fixation of light-adapted sunfish RPE (Breunner and
Burnside, 1986). Thus the decoration procedures did not
produce a notable decrease in microtubule number within
RPE projections compared with directly fixed tissue, and
polarity was determined for a population of microtubules
representative of those existing in vivo. Nonetheless the
microtubules became decorated without the use of exoge-
nous tubulin, implying that hooks were formed with tubulin
derived from some endogenous pool as described for pho-
toreceptors (Troutt and Burnside, 1988a).

Discussion

Although it has become generally accepted that microtubules
play necessary roles in various forms of intracellular particle
transport (cf. Schliwa, 1984), the mechanisms of their par-
ticipation in force production for movement are not fully
understood. One view is that mechanochemical ATPase mo-
tors can associate with particles, and by cyclicly detaching
and reattaching to a microtubule, move particles short dis-
tances along the microtubule surface with each cycle. At
least two classes of microtubule-associated motors have been
described: kinesin-like ATPases, which move along micro-
tubules toward their plus ends (Vale et al., 19854, b; Porter
et al., 1987), and dynein-like ATPases, which move toward
microtubule minus ends (Satir, 1968; Sale and Satir, 1977,
Paschal and Vallee, 1987; Paschal et al., 1987). Thus, it is
interesting to know the relative positions of the plus and mi-
nus ends of microtubules within RPE apical projections. The
polarity would provide useful information about the con-
straints that must be met by putative motors responsible for
particle transport.

Virtually all microtubules within teleost RPE apical pro-
jections were shown by the decoration study to be oriented
with plus ends toward the cell body (nucleus) and minus ends
toward the distal tip of the projection. Microtubules are re-
quired for pigment granule aggregation (Troutt and Burn-
side, 1988b). Thus, microtubule-dependent pigment aggre-
gation in RPE projections entails particle movement toward
the cell body and thus toward microtubule plus ends, a polar-
ity of movement characteristic of kinesin.

The orientation of RPE microtubules could also have im-
plications for the mechanism of phagosome transport in
RPE cells. Phagosomes containing photoreceptor disk mem-
branes are transported by a microtubule-dependent process
from the apical projections to the cell body where they fuse
with lysosomes (Herman and Steinberg, 1982). Uniform
microtubule polarity may direct the unidirectional movement
of phagosomes in an apical to basal direction. The direction
of phagosome movement in RPE apical projections resem-
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bles pigment aggregation in being toward the cell body, i.e.,
toward microtubule plus ends. In both cases the direction of
transport is characteristic of that mediated by a kinesin-like
motor (Vale et al., 1985b).

The present observations neither prove nor refute that a
molecular motor is involved in microtubule-dependent pig-
ment granule aggregation or phagosome transport in RPE
cells, but indicate that if a microtubule-dependent motor is
involved it must be a plus-end-directed molecule such as
kinesin, and not a minus-end-directed molecule such as
dynein.

The microtubule polarity in RPE cells is opposite that
reported in projections of dermal melanophores, in which
microtubule plus ends are oriented distally (Euteneuer and
McIntosh, 198la; McNiven et al., 1984). In melanophores,
the direction of pigment granule migration in the cellular
projections has been correlated with microtubule polarity
(McNiven and Porter, 1986). RPE cells and melanophores
differ also in the direction of pigment movement produced
by treatments that elevate cyclic AMP. In teleost RPE, cyclic
AMP induces pigment aggregation (Burnside and Basinger,
1983); whereas in dermal melanophores, cyclic AMP in-
duces pigment dispersion (cf. Schliwa and Bereiter-Hahn,
1974). Thus in both cell types cyclic AMP induces pigment
granule transport toward microtubule plus ends.

The finding that microtubules of green sunfish RPE pro-
jections are unusually oriented with plus ends toward the
nucleus of the cell contrasts with most previous findings and
raises questions about the mechanism by which the RPE cell
generates its microtubule array. Most cell types that have
been examined have microtubules oriented with minus ends
toward the nucleus (Heidemann et al., 1981; Euteneuer and
Mclntosh, 198la; Soltys and Borisy, 1985). In many cell
types microtubule organizing centers (MTOCs) have been
described, usually as perinuclear centrosomal regions from
which microtubules emanate (cf. Brinkley, 1985). Such
MTOCs have been shown to nucleate the formation of micro-
tubule arrays (cf. Brinkley, 1985). In cases where MTOC-
associated microtubules have been assayed for polarity, all
microtubules were found to be oriented with minus ends to-
ward the MTOC (Heidemann and McIntosh, 1980; McIntosh
and Euteneuer, 1984; Telzer and Haimo, 1981; Euteneuer
and Mclntosh, 198la; McNiven et al., 1984). The polarity
of microtubules in RPE projections would indicate that if
they are associated with the perinuclear centrosome, they
would have to be associated with it by their plus ends. How-
ever, there is no information at this time to suggest that the
microtubules of RPE apical projections are in fact associated
with the cell’s perinuclear centrosome. The highly stable ar-
ray of microtubules in RPE projections may resemble that
described in another epithelial cell type, cultured canine kid-
ney (MDCK) cells in which microtubules do not appear to
be associated with a centrosome (Bré et al., 1987). The high
degree of order of RPE microtubules suggests that the cell
does have some mechanism for dictating the polarity of
projection microtubules. Bré and coworkers (1987) suggest
that in MDCK cells, stable microtubules are modified so that
complete depolymerization does not occur and fragments of
the microtubules then act as seeds for reassembly. Such a
mechanism could perpetuate the polarity of microtubules in
RPE projections but it would not explain how the orientation
of the microtubule array is established initially.
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Summary

We have assessed the polarity of microtubules in the apical
projections of teleost RPE cells, by decorating the microtu-
bules with hooks of endogenous tubulin. Virtually all micro-
tubules in the RPE projections are oriented with plus ends
toward the cell body (nucleus). This orientation is such that
a kinesin-like molecule could produce force for transport
during microtubule-dependent pigment granule aggregation.
Microtubule polarity in RPE cells is opposite that in dermal
melanophores, where microtubules are oriented with plus
ends distal. The direction of cAMP-induced migration is also
opposite in these 2 cell types: in RPE, cAMP induces pig-
ment aggregation, whereas in melanophores cAMP induces
pigment dispersion. Thus in both cell types cAMP induces
pigment migration toward microtubule plus ends.
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