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ABSTRACT

	

The polarity orientation of cellular microtubules is widely regarded to be important
in understanding the control of microtubule assembly and microtubule-based motility in vivo .
We have used a modification of the method of Heidemann and McIntosh (Nature (Lond.) .
286:517-519) to determine the polarity orientation of axonal microtubules in postganglionic
sympathetic fibers of the cat. In fibers from three cats we were able to visualize the polarity of
68% of the axonal microtubules ; of these, 96% showed the same polarity orientation . Our
interpretation is that the rapidly growing end of all axonal microtubules is distal to the cell
body . We support Kirschner's hypothesis on microtubule organizing centers (J . Cell Biol. 86 :
330-334), although this interpretation raises questions about the continuity of axonal micro-
tubules. Our results are inconsistent with a number of models for axonal transport based on
force production on the surface of microtubules in which the direction of force is determined
by the polarity of microtubules .

It seems likely that microtubules play an important role in
determining cell morphology and in intracellular transport
processes. However, the control of microtubule assembly to
provide an organized cytoskeleton and the function of micro-
tubules in many intracellular transport phenomena are poorly
understood (9) . The structural and growth polarity of micro-
tubules has received considerable attention as a potential clue
in understanding these microtubule functions (20, 25, 27, 36,
38, 42) . Microtubule assembly occurs by a polar "head to tail"
mechanism (2, 24) . Kirschner (20) has proposed that this
property could ensure organized assembly of microtubules if
the concentration oftubulin in the cell were such that filaments
with two free ends tend to depolymerize . Only filaments an-
chored in a microtubule organizing center at the slowly growing
end, supressing depolymerization at that end, would be stable .
Kirschner's hypothesis makes the strong prediction that all
stable microtubules in the cell should have the same polarity
orientation relative to their organizing center (20) . Predictions
of polarity orientation are also a testable feature of many
models to explain microtubule-based motility . Models for mo-
tility based on microtubule sliding (27, 42), assembly/disassem-
bly (25), rotation (14, 37), and microtubules acting as a chro-
matographic support (16), all make predictions of the polarity
orientation of various populations of microtubules .
We have chosen to investigate the polarity orientation of

axonal microtubules for the following reasons . Microtubules
are an invarient and conspicuous component of axoplasm (51) .
These microtubules are responsible for the shape and possibly
the growth of the axon (33, 35, 39, 52). The very anisotropic
morphology of the axon indicates considerable spatial organi-
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zation of microtubule assembly/disassembly in the neuron .
Axonal microtubules are unusually stable (9, 31), thereby
fulfilling the thermodynamic premise of Kirschner's proposal
(20) . The axon is also the site of intracellular transport both
toward and away from the cell body (23, 49) . Evidence from a
variety of studies suggests that the same mechanism underlies
transport in both directions (23) . Many investigators believe
that microtubules are important for this mechanism, although
this is controversial (4, 7) . At least four models to explain fast
axonal transport based on microtubule function state or imply
a specific polarity orientation of microtubules in the axoplasm
for a given direction of transport (16, 30, 36, 38) . We have
determined the polarity of microtubules in axons of cat sym-
pathetic nerve fibers using Euteneuer's modification (11) ofthe
method of Heidemann and McIntosh (19) . Microtubule polar-
ity is visualized by this method in the electron microscope by
the handedness of protofilament "hooks" that form on the
walls of cellular microtubules during a microtubule assembly
reaction in vitro (11-13, 18, 19) .

MATERIALS AND METHODS

Cats (Felis domesticus) were anesthetized by intraperitoneal injectionwith sodium
pentobarbitol (35 mg/Kg) or alpha chloralose (60 mg/Kg) . Segments of sympa-
thetic fibers arising from the inferior mesenteric ganglion that course to the colon
(lumbar colonic nerves) as well as fibers from the celiac superior mesenteric
ganglion to the kidney (renal nerves) were dissected free of adhering tissue in
situ. Drs. J . Krier and L. C. Weaver of this department provided invaluable
assistance in the dissection and identification of these fibers . The fibers were
ligatured with suture at three or four places -2 mm apart. Segments were then
excised so that a final ligature marked the end of the segment proximal to the
ganglion .
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Segments were transferred to 0.5 ml of a microtubule polymerization buffer
at 37°C containing 0.5 M PIPES pH 6.9, I mM EDTA, 2 mM MgCl,. 1 mM
GTP, 5% dimethylsulfoxide, 1% Triton X-165, 0.5% sodium deoxycholate and
0.2% SIDS with or without microtubule protein (MTP). The preparation of MTP
buffer, and the polymerization properties are detailed elsewhere (18) . A variety
of protein concentrations and incubation conditions were tested . Our best results
were obtained when nerve segments were incubated for 10 min in buffer without
microtubule protein, then transferred into fresh buffer containing 2 mg/ml MTP
for 10 min followed by a final 10 min with a fresh change of buffer and protein.
We have previously shown that existing microtubules are stable in this buffer
without added MTP(18) .

After these incubations the assembly buffer was withdrawn and the segments
were fixed by addition of 2% glutaraldehyde, t% acrolein in 0.1 MPIPES pH 6.9,
2 mM MgCl2 and I mM EDTA . Samples were osmicated, dehydrated, and
embedded for electron microscopy by standard methods. Segments were thin-
sectioned from the distal toward the proximal end. For this work, transverse
sections of microtubules were required to assess hook handedness. We found that
only a small fraction of axonshad their long axis normal to the planeof sectioning
at any given knife angle. Consequently, all samples were sectioned at several
different knife angles . Care was taken to preserve the original handedness of the
hooks during the procedures of sectioning, viewing in the Philips 300 electron
microscope, and printing of negatives. Counts of microtubules and scoring of
hooks were done on prints with a final magnification of 40,000 times . Various
hook images and scoring categories are presented elsewhere (11) .

RESULTS

Nerve segments from three cats were used to compile the data
reported here . In the first cat, the renal nerve was excised,
incubated in assembly buffer containing 1 mg/ml MTP for 15
min, then processed for electron microscopy . The lumbar co-
lonic nerves were used from the remaining cats with the
incubation procedure presented in Materials and Methods .
Electron microscopy of thin sections perpendicular to the long
axis of the nerve revealed protofilamentous hooks decorating
the walls of the axonal microtubules (Figs . 1 and 2) . Counts of
microtubules from - 100 axons from each cat are summarized
in Table I . In these axons, 68% of the microtubules displayed
hooks and >95% of the hooked microtubules were observed to
curve clockwise . Heidemann, Euteneuer, and McIntosh (11-
13, 18, 19) have shown that such hooks reveal the structural
polarity of microtubules . Hooks that curve clockwise are seen
in transverse sections of microtubules whose rapid assembly or
plus end (3) is pointed toward the observer. Our data therefore
indicate that nearly all the microtubules that formed hooks
have a single polarity orientation .
We noted that different regions along the long axis of each

sample showed considerable variability in the percentage of
microtubules with hooks . This is better understood by consid-
ering our observations in sample three . Sample three was a
segment of nerve 1 .55 mm long . 41% of the microtubules were
found to be decorated in sections taken from the distal 8 j.m
(a good deal of material was wasted by the changing of knife
angles) ofthis sample . The data reported in Table I were taken
from the next 10 /Am of the sample . In the region -40 gm from
the distal end of the nerve, 25% of the microtubules displayed
hooks . Near the center of the segment, 12% ofthe microtubules .
were hooked . The other two samples showed similar variability .
For this reason, the data reported here were taken from that
region of each sample which showed a relatively large fraction
of decorated microtubules .

DISCUSSION

Lumbar and thoracic sympathetic fibers of the cat were a
favorable material for this study for a number of reasons. First,
the cell bodies of all afferent and efferent neurons in these
studies are known to be located central (proximal) to the
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segment (10, 28) . By marking the proximal end of each segment
in situ, we have been able to interpret the polarity of the axonal
microtubules relative to the cell nuclei . Second, these sympa-
thetic fibers have been studied with respect to axonal transport ;
both anterograde (nucleus to terminal) and retrograde trans-
port occur in these nerves (1, 10, 21) . Third, the great majority
of axons in these nerves are unmyelinated, allowing cell lysis
and penetration of the hog brain tubulin to form hooks .
Preliminary experiments with myelinated nerves were com-
pletely unsuccessful .
We observed that 96% of the axonal microtubules that

formed hooks had a single polarity orientation . Their fast
growing or plus end is distal to the cell body . Indeed, we
believe that all of the axonal microtubules have this same
polarity . Those few decorated microtubules that did not have
clockwise hooks likely represent `noise" in the technique . We
found in earlier studies that as many as 10% of decorated
microtubules of known polarity may display anomolous hooks
(19) . What of the microtubules that do not display hooks? Are
these microtubules ofopposite polarity orientation with respect
to those that did form hooks? We think not. We believe that
the microtubules that were undecorated represent variation of
the technique and not an intrinsically different class of micro-
tubules . We have found, as have Euteneuer and McIntosh (11-
13), that the extent of microtubule decoration varies consider-
ably with incubation conditions . The variability seen in the
experiments reported here also supports the notion that the
variation in hook formation is due to technical variability, not
microtubule variation . We observed that hook formation varied
among regions along the axis of the fiber but not within
regions. If this variability was due to microtubule population
differences, then these microtubule populations must be in
register in each axon along the axis of the fiber . This seems
very unlikely. Because the axons are known to be continuous,
different axons cannot be present in different areas of the
nerve . We are of the opinion that the variability in these
experiments was due to problems of buffer penetration .
Throughout these experiments, changes in incubation condi-
tions that were consistent with better penetration, e .g ., longer
times of incubation, fresh changes of detergent mixture, in-
creased tubulin concentration, etc., produced higher frequen-
cies of hook formation. Moreover, we have no evidence that
microtubules of opposite polarity have a lesser tendency to
decorate . We previously showed that microtubules that were
elongated from the proximal end of basal bodies had a similar
frequency of hook formation as those elongated from the distal
end (19). Therefore, we would suggest that the most likely
interpretation of our data is that all of the microtubules in the
nerve axon have the same polarity orientation . It is the fast
growing or plus end that is distal to the cell nucleus. While this
manuscript was in preparation, the same conclusion was
reached by Burton and Paige using frog olfactory nerves (6) .
The similar findings in neurons that differ in embryological
origin from organisms of different classes suggest that uniform
polarity of axonal microtubules may be a general case .

Kirschner's (20) view of microtubule organizing centers
(MTOCs, reference 34) has received considerable experimental
support based on its prediction ofmicrotubule polarity . Micro-
tubules associated with easily visualized organizing centers
were ofuniform polarity, their plus end distal to an organizing
center (11-13, 19, 43) . Microtubule organization in the axon is
not well understood. However, interpreting our results accord-
ing to Kirschner's analysis would indicate that all axonal



FIGURES 1 and 2

	

Electron micrographs of sections of cat lumbar colonic nerves that had been incubated, as described in Materials
and Methods, in a microtubule reassembly buffer containing 2 mg/ml porcine brain microtubule protein . The clockwise hooks
seen decorating the walls of microtubules display the structural polarity of the microtubule . Bar, 0 .19 Am .
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microtubules grow out distally from a proximal organizing
center. One possibility is that the neuron, like other interphase
cells (5, 15, 32, 41, 45), has a perinuclear organizing center.
Immunofluorescent visualization of microtubules during neu-
rite outgrowth of neuroblastoma suggests just that (40) . This
implies that microtubules are continuous through the axon.
Continuity of axonal microtubules is supported by some ultra-
structural studies (46, 47) but not by others (8, 29). Chalfie and
Thomsen reported convincing evidence for discontinuous ax-
onal microtubules but these appear to be an unusual subpop-
ulation of microtubules (8). According to Kirschner's model, a
population ofuniformly oriented, discontinuous axonal micro-
tubules would require multiple, oriented MTOCs from which
microtubules grow in one direction . If all stable microtubules
must have an MTOC (20), discontinuous microtubules can
arise only from many MTOCs. Microtubules that have their
minus end associated with intro-axonal MTOCs (20) will show
as many absolute orientations relative to the soma as there are
directions of growth from the MTOCs. Therefore, only one
direction of growth from an MTOC and the same orientation
of growth among the MTOCs can account for our results in
the postulated circumstances. It appears that the question of
microtubule continuity will be important in assessing the mech-
anism and cytoskeletal role of microtubule organizing centers .
Some of the working models for microtubule function in

axonal transport predict that a nerve fiber capable of bidirec-
tional transport should have an antiparallel population of
microtubules . The models of Gross (16), Ochs (30), Schmitt
(36), and Schwartz et al. (38) all postulate vectorial force-
generating reactions on the surface of the microtubule . The
direction of force is determined by a microtubule-associated
ATPase that is oriented in the sense of the microtubule helix .
Our fording of a single polarity orientation of microtubules in
fibers that manifest retrograde and anterograde transport is
inconsistent with these hypotheses . Our inability to interpret
our results more generally with respect to axonal transport
reflects the lack of understanding ofthis process at the cellular
level. We would like to draw attention to three major gaps . A
number of transport `types" have been reported for whole
nerve fibers (48); however, the universality of these transport
processes among different axons in the fiber is unknown. For
example, retrograde transport may be confined to a special
class of neuron (22) . The role of microtubules in axonal trans-
port is rather controversial . Are microtubules the engine, the
tracks (16, 30, 36, 38), the ties (49), or superfluous (4, 7), for
axonal transport? Of particular relevance to our results, the
general relationship ofmicrotubule polarity to force production
has been questioned. Euteneuer and McIntosh found a uniform
polarity orientation of microtubules associated with bidirec-
tional transport in heliozooans and fish melanophores (12) .
Warner and Mitchell (44) have shown that ciliary dynein,
which clearly recognizes the polarity of the microtubule (17),
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TABLE I
Hook formations on Axonal Microtubules

is able to crossbridge with parallel or antiparallel microtubules.
Other recent evidence also suggests that microtubules are in-
volved in both antiparallel (26) and parallel (50) sliding mech-
anisms. A clearer understanding of the relationship of micro-
tubules to transport mechanisms will be a major goal of our
future research.
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