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Microtubule-associated protein-2 (MAP2) is the most abundant MAP in neurons, where
its distribution is restricted to the somatodendritic compartment. This molecule under-
goes developmentally regulated alternative splicing, resulting in at least two isoforms, a
juvenile isoform (termed MAP2c) and a mature isoform (MAP2), with greatly different
molecular masses. Spodoptera frugiperda (Sf9) cell expression of the juvenile versus the
mature MAP2 isoform generates two distinct patterns of process outgrowth. The smaller
juvenile isoform induces multiple short thin processes. Mature MAP2 tends to induce
single processes that are considerably thicker than those processes induced by juvenile
MAP2. We found important differences in the variability of spacing between microtu-
bules and the number of microtubules along the processes induced by MAP2c and
mature MAP2. MAP2c showed variability with most microtubules spaced as closely as
with tau, but some spaced as far apart as with mature MAP2. Over their length, the
mature MAP2 processes demonstrate proximo-distal taper, which corresponds to a
narrowing of the spacing between microtubules from 90 nm to 40 nm. Moreover, there
is a decreased number of microtubules in mature MAP2-induced processes whereas in
tau and MAP2c-induced processes, the number of microtubules is constant along the
length. Based on these observations, we conclude that MAP2 isoforms can serve as
architectural elements by establishing specific morphological features of processes and
specific arrangements of their microtubules.

INTRODUCTION

The problem of how cytoskeletal proteins assemble
and interact with membranous elements to establish
their unique shapes is particularly evident in neurons,
which generally establish two distinct compartments:
the axon and the dendrite. Most neurons generate a
single axon that is uniform in diameter and grows
over exceedingly long distances. In contrast, dendrites
are usually multiple in number, significantly shorter,
broad in caliber, and taper with distance from the cell
body (Bartlett and Banker, 1984; Hillman, 1988). Mark-
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ing the differentiation of dendrites and axons are two
populations of microtubules with distinct organiza-
tions. In the axon, microtubules are relatively closely
spaced and are oriented with their plus ends distal to
the cell body, whereas dendritic microtubules are
spaced farther apart and are oriented in both direc-
tions (Heidemann et al., 1981; Baas et al., 1988; Burton
and Paige, 1981). The spacing and orientation of mi-
crotubules may have profound implications with re-
gard to the growth properties of neurites and their
capacity to accommodate the transport of different
types of cytoplasmic organelles.
Other than spacing and polarity orientation, the

most profound difference between axonal and den-
dritic microtubules appears to be compositional. Mi-

© 1996 by The American Society for Cell Biology 443



N. Leclerc et al.

crotubules within living cells are decorated with a
class of proteins termed microtubule-associated pro-
teins (MAPs) that regulate features of their assembly,
stability, rigidity, and interaction with neighboring
microtubules and other structures within the cyto-
plasm. Microtubules in the neuron are fundamentally
important for the differentiation, growth, and mainte-
nance of axonal and dendritic processes. The most
pronounced differences of the MAP composition be-
tween axons and dendrites is that tau is highly en-
riched in axons while MAP-2 is absent from the axon
and enriched within the dendrite (reviewed in Kosik
and Caceres, 1991). The segregation of cytoskeletal
proteins appears to play a crucial role in the genera-
tion and/or maintenance of morphologically and bio-
chemically distinct dendritic and axonal compart-
ments. It has been clearly demonstrated that MAPs, in
particular MAP2 and tau specifically expressed in
neurons, are pivotal molecules for the production of
dendritic and axonal processes. After initial formation
of exploratory neurites, one of these becomes an axon
and the others differentiate into dendrites (Banker and
Goslin, 1990). The suppression of MAP2 expression
inhibits the development of the exploratory neurites
whereas that of tau prevents the differentiation and
maintenance of the axonal process (Caceres and Kosik,
1990; Caceres et al., 1991, 1992). Based on these obser-
vations, it may be concluded that MAP2 is required at
an earlier stage of neuronal morphogenesis than tau.
Later on, MAP2 expression is necessary to maintain
dendrites (Sharma et al., 1994). To date, the molecular
interactions underlying the function of MAP2 as a
determinant of the distinctive morphology of a neuron
remain only partially understood.
MAP-2 is a complex molecule that exists in multiple

isoforms whose expression and appearance are under
developmental regulation. To fully appreciate the role
of MAP2 in cellular morphogenesis, it becomes crucial
to elucidate the functional differences among iso-
forms. MAP2 consists of a microtubule-binding do-
main at the carboxy terminus and a long projection
domain within which a developmentally regulated
splicing event (Garner and Matus, 1988) introduces
1372 amino acids (Papandrikopoulou et al., 1989; Kin-
dler, et al., 1990). This splicing event shifts the appar-
ent molecular mass of MAP2 on SDS-PAGE from a
-70-kDa juvenile form (termed MAP2c) to a -280-
kDa mature form. Initially during neuronal differen-
tiation, both MAP2c and the mature form of MAP2,
termed MAP-2b, are expressed. The former is referred
to as mature MAP-2 because it persists throughout the
life of the neuron, while the latter is referred to as
juvenile MAP-2 because it diminishes during devel-
opment (Ludin and Matus, 1993). As MAP2c disap-
pears, it is replaced by MAP-2a, another mature iso-
form with a slightly different electrophoretic mobility
compared with MAP-2b. MAP-2a and MAP2b are

found exclusively in dendrites while MAP2c is found
in both dendrites and axon (Ludin and Matus, 1993).
MAP-2 shares a high sequence homology with tau in
the carboxyl-terminal, but the molecules are also very
different in the projection domain (Lewis et al., 1988).
To understand how each of the MAP2 isoforms

contributes to the elaboration of the neuronal morpho-
genesis sequence, it is necessary to individually ex-
press the isoforms in a system where they exert mor-
phological effects. The infection of normally rounded
insect ovarian Sf9 cells with a virus containing a tau
and a MAP2 cDNA insert results not only in promot-
ing microtubule assembly, stabilization, and bundling,
but also in inducing the formation of processes (re-
viewed in Kosik and McConlogue, 1994). The expres-
sion of the axonal MAP, tau, in nonneuronal Sf9 cells,
induced the formation of a single long process of
uniform caliber (Knops et al., 1991). Like tau expres-
sion, the expression of mature MAP-2 and MAP2c
induces the cells to extend microtubule-rich processes
(Chen el al., 1992; Leclerc et al., 1993). The microtubules
within tau-, mature MAP-2-, and MAP2c-induced pro-
cesses are uniformly plus-end-distal, indicating that
the differences in microtubule polarity orientation be-
tween axons and dendrites cannot be explained by
differences in MAP composition, at least not directly
(Baas et al., 1991; Chen et al., 1992; Leclerc et al., 1993).
However, spacing between microtubules is greater for
adult MAP-2 than for tau, as is the spacing between
microtubules in dendrites compared with axons (Chen
et al., 1992). The spacing between microtubules in
MAP2c-induced processes was similar to that of tau.
Also, the expression of FS, a MAP2c-like construct, in
which 109 amino acids had been deleted from the
region that flanks the microtubule-binding domain,
induced a spacing similar to MAP2c (Leclerc et al.,
1993). Based on these results, it was concluded that the
projection domain determines the spacing between
microtubules. The consequences of the distinct MAP
regulation of microtubule organization in living cells,
and ultimately on process morphology and out-
growth, is still poorly understood.

In this study, we focused on the differential effects of
mature MAP-2 and MAP-2c on process morphology
and outgrowth. To do so, we provide a quantitative
analysis of the process morphology, focusing on pro-
cess number, length, and caliber. MAP2c has a higher
tendency than FS to induce multiple processes
whereas mature MAP2 induces single process. Our
results therefore suggest a role for the projection do-
main in setting up the number of processes. We also
demonstrated differences in caliber. Mature MAP2
processes are short, thick, and taper whereas MAP2c
induced thin processes of uniform caliber similar to
FS- and tau-induced processes. To better understand
how MAPs may determine process caliber, we exam-
ined the spacing and number of microtubules along
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the length of the process. We observed a decrease in
both spacing and microtubule number concomittant
with the decrease in caliber along mature MAP2 pro-
cesses. In MAP2c- and tau-induced processes, the
spacing remains constant along the process.

MATERIALS AND METHODS

Baculoviral Recombinants
Full-length rat MAP2c and full-length mouse mature MAP2 cDNAs
were cloned into the baculovirus transfer vector pVL1392 (Invitro-
gen, San Diego, CA). The rat MAP2c sequence cloned in the PC-
MVN vector was digested with NotI and cloned into the NotI of the
transfer/expression vector pVL1392. The mature MAP2 sequence
cloned in the PSV vector was digested with Sall and AseI, filled in
with Klenow, linked with BclI linkers, and subcloned into the
BamHI site of the Bluesript SKII+ vector (Stratagene, La Jolla, CA).
The MAP2 sequence was cut out of the BlueScript SKII+ vector by
digestion with ClaI, filled in with Klenow, and then digested with
NotI. The MAP2 insert was assembled into the NotI and SmaI of the
baculovirus expression vector, pVL 1392. The MAP2c and mature
MAP2 sequences were inserted into the genome of the Autographa
californica Multiple Nuclear Polyhedrosis Virus (AcMNPV) by homol-
ogous recombination (Summers and Smith, 1987). The transfer vec-
tor containing MAP2c or MAP2 sequence was cotransfected with a
modified form of the baculovirus, AcMNPV, designated AcRP6-
SC (Invitrogen), onto the Spodoptera frugigerpa (Sf9) cells using
the lipofectin procedure (Life Technologies, Grand Island, NY).
AcRP6-SC viral DNA was linearized by digestion with endonu-
clease Bsu 36I (Kitts et al., 1990). Viral DNA (1 jig) and transfer
vector (5 ,ug) were used to transfect the Sf9 cells. The Sf9 cells
were obtained from the American Type Culture Collection
(ATCC #CRL 1711; Rockville, MD) and were used to propagate
wild-type and recombinant baculoviruses. Sf9 cells were grown
in suspension or as a monolayer at 27°C in Grace's medium (Life
Technologies) supplemented with 10% (vol/vol) fetal bovine serum
(JRH Biosciences, Lenexa, KS). After 48 h at 27°C, the transfection
supematant was purified by a standard plaque assay for occlusion-
body-negative recombinant viral plaques and by limiting dilution
(Fung et al., 1988). The recombinant virus was amplified to yield
titers of 108_109 plaque-forming units/milliliter.

Sf9 Cell Expression
For immunocytochemistry the cells were fixed in 3.7% paraformal-
dehyde in phosphate-buffered saline (PBS) and 0.12 M sucrose at 48
and 72 h post-infection and then extracted in .3% Triton X-100 in
PBS for 5 min. The fixed cells were labeled with the monclonal
antibody, AP18 (kindly provided by Dr. L. Binder; Tucker et al.,
1988) directed against both MAP2c and mature MAP2, 46.1 (kindly
provided by Dr. Virginia Lee) or 5E2 (Kosik et al., 1988), two
monoclonal antibodies directed against tau and anti-a-tubulin an-
tibody (clone DM 1A; Sigma, St. Louis, MO). After blocking with
10% normal horse serum in PBS, the cells were incubated in the
primary antibody ovemight at 4°C, washed three times in PBS,
incubated with a goat anti-mouse fluorescein isothiocyanate-conju-
gated antibody for 40 min at 37°C, washed in PBS, mounted in
polyvinyl alcohol mounting media, and visualized by fluorescence
microscopy.
The expression of MAP2c or mature MAP2 recombinant protein

was confirmed by immunoblot analysis using the monoclonal anti-
body AP18. The anti-tau antibody, 46.1 or 5E2, was used to confirm
the presence of tau protein. The cells were scraped in Laemmli
buffer and boiled for 5 min. The sample were separated on an 8%
polyacrylamide gel. Proteins were electrophoretically transferred to
nitrocellulose filters as described by Towbin et al. (1979) and ana-
lyzed on an immunoblot. Heat-stable MAPs were prepared by

sonicating cells in 0.1 M MES, pH 6.4, 1 mM EGTA, and 0.5 mM
MgCl2, spinning at 1000 x g for 10 min at 4'C. The low-speed
supernatant was adjusted to 0.75 M NaCl and 2% 2-mercaptoetha-
nol and boiled for 10 min, and then centrifuged at 200,000 x g for 30
min at 4°C. The protein determinations were done by the Bio-Rad
protein detection system (Richmond, CA). The supernatant was gel
electrophoresed. To minimize quantitative differences in the level of
expression of each MAP isoform, the constructs were driven by the
same polyhedrin promoter, and the multiplicity of infection was
identical. For comparisons with tau-induced processes, a baculovi-
rus containing the three-repeat tau isoform was used as previously
reported (Knops et al., 1991).

Morphometry
Processes from three sets of 50 cells each were counted and used to
calculate the mean and standard errors (M ± SD). The statistical
significance was determined using a two-tailed Student's t test.
Statistical significance was accepted if p < 0.05. The caliber was
measured at five equally spaced points along each process (n = 35
for each construct).
The image obtained from a Nikon Diaphot-TMD inverted mi-

croscope was projected to a Hamamatsu video camera and dis-
played on a DAGE-MTI multi-scan high resolution monitor. Im-
ages were analyzed by the Image I software (Universal Imaging,
West Chester, PA).

Electron Microscopy
For transmission electron microscopy, Sf9 cells were grown in
35-mm tissue culture dishes at a density of 106 cells. The cultures
were fixed in 2% glutaraldehyde for 10 min, rinsed in a solution
containing 0.1 M cacodylate and 5% sucrose, stained with 2 mg/ml
tannic acid for 5 min, rinsed again, postfixed for 5 min with 1%
osmium tetroxide, dehydrated with increasing concentrations of
ethanol, and embedded using Quetol 653 resin (Ted Pella, CA).

After curing the resin, cells of interest were located by phase-
contrast microscopy, circled with a diamond marker objective, and
sectioned either parallel or perpendicular to the long axis of the
processes (Baas and Heidemann, 1986; Baas et al., 1987)

RESULTS

Expression of MAP2 Isoforns in Sf9 Cells
Spodoptera frugiperda (Sf9) cells were infected with
baculovirus recombinants containing MAP2c or ma-
ture MAP2. For comparison with tau expression, we
used a baculovirus containing the three repeat tau
isoform (Knops et al., 1991). At a mutiplicity of infec-
tion of 5, the onset of recombinant protein expression
became detectable 20 h after the addition of virus to
the medium, a time coincident with process formation
(Knops et al. 1991; Knowles et al. 1994). By 48 h post-
infection, nearly 60% of the cells expressing MAP2c
and approximately 20% of the cells expressing mature
MAP2 had processes, and all of these were reactive
with the MAP2 antibody AP18. To confirm the expres-
sion of MAP2c, mature MAP2, and tau recombinant
protein, the cells were scraped in boiling sample
buffer, loaded on SDS-PAGE, and analyzed by immu-
noblotting. Immunoblot analysis using AP18, a mono-
clonal antibody directed against a common epitope to
the low and high molecular weight MAP2 isoforms,
revealed a band of 68 kDa or 280 kDa when prepared
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from cells expressing MAP2c and mature MAP2, re-
spectively (Figure lA). No APl8 immunostaining was
detectable in noninfected cells or in cells infected with
wild-type virus. By using an anti-tau antibody, tau
appeared as at least two bands (Figure IA). Frequently
the MAP2c and tau signal appeared as a closely
spaced doublet, suggesting that post-translational
modification might occur in the Sf9 cells.
Further confirmation of MAP expression within the

infected cells was derived from studies showing that
after heat treatment (to which MAP2 and tau are
stable), the major protein on Coomassie-stained gels
was the specific MAP expressed whereas in wild-
type-infected cells, only very faint bands of protein
were detectable (Figure iB). The level of expression of
MAP2c, mature MAP2, and tau recombinant protein
was measured after heat treatment and was compared
with the amount of heat-stable protein in wild-type-
infected cells at different times post-infection.
The quantification of protein expression was per-

formed to determine at what time post-infection
MAP2c, mature MAP2, and tau expression is at iden-
tical molar ratios. The expression of MAP2c (-4.8 jig)
and mature MAP2 (-24 ,ug) is at an identical molar
ratio at approximately 24 h post-infection for MAP2c
and 72 h post-infection for mature MAP2. Although
tau (-4 ,ug) was at an identical molar ratio with
MAP2c and mature MAP2 at 24 h post-infection, its
expression was higher than MAP2c and mature MAP2
at 36 and 72 h post-infection (Figure IB).
At 24 h post-infection, some MAP2c-expressing cells

had already developed multiple processes (Figure
2A). At 36 h post-infection, many cells clearly had the

A
Kd 1 2 3 4

tendency to develop multiple processes (Figure 2B).
Mature MAP2-expressing cells began to form pro-
cesses at 48 h post-infection (Figure 2C). They usually
had one process. Approximately 30% of the cells ex-
pressing mature MAP2 developed processes at 72 h
post-infection (Figure 2D). As previously observed,
tau-expressing cells initiated process outgrowth at 24
h post-infection (Figure 2E). At any time of infection,
they generally presented one process (Figure 2F). Tu-
bulin expression levels in the case of the tau construct
were unchanged relative to infection with the wild-
type baculovirus (Cheley et al., 1992), consistent with
the known tendency of the baculovirus to suppress
transcription.
As revealed by an anti-tubulin antibody, the micro-

tubule distribution in mature MAP2-expressing cells
differed from that of MAP2c-expressing cells. At 24 h
post-infection in MAP2c-expressing cells that pre-
sented multiple processes, the microtubule bundles
emerged radially or tangentially from the cell surface
to form processes as noted at later stages of infection
(Figure 3, D and E). In the immunoreactive cells that
did not have processes, the tubulin staining was dif-
fusely distributed in the cytoplasm (Figure 3D). At
36-48 h post-infection, in some cases, bundles of mi-
crotubules were oriented in one direction, and joined
together at one pole of the cell to form a single process
(Figure 3F). At 48 h post-infection, mature MAP2 ex-
pression did induce microtubule assembly. In the
MAP2-immunoreactive cells that did not develop pro-
cesses, the microtubules were distributed in rings un-
der the plasma membrane (Figure 3A). In the cells that
initiated process outgrowth, the microtubules joined
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Figure 1. (A) Immunoblot of baculoviral-expressed mature MAP2 (lane 2), MAP2c (lane 3), and tau (lane 4) harvested 72 h after infection.
The samples were run on 6% SDS-PAGE and immunoblotted with antibody AP18 (anti-MAP2) and antibody 46.1 (anti-tau). There was
absence of antibody reactivity with endogenous protein in wild-type-infected Sf9 cells (lane 1). Molecular mass standards are indicated on
the left: ovalbumin (43 kDa), bovine serum albumin (70 kDa), phosphorylase b (105 kDa), myosin (215 kDa). (B) Time course of mature MAP2,
MAP2c, and tau expression in Sf9 cells. There was -8 ,ug, 9.2 ,ug, and 24 ,ug of mature MAP2; -4.8 jig, 9.6 ,ug, and 28.8 jig of MAP2c protein;
and -4 ,ug, 17.6 ,ug, and 43.2 ,tg of tau protein in 106 cells at 24, 36, and 72 h post-infection, respectively. Lane 1 represents heat-stable proteins
in wild-type-infected cells harvested at 36 and 72 h after infection, respectively.
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in the hillock region to form a single process. This was
more evident at 72 h post-infection (Figure 3B), and in
certain cases, microtubules formed a single bundle in
the cell body (Figure 3C). Most of the mature MAP2-
expressing cells contained microtubule bundles, indi-
cating that the relatively lower percentage of pro-
cesses on these cells was not due to failure of
microtubule assembly. Collectively, these data dem-
onstrate that the expression of a particular MAP de-
termines successful process elaboration, and suggest
that microtubule assembly alone is an insufficient de-
terminant of process formation.

Figure 2. Immunofluorescence
micrographs showing the process
morphologies induced in Sf9
cells: MAP2c induces multiple
processes at 24 h (A) and 36 h
post-infection (B); mature MAP2
induces short tapered process at
48 h (C) and 72 h post-infection
(D); and tau protein induces a
long solitary process at 24 h (E)
and 36 h (F) post-infection. Cells
were stained with either mono-
clonal antibody AP18 against
MAP2 or 46.1 against tau. Bar, 20
,1m.

Quantitative Comparison of Process Morphologies
Induced by MAP2 Isofornns
Both mature MAP2 and MAP2c induced processes,
however, the morphologies of the processes differed
from each other and from tau-induced processes. The
morphological analysis was performed on unfixed
cells because the cells had the tendency to detach and
the very thin processes were lost during the fixation
procedure. Process morphology was quantitated ac-
cording to three parameters: process number, length,
and caliber at 72 h post-infection. These data are sum-
marized in Table 1. As shown by histograms of the

r
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Table 1. Comparative analysis of process morphologies resulting from the expression of mature MAP2, MAP2c, and tau in SF9 insect cells

Number of Processes Process width (,m)
Total process Process

Construct 1 2 3 >3 length (,tm) length (,um) Proximal Distal

MAP2 29.67 ± 2.91 10.67 ± 2.91 4.0 ± 0.0 5.33 ± 2.60 60.42 ± 2.53 31.03 ± 1.19 4.59 ± 0.2 1.6 ± 0.1
MAP2c 13.33 ± 2.03 8.0 ± 1.53 .67 ± .67 27.67 ± 1.76 141.36 ± 6.45 26.22 ± .97 1.2 ± 0.1 1.0 ± 0.0
tau 35.67 ± 1.45 9.6 ± 1.45 2.0 ± .58 2.33 ± .88 122.37 ± 6.45 84.59 ± 4.22 2.0 ± 0.1 1.3 ± 0.1

For each determination three sets of 50 cells were counted. All values are the mean ± SEM.

number of processes per cell, MAP2c induced the
greatest number of processes, whereas tau and mature
MAP2 tended to induce single processes (Figure 4).
Counts of groups of 50 process-bearing cells for
MAP2c revealed that MAP2c had the highest percent-
age of cells with more than three processes, with
-60% compared with -5% and -10% for tau and
mature MAP2. Some MAP2c-expressing cells had as
many as 20 processes. In contrast, tau and mature
MAP2 demonstrated a higher tendency to induce one
process, with -70% and -60% of the cells, respec-
tively, having a single process; for MAP2c, 27% of the
cells presented one process. Control infections with
wild-type baculovirus and viral recombinants ex-
pressing unrelated proteins had no effect on the mor-
phology of the Sf9 cells.
Each of the MAPs expressed here could also be

distinguished in terms of process length. Mature

MAP2 generally induced relatively short processes
(31.0 ± 1.2 ,um). MAP2c also had short processes (26.2
+ 1.0 ,um), but because this isoform tended to induce
multiple processes, the mean summed length of all the
processes was 141.4 ± 6.5 ,um for MAP2c, compared
with 60.4 ± 2.5 ,um for mature MAP2. The total
summed lengths of the processes per cell did not
significantly differ between MAP2c and tau; however,
the mean length of each process was shorter for the
processes induced by MAP2c. The total summed
lengths of the processes and the mean length of each
process did significantly differ between MAP2 and
tau. MAP2-induced processes were shorter than tau-
induced processes.
The caliber of processes induced by mature MAP2

differed from cells expressing MAP2c or tau by their
tendency to taper as measured by a series of points
along the process (Figure 5). The mean width of pro-

Figure 3. Microtubule bundles induced by mature MAP2 and MAP2c in Sf9 cells. Mature MAP2-expressing cells stained for tubulin with
a monoclonal antibody to a-tubulin (clone DM 1A; Sigma) at 48 h (A) and 72 h post-infection (B and C), and MAP2c-expressing cells stained
for tubulin at 24 h post-infection (D) and 36 h post-infection (E and F). Bar, 20 ,im.
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cesses induced by mature MAP2 was significantly
greater at proximal points than at distal points. Prox-
imally the mean width was 4.59 ± 0.2 ,um, and distally
it narrowed to 1.6 ± 0.1 ,m. Comparable proximal
and distal distances for MAP2c-induced processes
were 1.2 +/0.1 gm and 1.0 ± 0.0 ,um, and for tau-
induced processes, 2.0 ± 0.1 ,tm and 1.3 ± 0.1 ,um.
These latter processes were somewhat broader in the
few microns nearest the cell body, but usually did not
exceed 2 ,um even in this region. Rare cells expressing
MAPs other than mature MAP2 had processes that
tapered, and a few cells expressing mature MAP2 had
processes that did not taper. Shared among all pro-
cesses that tapered regardless of the expressed MAP
was a thick (greater than 3 ,m) initial segment. This
observation suggested that any process beginning
with an initial segment of a certain thickness would
taper, and that mature MAP2 tended to induce this
type of process with a much higher significant prob-
ability than other MAPs.

Microtubule Spacing in MAP2-induced Processes
We examined the spacing of microtubules along the
processes induced by MAP2c and mature MAP2. In
previous studies, it was determined that the average
spacing between microtubules in tau-induced pro-
cesses, FS-induced processes, and MAP2c-induced
processes is about 20 nm, but is over 60 nm in pro-
cesses induced by mature MAP2 (Baas et al., 1991;
Chen et al., 1992; Leclerc et al., 1993). Our present
results confirm these previous findings, but indicate
that the issue of microtubule spacing is more complex.
With tau and FS, the variability in microtubule spac-
ing was low (as reflected by a relatively modest stan-
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Figure 4. Histogram of the number of processes per cell induced
by tau, mature MAP2, and MAP2c in Sf9 cells. See RESULTS for
details.

dard deviation), and was not a function of position
along the process. More careful analyses indicated
important differences in the variability of spacing be-
tween microtubules among the processes induced by
MAP2c and mature MAP2. Given that serial recon-
struction of cross-sections is extremely time consum-
ing, we analyzed only a single process induced by
each of the MAPs (Figure 6) and we documented more
extensively the microtubule spacing variability along
processes by analyzing three additional MAP2c- and
MAP2-induced processes in longitudinal sections
(Figure 7). We measured the wall-to-wall spacing be-
tween neighboring microtubules at 50 randomly se-
lected points between microtubules in the proximal,
the middle, and the distal portion of three MAP2c and
mature MAP2-induced processes.
Electron micrographs illustrated the proximodistal

taper decrease in diameter of cross sections taken ap-
proximately 10 ,um apart in a MAP2-induced process
(Figure 6A). We measured the spacing and the cross-
sectional number of microtubules. The spacing be-
tween adjacent microtubules varied for mature MAP2,
but this variability was orderly, with microtubules
getting progressively closer with distance from the cell
body (Figure 6B). At similar intervals of 10 ,um, the
average spacing between microtubules was 90 ± 30.0,
70.9 ± 27.6, 60.2 ± 20.1, and 42.1 ± 18.0 nm (Figure
6D). In parallel studies on MAP2c, the average spacing
between microtubules remained constant at 20-30 nm
along the length of the process (Figure 6D). Further-
more, the microtubule number decreased as a function
of distance along the process: moving distally from the
cell body at 10-,um intervals, the number of microtu-
bules was 556,450, 263, and 110 (Figure 6C). In MAP2c
and tau processes, the number of microtubules re-
mained more consistent along the process (Figure 6C).
Given the technical complexity of serial cross-sec-

tioning, we further examined the spacing between
microtubules using longitudinal sections. MAP2c
showed far more variability, with most microtubules
spaced as closely as with tau (Baas et al. 1991; Chen et
al. 1992) (Figure 7, a-c), but some spaced as far apart
as with mature MAP2 (Figure 7, d-f). The analysis of
microtubule spacing in the longitudinal sections re-
vealed a mean ± SD for the three MAP2c-induced
processes that was 35.19 ± 16.47 in proximal, 37.73 ±
25.67 in the middle portion, and 21.17 ± 14.88 in distal.
The mean ± SD for three mature MAP2-induced pro-
cesses was 90.71 ± 47.02 in proximal, 62.85 ± 18.01 in
the middle portion of the process, and 50.90 ± 22.18 in
distal. In one of these three processes, the spacing
varied less along the process, 71.11 ± 21.80 in proxi-
mal, 61.35 ± 14.07 in the middle portion, and 52.5 ±
24.35 in distal, and the decrease of diameter was also
less apparent (Figure 7, g-i).
The electron micrographs also suggested differences

in the relative "straightness" or "waviness" of micro-
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Figure 5. Graph showing the caliber of the processes induced by
tau, mature MAP2, and MAP2c. Process width was measured as a

function of distance from the cell body for each of the MAP con-

structs. The process diameter was measured at five points along the
process. Mature MAP-2-induced processes presented the greatest
tendency to taper.

tubules. Mature MAP2-induced microtubules showed
the highest proportion of undulations along their
length (Figure 7g). Given that all other parameters
were the same for cells expressing different MAPs,
these undulations were presumably a direct reflection
of the stiffness of the microtubules.

DISCUSSION

We have used baculoviral expression to study the role
of both MAP2c and mature MAP2 in cellular morpho-
genesis. As previously reported, the axonal MAP tau
and both MAP2 isoforms induce process outgrowth in
Sf9 cells. At identical molar ratios, MAP2c, mature
MAP2, and tau give rise to a distinct pattern of process
outgrowth. Sf9 cell expression suggests that MAPs
function in sculpting unique process morphologies, a

property that could not be predicted from the many in
vitro studies (Drechsel et al., 1992). How might MAPs
give rise to unique types of processes? Since the MAP2
isoforms have identical microtubule-binding domains,
and the related MAP, tau, has a homologous binding
domain, the induction of unique types of processes
may arise from their more variable projection do-
mains. One known function of the projection domain
is to set the spacing between microtubules (Chen et al.,
1992). Microtubules in Sf9 cells expressing mature

MAP2 are spaced nearly three times as far apart as the
microtubules in Sf9 cells expressing MAP2c. This con-
straint may then determine microtubule flexibility and
possibly organelle translocation.
Our findings demonstrate that the determinants of

microtubule spacing are more complex than simply
setting a fixed distance with a specific MAP. In Sf9
cells expressing mature MAP2, the number of, and
spacing between, microtubules decreased with dis-
tance from the cell body (Figure 6). Thus, the intro-
duction of a single protein, mature MAP2, resulted in
a variable microtubule organization that changed over
the length of the process. Therefore, the primary se-
quence of the projection domain cannot be the sole
determinant of spacing between neighboring microtu-
bules. One explanation for these observations is that
microtubules spacing is determined not only by the
length of the projection domain, but also by its flexi-
bility. For both MAPs and for the high and medium
molecular weight neurofilament subunits, the phos-
phorylation state appears to regulate structural fea-
tures of these proteins. Tau protein increased in rigid-
ity when phosphorylated (Hagestedt et al., 1989), and
phosphorylation of MAPs does occur in Sf9 cells (Che-
ley et al., 1992).

Differences in phosphorylation along an axon occur
for tau (Mandel et al., 1993) and neurofilaments (de
Waegh et al., 1992). Several studies have shown that
the caliber of myelinated axons is regulated by neuro-
filament number (Hoffman et al., 1987; Cleveland et al.,
1991). Local modulation of neurofilament phosphory-
lation by myelinating Schwann cells controls local
changes in axonal caliber by controlling neurofilament
packing density (de Waegh et al., 1992). The carboxy-
terminal domain of neurofilament subunits form a
sidearm that contains several phosphorylation sites.
Neurofilament sidearms, which are believed to be in-
volved in mediating interactions between neurofila-
ments and neighboring structures, present a high sur-
face charge under heavy phosphorylation, and are
repelled from the surface of the neurofilaments and
from neighboring neurofilaments resulting in greater
distances between neurofilaments. A reduction of
phosphorylation decreases the charge of the sidearms
and consequently induces a closer packing of neuro-
filaments and smaller diameter. Phosphorylation of
MAPs may induce similar repositioning of the MAP2
projection domain and/or may also affect the flexibil-
ity of the MAP2 projection domain. Consequently, a
gradient of MAP2 phosphorylation may result in the
tighter packing of microtubules distally.
Another possibility is that the differences in micro-

tubule spacing may reflect a proximo-distal decreased
concentration of mature MAP2 along the process. In
vitro, it has been shown that MAP2 affects the packing
density of sedimented microtubules whereas tau in-
duces no change (Black, 1987; von Massow et al., 1989).
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These data showed that in microtubules containing
tubulin and equal amounts of tau or MAP2, the
MAP2-containing microtubules are farther apart than
the tau-containing microtubules. Moreover, the spac-
ing between MAP2-containing microtubules increases
proportionally to an increase in MAP2 concentration,
but an increase in tau concentration does not affect the
microtubule spacing. This could explain why we ob-
serve a fairly consistent spacing in tau-induced pro-
cesses even if the amount of tau may change over the
length of the process. It is unclear whether or not
changes in microtubule spacing occur along the length
of bona fide dendrites. In one serial section analysis of
the dendrites of cultured hippocampal neurons, we
found that microtubules near the distal tip of the
dendrite were more closely spaced than microtubules
in more proximal regions of the dendrite (Sharp and
Baas, unpublished data). Additional studies on more
of these dendrites as well as the dendrites from other
types of neurons will be required to determine
whether progressively spaced microtubules consis-
tently characterize bona fide dendrites. At present, we
cannot dismiss the possibility that in the Sf9 system,
differences in microtubule spacing are the result and
not the cause of taper. An additional factor that also
contributes to a proximo-distal decrease of MAP2-
process caliber is the decreased number of microtu-
bules along the process. It has been reported that the
decreased number of microtubules per cross-sectional
area of dendrite is concomitant with a reduction of
caliber proximo-distally (Hillman, 1988). This suggests
that the number of microtubules and spacing between
these microtubules both regulate the diameter of a
process.
Electron microscopy reveals notable differences in

the straightness of the microtubule-induced MAP2
isoforms. The microtubules containing MAP-2c, simi-
lar to those containing tau, were generally straight but
showed occasional contours. In contrast, the microtu-
bules containing mature MAP-2 were significantly
more wavy. In previous work, it was suggested that
the stiffness resulted from coupling of the adjacent
tubulin subunits to one another by the repeated tubu-
lin-binding motifs contained in the microtubule-bind-
ing domain (Matus, 1994). Our studies do not test
whether the microtubule binding domain is the more

Figure 7 (cont). Electron micrographs illustrating longitudinal sec-
tions of MAP2c and mature MAP2-induced processes. In some
cases, the microtubule spacing in MAP2c-induced processes is sim-
ilar to tau-induced processes with an average microtubule spacing
of 30.95 ± 13.03 in proximal (a), 27.86 + 9.90 in the middle portion
(b), and 11.29 ± 10.54 in distal (c). In other cases, the microtubules
are farther apart, with an average spacing of 38.32 ± 17.12 in
proximal (d), 35.41 ± 23.70 in the middle portion (e), and 32.69 ±
10.07 in distal (f). The tapering of the mature MAP2-induced pro-
cesses corresponds to the decrease of microtubule spacing proximo-
distally (g-i). Bar, .25 ,tm.

important part of the MAP-2 molecule with regard to
conferring stiffness onto microtubules. However, com-
parison of MAP2c and mature MAP-2 reveal that the
elongated projection domain of mature MAP2 may
contribute to define the stiffness of the microtubule.
The binding domain probably does confer stiffness to
the microtubule as suggested by Matus (1994), but the
elongated projection domain of mature MAP-2 may
modulate this effect. In fact, it has been shown that the
regions adjacent to the microtubule-binding domain
exert modulatory effects on microtubule binding ac-
tivity (Brandt and Lee, 1993a,b). The inherent flexi-
bility of MAP2 could also influence the flexibility
conferred to microtubules. Phosphorylation of tau in-
creases its rigidity (Hagestedt et al., 1989) and this
modification could alter the flexibility of microtubules.

In contrast to cells expressing mature MAP2, which
have as their salient feature a single tapered process,
cells expressing MAP2c have multiple thin processes.
These very different patterns of process outgrowth
raise the question of how cells regulate process num-
ber. One leading idea is that process emergence from
a particular site on the cell surface requires an inter-
ruption of the integrity of the cortical actin cytoskele-
ton. Microtubule assembly alone is not sufficient for
MAPs to induce process outgrowth in Sf9 cells; corti-
cal actin also influences the phenotype induced by
MAPs. There is evidence that actin acts as a barrier to
influence microtubule organization in Sf9 cells. After
treatment with cytochalasin, tau-expressing cells shift
from single to multiple processes and increased the
rate of process elongation (Knowles et al., 1994). In
MAP2c-transfected mammalian cells, depolymeriza-
tion of actin filaments results in the emergence of
multiple microtubule-bearing processes (Edson et al.,
1993).
The expression of the MAP2c-like construct, FS, in

which 109 amino acids had been deleted from the
region that flanks the microtubule-binding domain,
leads to the induction of an intermediate number of
processes with 23% of the cells bearing more than
three processes compared with 60% of the MAP2c-
expressing cells and 10% of the mature MAP2-ex-
pressing cells (Leclerc et al., 1993). This demonstrates
that the flanking region to the microtubule-binding
domain exerts a modulatory effects on the cellular
activity of MAP2c. This region has been shown to be
necessary to induce microtubule bundling in MAP2c-
transfected COS cells (Umeyama et al., 1993). This
region is present in mature MAP2 that induces a single
process, suggesting that the additional sequence con-
tained in the projection domain of mature MAP2 reg-
ulates the effects exerted by the flanking region to the
microtubule-binding domain. At any stage of the in-
fection, approximately 27% of the MAP2c-expressing
cells develop a single process. In these cells, the mul-
tiple bundles of microtubule form a tight bundle at the
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emergence site of the process. This could signify that
the ability of MAP2c to rearrange the Sf9 cell cytoskel-
eton is a function of time in the cell cycle.
These results provide evidence that MAPs have the

capacity to induce the elaboration of processes with
distinct shapes and suggest a developmental schema
of neuronal process maturation in culture. Initially,
multiple minor neurites extend from a rounded cell, a
phenomenon that can be inhibited with MAP2 anti-
sense oligonucleotide suppression (Caceres et al., 1992)
and perhaps effectuated by MAP2c. Later one neurite
grows rapidly and becomes the axon, a phenomenon
that may be mediated by the onset of tau expression
(Caceres and Kosik, 1990). Finally the remaining mi-
nor neurites thicken in their proximal segments and
begin to taper as they differentiate into dendrites. This
event may be mediated by isoform switching to ma-
ture MAP2. Later in development, the invasion of
neurofilaments, particularly in axons, increases the
volume and sets the caliber of processes (Hoffman et
al., 1987). In this manner, the developmental regula-
tion of MAPs and other cytoskeletal elements contrib-
ute to the staged morphological changes characteristic
of neuronal development.
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