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The Molecular Composition of Neuronal Microfilaments Is Spatially 
and Temporally Regulated 
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The actin-based microfilament system is thought to play a 
critical role in neuronal development. We have determined 
specific changes in the composition of microfilaments accom- 
panying neuronal morphogenesis. By using specific antibodies 
against the isoforms for tropomyosin (Tm) (Tm-5 and TmBr-l/ 
-3) and actin (p- and y-actin), we found that during early 
morphogenesis in viva immature growing axons contain p- and 
y-actin and Tm-5. In particular, Tm-5 is exclusively located in 
the immature axonal processes relative to the neuronal cell 
body. In contrast, p-actin and Tm-5 are absent in mature, 
quiescent axons. This developmental loss from axons is asso- 
ciated with an approximately twofold downregulation of p-actin 
and Tm-5 levels in the brain; y-actin levels do not change, and 
this molecule is widely distributed throughout neurons during 
development. The loss of p-actin and Tm-5 from axons is 

accompanied by a progressive appearance of TmBr-l/-3. This 
apparent replacement of Tm-5 with TmBr-l/-3 occurs over a 2 
d time period during rat embryonic hindbrain development and 
is conserved in evolution between birds and mammals. The 
loss of Tm-5 from axons involves a redistribution of this mole- 
cule to the cell soma and dendrites. These findings suggest that 
specialized microfilament domains are associated with the de- 
velopment and maintenance of neuronal polarity. We conclude 
that these Tm isoforms and p-actin are subject to specific 
patterns of segregation associated with axonal development 
and neuronal differentiation. This provides a potential molecular 
basis for the temporal and spatial specificity of microfilament 
function during neuronal differentiation. 
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The integral molecular components of nonmuscle microfilaments 
are the actin (y- and p-actin) and tropomyosin (Tm) isoforms 
(Mooseker et al., 1981). Tropomyosins are rod-like proteins that 
bind in a head-to-tail manner and insert into the a-helical groove 
of the actin filaments (Taylor, 1979; Mooseker et al., 1981). At 
present at least 22 Tm isoforms, derived from four genes, have 
been identified in the adult mammal (Beisel and Kennedy, 1994; 
Pittenger et al., 1994). Many of these Tms display tissue or cellular 
specificity such as the neuronal Tms, TmBr3, and TmBr-1 
(Stamm et al., 1993; Weinberger et al., 1993). This array of 
microfilament-specific isoforms suggests that microfilament com- 
position may vary between specific cellular compartments. 

Evidence for the intracellular molecular heterogeneity of mi- 
crofilaments has been derived almost exclusively from in vitro cell 
studies. Microvascular pericytes sort muscle and nonmuscle actin 
isoforms into discrete cytoplasmic domains (De Nofrio et al., 
1989). When monolayers of endothelial and 3T3 cells were in- 
jured, p-actin was found localized in the motile cytoplasm of the 
wound edge and disappeared upon monolayer restoration (Hoock 
et al., 1991). This dynamic model revealed that p-actin was spe- 
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cifically recruited to the leading edge of the cell for motility. 
/3-Actin was also excluded from a specific region of the smooth 
muscle contractile apparatus (North et al., 1994). The Tm-5 
isoform(s) have been found to be localized to both stress fibers 
and the ruffling edges of fibroblasts, in contrast to the larger 
molecular weight Tms that were found localized only to stress 
fibers, indicating molecularly distinct subsets of microfilaments in 
these cells (Lin et al., 1988). 

Recent studies have shown that in addition to sorting specifi- 
cally, microfilament isoforms are functionally distinct. Studies in 
which human p- and y-actin genes were stably transfected into C2 
myoblasts revealed that the protein isoforms can dramatically 
affect cellular morphology even though they differ in primary 
amino acid sequence by only four amino acids (Schevzov et al., 
1992). This may result, at least in part, from the interactions 
between the various actin and Tm isoforms (Schevzov et al., 
1993). Indeed, it has been proposed on the basis of mutant yeast 
(Liu and Bretscher, 1989, 1992) and in vitro studies (for review, 
see Pittenger et al., 1994) that interactions between actin and Tm 
can regulate microfilament stability. Therefore a switch in Tm 
isoforms may be potentially important in the control of the orga- 
nization of microfilaments within the cell, which may result in 
altered cellular function. The developmental regulation of these 
isoforms and their localization to specific cellular compartments is 
likely to have significant implications for neuronal function. 

The development of specific antibody probes for Tms has been 
hampered by the large regions of homology between the isoforms. 
We have developed a panel of antisera raised against synthetic 
peptides modeled on unique regions of the Tms. In this study we 
show that both the levels and localization of specific Tm and actin 
isoforms are developmentally regulated, resulting in molecularly 
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Figure 1. or-Tm, and ar-Tm, gene structure and the isoforms 
potentially identified by the antisera used in this study. Exons 
are represented by boxes and introns are represented by 
lines. The letterA beneath the genes refers to the location of 
polyadenylation sequences. The numbering system of exons 
la to 9d is maintained between the two genes to facilitate 
comparison. This system is based on the nomenclature of 
Lees-Miller et al. (1990). The description of the ol-Tm, gene 
is a combination of data obtained from human (Clayton et 
al., 1988) and rat (Beisel and Kennedy, 1994) genes. Only the 
relevant mRNA transcripts derived from these genes are 
presented. The reader is referred to Lees-Miller et al. (1990) 
((Y-T+) and Beisel and Kennedy (1994) (IX-~&), for a list of 
the transcripts identified from these genes to date. The 
WScu/9c antiserum was raised against a peptide sequence 
coded by exon 9c (arrow, A) of the a-Tm, gene and therefore 
ootentiallv identifies TmBr-1 and TmBr-3 (A). The WS5/9d 
antiserum was raised against a peptide sequence coded by 
exon 9d (arrow, B) of the oc-Tm, gene and therefore poten- 
tially identifies NM1 and NM2 (B), 

distinct microfilament domains that differ between neuronal 
compartments. 

MATERIALS AND METHODS 
Antibody production. Initially, synthetic peptides based on unique COOH 
terminus sequences were synthesized (Macromolecular Resources, Fort 
Collins, CO). Peptide 1 was based on amino acids 222-227 (DKLKCT) of 
the mammalian nonmuscle Tm-5 sequence derived from exon 9d of the 
cu-Tm, gene (Clayton et al., 1988). Peptide 2 was modeled on exon 9c of 
the rat oc-Tm, gene that encodes the sequence comprising amino acids 
261-281 of TmBr-1 and 225-245 of TmBr-3 (HQLQQNRRLTNELK- 
LALNED, Lees-Miller et al., 1990). Both peptides were conjugated to 
keyhole limpet hemocyanin. Peptide 1 was conjugated via a tyrosine 
residue adjacent to the threonine, and peptide 2 was conjugated via a 
cysteine adjacent to the histidine. Both peptides were dissolved in phos- 
phate-buffered saline (PBS), pH 7.4, before injection. In the case of 
peptide 1, conjugated peptide was initially injected intramuscularly in a 
Freund’s complete adjuvant emulsion into 12-week-old New Zealand 
White rabbits. The first boost injection was administered 18 d after the 
primary injection and the second boost 5 weeks later, after which the 
animals were exsanguinated. At each injection 2 mg of peptide was used. 
An identical injection regimen was used with peptide 2, with the excep- 
tion that the 2 mg injected at each interval comprised 0.5 mg unconju- 
gated peptide and 1.5 mg conjugated peptide. Antibody titer was assessed 
by ELISA or dot blot-using the unconjugated peptides as antigens. 
Antisera fWS5/9d and WSol/9c) were then tested bv Western analvsis and 
by immunohistological techniques for their potenGa1 use. p-Act& mono- 
clonal antibody (North et al., 1994) was kindly supplied by Dr. H. 
Langbeheim, and the y-actin polyclonal antibody was‘supplied by Dr. 
J. C. Bulinski. The TM 311 antibodv (a nonisoform-soecific Tm anti- 
body) was obtained from Sigma (St.-Louis, MO). Com&mercial primary 
antibodies used were an antimicrotubule-associated protein 2 (MAP-2) 
antibody (Amersham, Buckinghamshire, England) and a monoclonal 
antibody that specifically recognizes the highly phosphorylated form of 
the 200 kDa component of neurofilaments (NF-Hp, Sternberger Mono- 
clonals, Baltimore, MD). 

Tissuepreparation for microscopy. Tissues were prepared for embedding 
in soft polyester wax (BDH, Poole, England), as described in Sheppard 
et al. (1988). Briefly, immediately after dissection, the tissue was im- 
mersed for 6 hr at 4°C in 5% v/v glacial acetic acid in absolute ethanol 
with changes, dehydrated, and embedded. Sections were cut to 4pm 
thickness unless otherwise described (Sheppard et al., 1988). All slides 
were dewaxed in 50% xylene/50% ethanol and then rehydrated as 
described previously. 

Zmmunohistochemical labeling. Nonspecific binding was blocked by a 
preliminary incubation with 10% v/v normal goat serum (NGS) in PBS, 
pH 7.4. This was followed by incubation for 1 hr with the primary 
antibody in a solution of 2% NGS (v/v)/PBS, pH 7.4. All primary anti- 
bodies were routinely used at a dilution of 1:500. The sections where then 
washed two times in PBS. Subsequently the diluted secondary antibody 
[2% NGS (v/v) PBS, pH 7.41 was applied for 1 hr. 

The secondary antibodies used were goat anti-rabbit IgG-alkaline 
phosphatase (AP) conjugated, rabbit anti-mouse IgG-AP conjugated, 
fluorescein (DTAF) conjugated goat anti-mouse or anti-rabbit IgG, and 
rhodamine (TRITC) conjugated donkey anti-mouse or -rabbit IgG 
(Jackson Immunochemicals, West Grove, PA). The slides were then 
washed two times for 10 min when AP-conjugated secondary antibody 
was used and incubated in a pH 9.5 buffer (0.1 M Tris HCl, 50 IIIM 
MgCI,, 0.1 M NaCI) for 5 min; immunoreactivity was visualized 
by the nitro blue tetrazolium chloride (NBT)/S-bromo-4-chloro-3- 
indolylphosphate-p-toluidine salt (BCIP) color reagent system (Gibco, 
Gaithersburg, MD). 

Western immunoblot analysis and densitometry. SDS-PAGE gels and 
immunoblot transfers were essentially performed as described by Lloyd et 
al. (1992), with the exception that the secondary antibody was conjugated 
to alkaline phosphatase. Protein bands were visualized either by the 
BCIP/NBT color reagent method or by chemoluminescence (Lumiphos, 
Boehringer Mannheim, Sydney, Australia). Densitometry of Western 
blots was performed on the bands obtained on x-ray film using the 
Lumiphos reagent, as described previously (Weinberger et al., 1993). 

Microscopy. A confocal laser scanning microscope (CLSM, Wild Leitz 
Instruments, Heidelberg, Germany) using 25X and 40X objectives (1.3 
NA) was used to analyze fluorescent label distribution on the sections 
(Hill et al., 1994). Tissue sections were optically sectioned in the x-y plane 
(parallel to the substratum, 2 pm slices), and all images were stored on 
optical disk. Slides prepared for light microscopy were visualized using an 
Olympus BH2 photomicroscope. 

RESULTS 
The antisera WS5/9d and WSa/Sc identify 
specific Tm isoforms in the rat and chick 
WScu/9c potentially identifies two Tm isoforms generated from the 
o-Tm, gene, TmBr-1 and TmBr-3, which differ in molecular 
weight (Fig. 1A) (Stamm et al., 1993). Similarly, WS5/9d may 
potentially recognize two isoforms from the cw-Tm, gene, NM1 
and NM2 (Fig. lB), which are based on the predicted amino 
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Figure 2. Western immunoblot characterization of antisera and developmental expression of TmBr-3 and Tm-5 in the rat. Fifteen microgram protein 
samples were separated by SDS-PAGE, transferred to PVDF membranes, and then incubated with appropriate antisera (WS519d for A and C; WSa/9c 
for B and D). Molecular weight markers are indicated on the leff side of each blot. Immunoreactivity was visualized as described in Materials and Methods. 
A and B, (1) Embryonic day (ED) 11 whole embryo; (2) ED13 brain; (3) ED14 brain; (4) ED17 brain; (5) newborn brain; (6) adult whole brain; (7) adult 
cerebellum; (8) adult forebrain; and (9) adult skeletal muscle. All samples are from the rat. Antisera were used at a dilution of 1:400, which is the 
concentration used for all subsequent immunohistology. C and D, (1) Adult rat cerebellum; (2) 2-d-posthatch chick cerebellum; and (3) adult rat 
forebrain. Antisera were used at a dilution of 1:150. Note the presence of nonspecific bands at 70-75 kDa in the rat samples that are absent at a dilution 
of 1:400 (compare with A and B). Two-dimensional gel electrophoresis revealed only one spot migrating at the apparent molecular weights of Tm-5, 
TmBr-3, and TmBr-1 (not shown). E, Densitometric quantitation of Tm-5 and TmBr-3 bands obtained by Western blot analysis from rat brain 
developmental time courses (n = 5). Values were calculated as arbitrary optical density units/microgram protein and then expressed as a percentage of 
the adult value for either Tm-5 or TmBr-3 (mean i: SD). The asterisk indicates that the values are statistically different from those of the adult 
(p < 0.0025), as determined by Student’s t test. 
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Figure 3. Neural specificity of Tm-5 in the ED13 rat embryo. Parasagittal sections of the ED13 rat embryo were incubated with WS5/9d and visualized 
by the AP detection method. A, Preimmune serum (1:400); B, WS519d (1:400). Note the absence of staining of the visceral tissue and other non-nervous 
regions of the embryo. DRG, dorsal root ganglion; Me, medulla; Te, tectum; CC, cerebral cortex; SCP, sacrococcygeal plexus; H, heart. Scale bar, 1 mm. 

sequences (Beisel and Kennedy, 1994) and are very similar 
in size. For’ the sake of simplicity, Tms identified by WSa/9c 
will be referred to as TmBr-l/-3 and those identified by WS5/9d 
as Tm-5. 

Western immunoblot analysis was used to characterize the 
specificity of two new antisera, WS5/9d and WSal9c. The initial 
criteria used to determine whether the antisera were identifying 
the correct isoforms were tissue specificity and apparent molecu- 
lar weight (M,) on SDS-PAGE. The peptide immunogen, mod- 
eled on a segment of the exon 9d amino acid sequence derived 
from the cr-Tm, gene, is not conserved in Tms derived from other 
genes. Figure 2, A and C, shows that a single protein band 
migrating at 29-30 kDa is identified by WS5/9d in chick and rat 
brain but is absent from rat skeletal muscle (Fig. 2A, lane 9). 
Previous data from our laboratories (and others) showed that 
Tm-5 migrates at -29 kDa on SDS-PAGE and is absent from 
mature skeletal muscle (Lin et al., 1988; Schevzov et al., 1993). 
Testing the skeletal muscle sample for Tm immunoreactivity with 
the TM 311 antibody revealed that other Tm isoforms were 
present (not shown). Therefore the absence of the 29-kDa band 
from skeletal muscle is not because of the artifactual loss of Tm 
isoform immunoreactivity. 

WSc~/9c identifies two protein bands in the rat and mouse whole 
brain with apparent molecular weights of 30 and 34 kDa (Fig. 2, 
B and 0). These bands are TmBr-3 and TmBr-1 proteins, respec- 

tively (both possess exon 9c, Lees-Miller et al., 1990), and they are 
also absent from rat muscle (Fig. 2B, lane 9), as expected with 
neuronal-specific molecules (Weinberger et al., 1993; Stamm et 
al., 1993). By comparison with an earlier study that also charac- 
terized an antiserum raised against the exon 9c sequence (Stamm 
et al., 1993) WSol/9c identified protein bands with the same 
apparent molecular weight and tissue specificity. In addition, the 
absence of TmBr-1 in cerebellum was identified in both studies, 
and the targeted exon 9c sequence is not contained in Tm regions 
coded by other exons from the ol-Tm, or other genes (GenBank 
search). Therefore, we can conclude that WSai9c specifically 
recognizes only Tm isoforms that possess the sequence encoded 
by exon 9c. 

In the chicken cerebellar samples, three bands were identified 
at 30,32, and 47 kDa by the WSr~/9c antiserum (Fig. 20, lane 2). 
The only exon 9c containing mRNA species identified in the 
chicken is BRT-1, which is transcribed from the /3-Tm gene 
(Forty-Schaudies and Hughes, 1991). On the basis of the pre- 
dicted amino acid sequence, it is larger than TmBr-1, and there- 
fore we tentatively suggest that the 47-50 kDa band is BRT-1 
protein in both species. The 30 and 32 kDa bands are most likely 
to represent the chicken a-Tm, equivalents of TmBr-3 and 
TmBr-1, respectively. The recognition of protein in the chicken 
forebrain sample was considerably weaker than equivalent rat 
brain samples (Fig. 20, lanes 1 and 2) whereas the signal ob- 
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Figure 5. TmBr-l/-3 replaces Tm-5 in the maturing axons of the medulla. Parasagittal (B-E) or transverse sections (A) of embryonic rat brain were 
incubated with primaly antisera WS5/9d for A-D and with WSoli9c for E, and immunoreactivity was visualized by the AP detection method, as described 
in Materials and Methods. Numbers on the left side of each panel represent embryonic ages. At ED12 (A), axonal staining is clearly visible in the medulla 
(open awow) in the earliest differentiating neurons, whereas immunoreactivity cannot be detected in the cell bodies (solid arrowhead). Tm-5 is absent from 
cells at the ventricular zone (~4) and postmitotic neuroblasts. At ED15 (B), staining has increased because of the increase in axonal number and density 
(open arrow), although cell bodies are still not positive for Tm-5 (solid arrowhead). By ED17 (C), axonal staining for Tm-5 is absent, whereas neuronal 
somata (0, arrows) are positive for the first time. However, at ED17 TmBr-U-3 (E), staining is now present on axons of the medulla, replacing Tm-5. 
Earlier developmental time points show no TmBr-l/-3 immunoreactivity in the medulla. Scale bar, 10 Frn for A, B, C, and E and 16 pm for D. 

tained by immunohistochemistry was comparable between species 
(compare Figs. 6B and SF). It is possible that sequence differences 
between species become exaggerated in the denatured state of the 
Tms, resulting in lower avidity of Ig binding. 

Levels of TmBr-l/-3 and Tm-5/9d are differentially 
regulated during rat nervous system development 
Figure 2E represents the quantitation of Tm-5 and TmBr-3 levels 
in rat brain during development obtained by densitometrically 
scanning Western blots, one of which is shown in Figure 2, A and 
B. Tm-5 was present at significant levels at embryonic day (ED) 
11, the earliest time point assessed. Between ED11 and ED13, 
Tm-5 levels almost doubled and thereafter declined almost two- 
fold to adult levels. In contrast to the early embryonic presence of 
Tm-5, TmBr-l/-3 levels are barely detectable before ED17. In the 
period between ED17 and birth, TmBr-l/-3 levels more than 
doubled, with a subsequent additional increase after birth to the 
adult. Therefore, the developmental regulation of levels of these 
Tm isoforms is distinct during neuronal differentiation. 

Tm-5 is neuron-specific and exclusively localized to 
immature, growing axons in the early rat embryo 
Immunohistological analysis reveals that Tm-5 is widely distrib- 
uted throughout the nervous system of the ED13 rat embryo and 

t 

is virtually absent from non-neural tissue (Fig. 3B). Figure 4 shows 
the subcellular localization of Tm-5 in four different regions of the 
rat ED13 nervous system. Figure 4A shows a dense network of 
axons in the spinal cord immunoreactive for Tm-5. (Fig. U). 
Similarly, intense axonal staining is seen with WS519d antiserum 
in the dorsal root ganglia (Fig. 4B) and tectum (Fig. 4C), whereas 
neuronal cell bodies are unstained (Fig. 4B,C, arrowheads). Tm-5 
immunoreactivity is shown in a nerve bundle innervating the 
developing lower jaw of the embryo where axonal branching is 
visible (Fig. 40). This localization pattern suggests an important 
role of Tm-5 in axonal development. In addition, the failure to 
detect Tm-5 in the cell bodies indicates spatial heterogeneity in 
microfilament composition at the early stages of neuronal differ- 
entiation that is associated with the development of neuronal 
polarity. 

Tm isoform replacement occurs rapidly between 
ED15 and ED17 in the rat embryonic medulla 
The absence of Tm-5 from undifferentiated neuroblasts is clearly 
visible in the ED12 medulla (Fig. 5A). At this stage of medullary 
development, early differentiating neurons can be identified at the 
marginal zone, and short axonal processes are clearly visible (open 
awowheads, Fig. 5A). There is a developmental increase in the 

Fipre 4. Localization of Tm-S to axons in the ED13 rat embryo. Four micrometer parasagittal sections were incubated with WS519d antiserum and 
immunoreactivity visualized by the AP detection method, as described in Materials and Methods. A, Spinal cord; B, dorsal root ganglia; C, tectum; and 
D, nerve bundle innervating the lower jaw of the embryo. Arrowhead in B and C points to regions in which cell bodies are clearly discernible. Somatic 
staining was not observed, even after exposure to the color reagent for more than 1.5 hr. The color reaction was routinely stopped after lo-15 min. Scale 
bars, 50 pm for A-C and 12.5 Km for D. 
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Figure Z Comparison of Tm-5 distribution to MAP-2 and the phosphorylated isoform of NF-H (NF-Hp) in Purkinje neurons. The AP detection system 
was used to identify MAP-2 (A), Tm-5 (B), and NF-Hp (C) immunoreactivity in parasagittal sections of the cerebellum. Arrowheads point to Purkinje cell 
bodies and arrows follow the course of the central apical dendrite of the Purkinje cell. The staining distribution is almost identical for MAP-2 and Tm-5 
in Purkinje cells. Note the absence of white matter staining (wm) for Tm-5. NF-Hp, an axonal marker, shows a completely different distribution in the 
cerebellum, with axons coursing past the Purkinje cell bodies; axons are present in the molecular layer where the Purkinje cell dendrites reside. Scale bar 
in the bottom comer of A, 20 pm. 

staining of this brain region concomitant with an increase in 
axonal density until ED15 (Fig. 5B). By ED17, however, staining 
of axons in the medulla has almost completely disappeared (Fig. 
5C), and for the first time we were able to visualize neuronal cell 
body positivity for Tm-5 (Fig. 5D, awows). Therefore, within a 2 d 
period, Tm-5 is lost from axons in the medulla and appears on 
neuronal somata. However, the loss of Tm-5 immunoreactivity in 
axons is complemented by the appearance of TmBr-l/-3 immu- 
noreactivity for the first time on these structures at ED17 (Fig. SE, 
awows). There is no staining for TmBr-U-3 in the medulla at 
ED15 (not shown). This indicates that the composition of neuro- 
nal microfilaments in this short time period has been reorganized 
and that Tm isoform “switching” (or replacement) is occurring 
within different neuronal structures and most dramatically in the 
axons. 

t 

Tm-5 and TmBr-l/-3 show a distinct intracellular 
distribution in the adult CNS 

In contrast to the predominantly axonal staining seen in the early 
embryonic time points, the WS5/9d antibody detects Tm-5 only in 
the somatodendritic compartment of neurons in the adult rat 
brain. Figure 6A shows the intracellular localization of Tm-5 in 
Purkinje cells of the cerebellum. Tm-5 was not observed in the 
white matter (wm), comprising axons of Purkinje neurons, incom- 
ing mossy fibers, and climbing fibers of the inferior olive. We were 
also unable to detect positive immunoreactivity of Purkinje cell 
axons emanating directly from the cell bodies even in 2 pm 
sections (not shown) or in the parallel fibers (granule cell axons) 
that populate the molecular layer (ml, Fig. 6A). In contrast, the 
Purkinje cell bodies (pcl) and their dendrites in the molecular 

F&re 6. Tm-5 and TmBr-11-3 are localized to specific structures within the adult rat brain. Parasagittal sections of adult rat brain were incubated with 
primary antisera (WS5/9d, A and C; WSo/9c, B and D) and immunoreactivity visualized by the AP detection method. A, B, and D are cerebellum, and 
C is hippocampus. Tm-5 is somatodendritically localized in mature neurons, as seen in the Purkinje neurons of the cerebellum (A) and pyramidal neurons 
of the CA3 region of the hippocampus (C; regional confirmation was provided by the rat brain atlas of Paxinos and Watson, 1986). This somatodendritic 
localization was observed on all planes of section through the cerebellar folia. Axonal staining is absent in all regions of the cerebellum (A) but is 
particularly noticeable in white matter (wm) and the molecular layer (ml). The hippocampal CA3 stratum radiatum (C, SY) and the stratum oriens (C, so) 
are both devoid of axonal staining. The CA3 region receives a very dense axonal input from the mossy fibers of the dentate gyrus, which run perpendicular 
to the pyramidal cell dendrites. Staining of these axons is clearly absent in the SY. Punctate staining in the so therefore most likely represents the basal 
dendrites of the pyramidal neurons. In contrast, TmBr-U-3 displays a very broad distribution within the cerebellum, although it is present at lower levels 
in the somatic cytoplasm and dendrites of Purkinje cells. Within the cerebellum (B), parallel fibers that comprise much of the molecular layer (ml) seem 
to be strongly positive, whereas the white matter axons (wm) stain positively as well. D shows a high-power micrograph of a Purkinje cell. The open arrow 
points to the cell soma, which is weakly positive for TmBr-U-3 as is the apical dendrite (solid awows). Much of the staining around the dendrites seems 
to be parallel fibers in cross section. ml, molecular layer;&, Purkinje cell layer; igl, internal granular layer; wm, white matter; SV, blood vessel; awowhead, 
glomerulus; sp, stratum pyramidale; so, stratum oriens. Scale bars, 40 wrn for A-C and 10 km for D. 
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Figure 8. Localization of Tm-5 and TmBr-l/-3 in the developing chick cerebellum. Four micrometer parasagittal sections of chick cerebellum were 
incubated with WSS/9d (A-C) and WSc~/9c (D-F) antisera. Tmmunoreactivity was visualized by the AP detection system. Solid arrows indicate dendrites, 
and open CZYYOWS point to axons. At ED15, Tm-5 (A) is present predominantly on the axon of an immature Purkinje cell with a diminished staining of 
dendrites. By ED17 (B), intense staining is present on both the axon and the dendrites of Purkinje cells. By hatch, the predominantly somatodendritic 
localization of Tm-5 is evident. This mature intracellular distribution of Tm-5 is similar to that observed in the rat (compare Fig. 6A). In contrast, 
TmBr-l/-3 is not present in ED15 Purkinje cells (0). However, by ED17 (E), TmBr-U-3 is present on both axons and dendrites of Purkinje cells. Therefore 
at ED17, TmBr-l/-3 and Tm-5 are localized to the same neuronal structures. By hatch, there is little staining of TmBr-U-3 in the cell body in a manner 
that is similar to that observed in the adult neuron of the rat (compare Fig. 6, B and D). From ED17 to hatch is a period during which the Tm isoforms 
segregate to their final, mature locations. Scale bar, 10 pm. 

layer stained strongly with WS5/9d (Fig. 6A). This predominant 
somatodendritic localization of Tm-5 seems to be consistent 
throughout the brain, as seen in hippocampal pyramidal neurons 
(Fig. 6C). The localization of Tm-5 was compared with MAP2, a 
somatodendritic marker (Matus et al., 1981; Caceres et al., 1984) 
and the phosphorylated form of the 200 kDa neurofilament pro- 

tein (NF-Hp), an axonal marker (Sternberger and Sternberger, 
1983). Within Purkinje cells, Tm-5 (Fig. 7B) showed an identical 
distribution to that of MAP2 (Fig. 7A), which contrasted to the 
axonal pattern observed with NF-Hp (Fig. 7C). Although we 
cannot rule out the presence of Tm-5 from axons entirely, we 
conclude that Tm-5 is overwhelmingly somatodendritic in local- 
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Figure 9. Levels of /3- and y-actin during development of the rat brain. 
Samples of brain protein were subjected to SDS-PAGE and Western blot 
analysis. Values were expressed as arbitrary optical density units/micro- 
gram protein and then expressed as a percentage of the adult value for 
either /3- or 3” actin (mean 5 SD, IZ = 5). 

ization in the mature neuron, It should be noted that not all 
neurons stain strongly, because this antibody does not detect 
granule neurons in the cerebellum under these conditions, indi- 
cating that different classes of neurons possess varying levels 
of Tm-5. 

By contrast, TmBr-l/-3 seems to be predominantly present on 
axons in the cerebellum. Purkinje cell bodies and dendrites stain 
considerably weaker for TmBr-l/-3 (Fig. 60, arrows) than do 
axons of the white matter (Fig. 68) and parallel fiber axons 
surrounding the Purkinje cell dendrites (Fig. 60). Cell bodies of 
granule neurons (igl, Fig. 68) and within the molecular layer (ml, 
Fig. 6B) also show little if any staining for TmBr-U-3. The cere- 
bellar molecular layer reveals the greatest immunoreactivity for 
TmBr-U-3 (Fig. 6B). The molecular layer is a region of intense 
synaptic activity and contains Purkinje, stellate, basket, and Golgi 
neuron dendrites, and stellate, basket, granule, and climbing fiber 
axons. Intense TmBr-l/-3 immunoreactivity is also present in the 
synaptic glomeruli of the internal granule layer (igl), which are 
present between the granule cell bodies (Fig. 6B, arrowhead). This 
pattern of staining is similar to that obtained by Had et al. (1994) 
using a similar antibody raised to a synthetic peptide modeled on 
the 9c exon. 

In summary, both Tm-5 and TmBr-l/-3 show very different 
distributions in the adult rat brain. Tm-5 seems to be somatoden- 
dritic in localization in the brain in contrast to its axonal distri- 
bution in the embryo, whereas TmBr-U-3 is present predomi- 
nantly on axons, with considerably weaker staining seen on cell 
bodies and dendrites. These findings suggest that the localization 
of Tms contributes to the development and maintenance of neu- 
ronal polarity. 

Tm isoform replacement in developing axons is 
conserved in evolution between birds and mammals 
The chick cerebellum offers an excellent model of neuronal dif- 
ferentiation in which the histogenesis is largely conserved between 
birds and mammals. It also allows the developmental investigation 
of isoform localization within a clearly identifiable population of 

neurons, Purkinje cells. Our initial investigations showed that the 
distribution of Tm-5 and TmBr-U-3 in the posthatch chick cere- 
bellum was very similar to that of the mature rodent (compare 
Fig. 8C, F, with Fig. 6A, 0). Therefore the cellular and intracel- 
lular specificities of these Tm isoforms is conserved between birds 
and mammals, providing strong evidence for the importance of 
these molecules in neuronal microfilament function and their 
potential role in the development of neuronal morphology. 

At ED1.5, most chick Purkinje cells have stopped migrating 
from the interior of the cerebellum and are present in a relatively 
disorganized fashion around what later becomes the Purkinje cell 
layer (Mugniani, 1969; Altman, 1972). Purkinje cells extend a 
clearly discernible axon during their migration, whereas at ED15 
they do not yet possess the characteristic apical dendrite but 
instead display smaller, temporary dendrites (Fig. 8A) (Armengol 
and Sotelo, 1991). In ED15 Purkinje cells in which dendrites (Fig. 
8A, solid arrows) and axons (Fig. 8A, clear arrows) were clearly 
discernible, Tm-5 was diminished in intensity in dendrites relative 
to the axon, confirming the predominantly axonal localization of 
this Tm during the early stages of neuronal differentiation seen in 
the rat. By ED17, intense staining of both the apical dendrite (Fig. 
8B, solid arrows) and the axon (Fig. 8B, clear arrows) was observed. 
At hatch, Tm-5 showed a somatodendritic distribution (Fig. 8C) 
similar to that observed in the rat. 

In contrast, TmBr-U-3 was virtually absent from ED15 Purkinje 
cells (Fig. SD) and was first observed in these neurons at ED17 
(Fig. 8E). The delayed expression of this Tm isoform is similar to 
our earlier findings in the mammal. At ED17, TmBr-l/-3 is 
present throughout the Purkinje cell in both dendrites (Fig. 8E, 
solid arrows) and axons (Fig. 8E, clear arrows), which is similar to 
the pattern observed for Tm-5 (Fig. 8B). By hatch, the majority of 
TmBr-l/-3 staining is lost from the cell body, although there is 
strong staining of the molecular layer that is densely packed with 
axons. Staining of the axonal tracts in the white matter was clearly 
visible at hatch (not shown). 

The colocalization of Tm-5 and TmBr-l/-3 reveals that ED17 is 
a critical period of microfilament reorganization within chick 
Purkinje cells, after which sorting and segregation of Tm-5 and 
TmBr-l/-3 into specific intracellular compartments occurs to pro- 
duce an essentially adult pattern at hatch (Fig. 8C,F). The loss of 
Tm-5 from maturing axons and its replacement with TmBr-l/-3 
seems to be a general phenomenon that is retained between the 
avian and mammalian central nervous systems. 

@Actin levels are developmentally regulated in 
rat brain 
The developmental regulation of the Tm isoforms suggested that 
amounts of the actin isoforms change during development. Figure 
9 shows the relative levels of /3- and y-actin during rat brain 
development. The levels of y-actin did not significantly alter from 
ED11 to adult. In contrast, a twofold downregulation of p-actin 
was observed between ED17 and adult. This downregulation was 
similar to that observed for Tm-5 (Fig. 2E). 

P-Actin is present in immature, developing axons but 
is absent from mature, quiescent axons 
To examine where the downregulation of /3-actin was occurring, we 
investigated the immunohistochemical localization of p- and y-actin 
in the developing rat brain. Figure 10 shows the staining patterns of 
p- and y-actin at ED17 and adult in the medulla encompassing the 
period of decline in @actin levels shown in Figure 9. Both p- and 
y-actin can be seen universally expressed on both axonal tracts (white 
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Figure 10. P-Actin is lost from axons in the rat medulla between ED17 and adult. Parasagittal sections of rat brain were incubated with actin isoform 
specific antibodies (anti-p-actin, monoclonal mouse; y-actin polyclonal rabbit), and immunoreactivity was visualized by the AP method. y-Actin was 
present on all neuronal structures at ED17 (A), with axonal tracts clearly visible (A, white awow). Similarly, p-actin showed a similar distribution at ED17 
(B). Both cell bodies (B, awowhead) and axonal tracts (B, white arrows) showed p-actin immunoreactivity. By adult (C), diffuse y-actin staining could still 
be seen on cell bodies (C, awow) and axonal tracts (C, open arrows). However, p-actin was virtually absent from axons in the adult medulla (0, open 
arrows). Staining of these axonal tracts was slightly above that of background (compare to Fig. 4C). Scale bar, 15 pm. 

uwows, Fig. 10, B and A, respectively) as well as in cell bodies (Fig. 
lOB, awowhead). By adult, y-actin is still seen in axonal tracts of the 
medulla (Fig. lOC, clear awows), and @actin is virtually absent from 
axonal tracts (Fig. lOD, clear avows). 

Double-label immunofluorescence studies revealed that the 
relative absence of p-actin from axons was a widespread phenom- 
enon in the adult brain. Figure 11 shows that although y-actin was 
present at high levels in axonal tracts of the striatum and olfactory 
bulb (Fig. 11A and asterisk in C), p-actin was absent from axons in 
these regions (Fig. llB,D). However, /3-actin was found in regions 
adjacent to the axonal tracts that contained cell bodies (Fig. llD, 
open awow), in glial cells (Fig. llB,D, solid arrows), and in blood 
vessels (Fig. llB, open arrow). The p-actin associated with 

mature Purkinje cell bodies is present in a discrete, punctate 
manner at the periphery of the cell body (Fig. llF), which is in 
direct contrast to the broad distribution of y-actin in these 
neurons (Fig. 11E). These studies indicate that the develop- 
mental downregulation of p-actin can be accounted for at least 
in part by the loss of /3-actin from axons with increasing 
maturity, and that p-actin is associated with mature neurons in 
a highly specific distribution. 

We conclude that both sets of Tm isoforms and /3-actin are 
subject to specific patterns of segregation associated with axonal 
development and neuronal differentiation. This provides a poten- 
tial molecular basis for the temporal and spatial specificity of 
microfilament function during neuronal differentiation. 

Figure 11. Double-label immunolocalization of y-and p-actin in the adult rat brain. Optical sections (1 pm) with the confocal microscope were obtained 
from manually sectioned tissue that had been incubated with primary and fluorescent secondary antibodies essentially as described by Hill et al. (1994). 
y-Actin data are presented in A, C, and E, and p-actin data are presented in B, D, and F. In striatal axon tracts, y-actin intensely stains the axons (A), 
whereas p-actin is absent in the axons but is present at high levels in glial cell bodies and processes (B, avows) and in blood vessels (open arrows). For 
reference, an arrow in A points to the same glial cell body indicated in B. In the olfactory bulb (C), y-actin is broadly distributed and clearly visible in 
an axonal tract (asterisk) that appears as an “avenue” bctwccn regions containing ccl1 bodies (open awows). In contrast, /3-actin (0) is barely present on 
the axons, although staining for this isoform is strong in a glial cell within the tract and in the adjacent cell body-containing regions (0, open arrow). In 
an oblique section through the cerebellum, two Purkinje cell layers can be visualized (E, F). y-Actin (E) is present throughout the Purkinje cells and 
weaker in the cytoplasm and seems to be most intensely associated with the cell wall and the regions between the neurons. In contrast, P-actin (F) staining 
appears in a punctate pattern associated with the cell membrane and is absent from the Purkinje cell cytoplasm. Scale bars, 10 pm. 
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Figure 12. Summary of the developmental localization of 
Tm-5, TmBr-U-3, and y- and fi-actin. Intensity of staining is 
scored by the number of + symbols, with + + + indicating 

Tm-5 

TmBr-U-3 - 

+++ (a) + (s, d); ++ (ah) +++ (s, d) 
+++ (4 

++ (a, ah, s. d) + (s, d); +++ (a) 
the strongest staining and -- representing the absence of 
staining. n, axon; ah, axon hillock; s, soma; d, dendrites; d?, p-actin +++ 6) +u (a, ah, s) N.S. +++ (s, d?) 
presence on dendrites is not clearly observed but inferred 
from the pattern of staining; N.S., not shown. y-actin +++ (s) +++ (a. ah. s) N.S. +++ (a. ah. s. d ) 

DISCUSSION 

The molecular composition of neuronal microfilaments 
is spatially and temporally regulated 
Figure 12 summarizes the findings on localization of the actin and 
Tm isoforms from the neuroblast stage to the mature neuron. 
Both sets of Tm isoforms are absent from neuroblasts and are 
expressed only in response to neuronal differentiation. This is 
similar to the situation observed with PC12 cells stimulated to 
differentiate in the presence of nerve growth factor, where TmBr- 
U-3 mRNA levels could be induced only under conditions in 
which the cells were able to differentiate into a neuronal pheno- 
type (Weinberger et al., 1993). Which Tms are expressed in 
neuroblasts is not known. What is clear from this and our earlier 
studies (Weinberger et al., 1993) is that neuronal differentiation is 
accompanied by the expression of a unique repertoire of Tm 
isoforms. 

In differentiating neurons of the rat embryo (developing neuron 
I, Fig. 12), there was a very tight spatial regulation of Tm-5. Tm-5 
was expressed only in developing axons, being completely absent 
from the neuronal cell soma during the early stages of neuronal 
differentiation, This indicates that a specialized microfilament 
domain is associated with axonal development and neuronal po- 
larity. This targeting of Tm-5 generally occurs well before den- 
drites have elaborated and seems to be independent of neuronal 
type. By comparison, the microtubule-associated protein, tau, 
does not seem to segregate to the axon until well after dendrites 
have been extended (Kosik and Finch, 1987). 

Purkinje neurons clearly show the gradual shift in localization 
of Tm-5 from the axon in developing neurons to the somatoden- 
dritic compartment in the mature neuron (mature neuron, Fig. 12). 
In immature Purkinje neurons that have elaborated dendrites and 
axons (developing neuron Z1, Fig. 12) Tm-5 immunoreactivity is 
present throughout the cell, although at earlier stages it seems to 
be concentrated at the axonal pole. In the adult avian and rat 
brain, the localization of Tm-5 is clearly somatodendritic. This 
shift of Tm-5 from one pole of the neuron to the other is unusual, 
and to our knowledge has not been observed for any other 
cytoskeletal component. There are two possible explanations for 
these observations: (1) either a single isoform shifts from one 
location to the other; or (2) inasmuch as our Tm-5 antibody 
potentially recognizes two distinct molecules (NM1 and NM2, Fig. 
lB), one molecule is lost from the axon (for example, NMZ), 
whereas the other (for example, NM2) appears in the somatoden- 
dritic compartment. The latter is the simpler alternative, although 
our data at present cannot discriminate between them. Neverthe- 
less, both alternatives indicate that the composition of adult 

axonal microfilaments is distinct from those in the soma and 
dendrites. 

The loss of Tm-5 from axons is compensated for by its replace- 
ment with TmBr-U-3. In the mature neuron, TmBr-l/-3 is found 
predominantly in the axon (mature neuron, Fig. 12) which is 
consistent with its being located presynaptically (Had et al., 1994). 
Based on our findings in the Purkinje neuron, however, TmBr-l/-3 
is initially colocalized with Tm-5 at the time that Tm-5 has 
relocated to all neuronal compartments. This pattern of colocal- 
ization preceding segregation of Tm isoforms is similar to that 
observed in vitro for MAP-2 and tau (Kosik and Finch, 1987). It 
remains to be determined whether the mechanisms of targeting 
Tms and MAPS share common features. 

The loss of one Tm isoform from axons and its replacement by 
another suggests that different isoforms compete for inclusion 
into specific structures. In vitro studies using yeast (Drees et al., 
1995) and mammalian Tms produced in bacteria (Pittenger and 
Helfman, 1992) have shown that Tms can compete for binding to 
F-actin, which is the result of their varying strengths of interaction 
with actin filaments. With the synthesis of TmBr-l/-3 and its 
delivery to the axon, Tm-5 may not be able to compete as effec- 
tively for inclusion into axonal microfilaments, which could result 
in the preferential turnover of Tm-5 and its loss from axons. It is 
noteworthy that the localization of these two isoforms is recipro- 
cal at each end of the developmental spectrum of the neuron. 
TmBr-l/-3 is present at lower levels in the adult Purkinje cell body 
and dendrites, possibly permitting Tm-5 to compete effectively 
into somatodendritic microfilaments in the mature neuron. The 
competitiveness of any Tm isoform is likely to be a combination of 
how these molecules are targeted to cellular structures and their 
specific affinities for the actin polymer. 

The molecular heterogeneity of microfilaments is not only 
defined by the spatial and temporal regulation of the Tms. The 
levels and localization of one of its two core components, @actin, 
also vary in the developing brain. P-Actin is present in immature 
axons but is virtually absent from mature axons (mature neuron, 
Fig. 12). In addition, p-actin is distributed in a nonuniform punc- 
tate manner around the Purkinje cell soma. y-Actin, however, is 
present throughout all observed regions of the developing and 
mature brain. Segregation of p- and y-actin has also been found 
in the gut (Yao et al., 1995) and in endothelial and fibroblast cell 
monolayers that have been wounded in vitro (Hoock et al., 1991). 
In contrast, tubulin isoforms, which are the primary components 
of microtubules, show no segregation between neuronal compart- 
ments in vivo (Ginzburg et al., 1985; Burgoyne et al., 1988). 
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Molecular heterogeneity may contribute to neuronal 
microfilament function and morphogenesis 
Actin filaments are enriched within dendritic spines (Fifkova and 
Delay, 1982; Matus et al., 1982; Caceres et al., 1983; Cohen et al., 
1985). Although as yet untested, it has been suggested that these 
actin filaments function in harnessing molecules such as neuro- 
transmitter receptors at their appropriate position on the postsyn- 
aptic surface and may modulate synaptic function (Fifkova and 
Delay, 1982; Matus et al., 1982). Within the squid giant axon there 
are microfilaments of varying lengths, orientation, and stability 
(Morris and Lasek, 1984; Fath and Lasek, 1988). Similarly, growth 
cones have at least two populations of microfilaments that differ in 
both polarity and organization (Lewis and Bridgman, 1992). 
These findings show that microfilaments exhibit structural heter- 
ogeneity and regionalization within neurons. The present study 
raises the possibility that the biochemical and structural proper- 
ties of these microfilaments are a function of the type of Tm or 
actin isoforms present within a given neuronal compartment. 
Support for this hypothesis has been provided by a number of 
lines of evidence including in vitro assays, cell transfection, and 
mutant yeast studies, each of which is discussed below. 

A number of mammalian Tm isoforms can differentially regu- 
late the stability of actin filaments by protecting against the 
actin-severing properties of gelsolin and binding actin with differ- 
ent affinities (Ishikawa et al., 1989; Pittenger and Helfman, 
1992). Nonmuscle Tm isoforms can also differentially regulate 
other biochemical properties of microfilaments, including the 
magnesium-dependent ATPase activity associated with myosin 
(for review, see Pittenger et al., 1994). 

Recent studies have implicated Tms in the regulation of cell 
shape and development. In yeast, deletion of a major Tm isoform 
resulted in the loss of actin cables and the disruption of vesicular 
transport and development (Liu and Bretscher, 1989, 1992). 
Warren et al. (1995) showed that transfection of a chimeric 
Tm-5/Tm-3 DNA into CHO cells resulted in aberrant cell division 
and cytokinesis. Based on earlier work (Novy et al., 1993), which 
showed that the chimeric protein possesses a very high affinity for 
actin filaments and can displace Tm-5 and Tm-3, the authors 
suggested that the chimeric Tm is functioning in a dominant 
negative fashion to disrupt microfilament function. These studies 
combined with our localization data suggest that Tms play specific 
roles in the control of microfilament organization within distinct 
neuronal compartments. 

Transfection of the human /3-actin gene into C2 myoblasts 
resulted in increased cell size and spreading. In addition, /3-actin 
protein is present and its mRNA is concentrated in the motile 
ruffling edges of fibroblasts under normal conditions (Hill et al., 
1994; Kislauskis et al., 1994). When the targeting of p-actin 
mRNA to the cell periphery is disrupted and consequently levels 
of p-actin in this peripheral pool decrease, the organization of 
microfilaments at the leading edge, as well as cell morphology, is 
altered (Kislauskis et al., 1994). These findings provide strong 
evidence for a role of p-actin in membrane modeling that seems 
to be at least partially dependent on the availability of /3-actin 
mRNA. The presence of /3-actin in the developing but not the 
mature axon therefore may reflect a role in membrane growth that 
is no longer required in the adult neuron. 

In summary, we have shown that the molecular composition of 
neuronal microfilaments is both spatially and temporally regu- 
lated. The molecular diversity of microfilaments may provide 
altered structural properties that could generate unique morpho- 

logical patterns in neurons. In particular, specialized microfila- 
ment domains may be associated with the development and main- 
tenance of neuronal polarity. 
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