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The major neuronal microtubule-associated protein MAP2 is 
selectively localized in dendrites, where its expression is under 
strong developmental regulation. To learn more about its po- 
tential effects on neuronal morphogenesis and its sorting within 
the neuronal cytoplasm, we have raised transgenic mice that 
express high levels of the embryonic form, MAP2c, in the adult 
brain. One transgenic line expressed higher levels of MAP2c 
than endogenous adult MAP2. This had no detectable effect on 
either the arrangement or morphology of neurons, suggesting 
that although MAP2c is necessary for neuronal morphogenesis 
it is not involved in its regulation. Like endogenous adult MAP2, 
transgenic MAP2c was present in dendrites but not axons, 
indicating that the signal responsible for its cytoplasmic sorting 
is contained within the 1.5 kb of its coding sequence. In situ 
hybridization with specific probes showed that transgenic 

MAP2c mRNA was limited -to cell bodies. Thus, the dendritic 
localization of MAP2c protein cannot be the result of previous 
transport of its mRNA but must depend on a signal associated 
with the protein itself. Furthermore, because the amino acid 
sequence of MAP2c is present in ali forms of MAP2, this signal 
is atso contained within adult high-M, MAP2 protein. This raises 
the possibility that, rather than the conventional scheme of 
mRNA sorting preceding protein localization, the transport of 
adult MAP2 mRNA into dendrites could depend on it being part 
of a translation complex in which the targeting signal is on the 
nascent protein. 

Key words: neuronal differentiation; dendrites; cytoskeleton; 
polarization; transgenic; microtubules; morpkogenesis; devel- 
opment; brain; nervous system; mouse 

The polarized form of neurons depends on the targeting of 
appropriate structural molecules into either axons or dendrites 
(Craig and Banker, 1994). Among these the neuronal 
microtubule-associated protein MAP2 provides a striking exam- 
ple, being present in dendrites but not axons (Matus et al., 1981; 
Bernhardt and Matus, 1984; Caceres et al., 1984; De Camilli et al., 
1984; Matus et al., 1986). Because MAP2 has a profound influ- 
ence on the organization of cellular microtubules (Lewis et al., 
1989; Weisshaar et al., 1992) and their ability to support process 
outgrowth (Chen et al., 1992; Edson et al., 1993), this dendritic 
localization has correspondingly important implications for neu- 
ronal morphogenesis. The molecular mechanism responsible for 
sorting MAP2 within the neuronal cytoplasm is unknown. How- 
ever, in situ hybridization studies have shown that MAP2 mRNA 
is also present in dendrites (Garner et al., 1988; Tucker et al., 
1989; Bruckenstein et al., 1990; Kleiman et al., 1990) so that its 
localization there could depend in principle on previous targeting 
of the mRNA, from which the protein is then synthesized locally. 
The existence of mRNA-based sorting in a variety of systems, 
including Drosophila embryos (Berleth et al., 1988), Xenopus 
oocytes (Melton, 1987; Yisraeli and Melton, 1988), and p-actin in 
myocytes and fibroblasts (Sundell and Singer, 1990; Hill and 
Gunning, 1993), provides precedents for such a mechanism. 

In addition to the adult high-M, forms, MAP2a and MAP2b, 
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MAP2 also occurs as a smaller embryonic form, MAP2c, which is 
normally expressed only during development (Riederer and 
Matus, 1985; Garner and Matus, 1988). Immunohistochemical 
studies have shown that in most areas of the developing brain all 
forms of MAP2, including MAP2c, appear to be limited to den- 
drites (Greenough et al., 1978; Bernhardt and Matus, 1984; Bur- 
goyne and Cumming, 1984). However, unlike the high-M, forms, 
which are always dendritic, MAP2c occurs in the axons of devel- 
oping motor neurons (Tucker et al., 1988; Albala et al., 1995) and 
retinal ganglion cells (Tucker and Matus, 1988). In two previous 
transfection studies, MAP2c was also found to enter axons. 
Meichsner et al. (1993) found that epitope-tagged MAP& en- 
tered all processes of hippocampal neurons transfected in culture, 
and Kanai and Hirokawa (1995) reported similar findings for 
cultured motor neurons. To investigate the underlying sorting 
mechanism further, we have now raised transgenic mice that 
express epitope-labeled MAP2c in the adult brain. These animals 
allow the cytoplasmic distribution of MAP2c to be studied in both 
brain sections and primary cell cultures. The results show that, 
like the larger adult MAP2, MAP2c protein is restricted to den- 
drites in adult neurons. However, unlike the adult forms, the 
MAP2c mRNA does not enter dendrites but remains in cell 
bodies. These observations suggest the existence of a protein- 
based mechanism capable of sorting MAP2 protein isoforms and 
their respective mRNAs within the neuronal cytoplasm. 

In addition to targeting, we raised these MAP2c-transgenic 
mice to determine the consequences of prolonging the expression 
of this embryonic cytoskeletal protein beyond the time when it 
normally disappears from developing neurons. Rather, to our 
surprise, the expression of MAP2c in the adult brain at levels 
greater than endogenous adult MAP2 had no detectable effect on 
neuronal morphology. 
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Figure 1. Expression of embryonic MAP2c in the brains of 
adult transgenic mice.il, B, Western blot analysis of MAP2 
expression in transgenic and nontransgenic mice. Each lane 
contains 40 pg of microtubule protein stained with mono- 
clonal antibodies against MAP2 (A) or the myc epitope (B). 
Lane I, Control nontransgenic mouse; lane 2, a nontrans- 
genie littermate to transgenic mice; lanes 3, 4, two inde- 
pendent transgenic mouse lines. Positions are indicated for 
endogenous adult high M, MAP2 (26), embryonic MAP2 
(2~) and tubulin (T). 
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MATERIALS AND METHODS 
Vector construction and raising of transgenic animals. cDNA encoding rat 
MAP2c (Doll et al., 1990), together with 33 bp encoding an N-terminal 
epitope tag from human c-myc (Munro and Pelham, 1987; Burgin et al., 
1994) was subcloned into vector pact-16, which contains chicken p-actin 
promoter sequences (Fregien and Davidson, 1986; Meichsner et al., 
1993). A fragment containing promoter, coding, and required 3’- 
untranslated vector sequence was excised from the vector by digestion 
with restriction enzymes and purified by agarose gel electrophoresis 
before microinjection into oocytes as described previously (Botteri et al., 
1987). Founder animals and progeny carrying the transgene were identi- 
fied by Southern blot analysis of genomic DNA from tail clippings. 
Microtubules were isolated from brain homogenates by taxol precipita- 
tion (Vallee, 1982) and transgenic and endogenous forms of MAP2 were 
identified by Western blot analysis as described previously (Towbin et al., 
1979). 

Immunohistochemistry. Mice were deeply anesthetized with a mixture 
of 80 mg of ketamine (Ketasol, Grueub) and 24 mg of xylazin (Rompun, 
Baver) uer kg of bodv weight and tixed bv transcardiac perfusion with 4% 
pa;aforLmaldehyde in 100 dM phosphate-buffer, pH 7.4. After dissection, 
brains were immersed overnight in the same fixative and 40 pm sections 
were cut on a Vibratome (Oxford Instruments). Immunoperoxidase stain- 
ing was performed as described previously (Bernhardt and Matus, 1984). 

Cell culture and transfection. 
Hippocampal neuronal cell cultures from both transgenic and 
wild type mice were established at embryonic day 16 (E16) and 
grown over a glial feeder layer (Goslin and Banker, 1991). Trans- 
fection with pact-16 containing the coding sequences of either 
myc-MAP2c or bacterial chloramphenicol acetyl transferase 
(CAT) (Meichsner et al., 1993) was performed at the time of 
plating of the cells using a modified liposome-mediated (DOTAP; 
Boehringer Mannheim, Indianapolis, IN) procedure (Kaech et al., 
in press). Briefly, cells from El6 hippocampus were trypsinized, 
resuspended in HBSS at 4 X 10” cells/ml, and treated with 
DOTAP (20 &ml). After 15 min at 37°C they were resuspended 
with the appropriate DNA at the required concentration (0.5-2.0 
pg/ml) and incubated in suspension for another 40 min before 
plating for 6 hr at 37°C. Coverslips with the transfected cells were 
then inverted over a glial feeder layer as described previously 
(Goslin and Banker, 1991) and maintained for up to 15 d before 
fixation and staining. In each experiment, cells were fixed at three 
or more time points, on days 6, 9, 11, or 15 after transfection, and 
assessed by immunostaining. Cells were fixed for 10 min with 1% 

1 2 3 4 1 2 3 4 

glutaraldehyde in PHEM buffer (60 mM PIPES, 25 mM HEPES, 
10 mM EGTA, and 2 mM MgCl,), pH 6.9, and immunofluores- 
cence double labeling was performed as described previously 
(Matus et al., 1986). 

In situ hybridization. Fresh brain tissue was rapidly frozen in 
isopentane cooled in dry ice, sectioned at 12 pm on a cryostat, and 
mounted on SuperFrost/Plus slides (Menzel-Glaser). Sections 
were fixed for 40 min at room temperature with 4% formaldehyde 
in 50 mM phosphate buffer, pH 7.4, and 150 mM NaCl (PBS). 
After washing three times for 5 min with PBS, they were hybrid- 
ized overnight at 43°C with antisense oligonucleotides that had 
been end-labeled with [35S]dATP for 5 min at 37°C using the 
terminal transferase procedure. The sections were washed as 
follows: twice with 1X SSC plus 10 mM dithiothreitol (DTT) 
at 55°C twice with 0.5 X SSC plus 10 mM DTI at 55°C and, finally, 
once at room temperature with 0.5X SSC plus 10 mM DTT. After 
being dipped in distilled water, they were dehydrated in a 
graded series of alcohols, air-dried, and exposed to p-max film 
(Amersham, Arlington Heights, IL) for 6 weeks. The anti- 
sense oligodeoxynucleotides used were: high-M, MAP2, TACT- 
GCCTCTGGCTCAGATGTAACTI”ITCCCAAGG~ ol-tubulin, 
TGCTTGCCAGCTCCTGTCTCACTGAAGAAG; and MAP2c 
junction, ACCACTTGTTGCTTCTTCCAGTGCAGCTGT. 

RESULTS 
To distinguish transgenic MAP2c from endogenous adult MAP2, 
the transgene construct used in this study was tagged with a 
lo-amino-acid epitope from the human c-myc gene. From 5 
founder mice (FO) containing transgene DNA inserted into the 
genome, two stable lines were established (Fig. lA,B), one of 
which expresses transgenic myc-MAP2c at levels higher than 
endogenous adult high-M, MAP2 (Fig. lA, lane 3). Western blot 
analysis of various tissues including skeletal muscle, heart, kidney, 
liver, lung, and testes failed to detect myc-MAP2c expression 
anywhere other than brain (data not shown). This presumably 
reflects the selective activity of the chick /3-actin promoter se- 
quence used to express the protein. Neuron-specific expression 
from p-actin promoters has also been reported in previous trans- 
fection studies of hippocampal cell cultures (Meichsner et al., 
1993) and motor neurons (Kanai and Hirokawa, 1995). 
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Figure 2. Cresyl violet-stained sections from the brain of a transgenic 
mouse expressing high levels of myc MAP2c. No abnormalities in either 
cell number or arrangement were detectable in either cerebral cortex (A, 
B) or hippocampus (C). Positions are indicated for endogenous adult high 
M, MAP2 (2b), embryonic MAP2 (2c), and tubulin (r). Scale bars, 50 pm. 

Immunohistochemical staining of brain sections from trans- 
genie animals showed expression of myc-MAP2c in most brain 
regions, including the cerebral cortex, hippocampus, striatum, and 
cerebellum, but despite the high levels of expression there was no 
detectable disturbance of tissue structure or cell morphology. 
Cresyl violet-stained sections showed apparently normal arrange- 
ments of cell bodies in all brain areas (Fig. 2). Cell morphologies, 
as revealed by staining with various antibodies against cytoskeletal 
proteins (Fig. 3) were indistinguishable from those of nontrans- 
genie control mice (data not shown). Despite the high level of 
expression, transgenic MAP2c was limited to cell bodies and 
dendrites within the cytoplasm of adult neurons (Fig. 3A). Its 
distribution was thus identical to that of adult high-M, MAP2 (Fig. 
3B) and readily distinguished from the axonal pattern of 
microtubule-associated protein tau (Fig. 3C). A comparable pat- 
tern of distribution was also evident in neuron-enriched cell 
cultures established from the hippocampi of transgenic animals 
that were stained simultaneously with antibodies against the myc 
epitope of transgenic MAP2c and with antibodies against tau (Fig. 
4). The transgenic MAP2c was only present in cell bodies and 
dendrites (Fig. 4A), which were readily distinguishable from tau- 
labeled axons (Fig. 4B). The presence of tau immunostaining 
along dendrites is caused by axons that run along the surface of 
dendritic processes in dispersed hippocampal neuron cultures 
(Goslin and Banker, 1991). 

In a previous study, we observed that myc-MAP2c expressed in 
calcium phosphate-transfected primary hippocampal cultures en- 
tered all neuronal processes (Meichsner et al., 1993). This result 
obviously conflicts with the exclusively dendritic localization that 
we observed in both tissue sections and cultured neurons in the 

present study. To resolve this inconsistency, we repeated the 
transfection experiments with a new procedure that uses 
liposome-mediated transfection (Kaech et al., in press). Using this 
technique, we found that MAP2c was limited to the cell bodies 
and dendrites of transfected hippocampal neurons. This is shown 
by the identical immunohistochemical staining patterns for the 
myc epitope of transgenic MAP2c and endogenous adult MAP2 in 
Figure 5, A and B. The specificity of this distribution pattern was 
shown by expressing the similarly sized bacterial protein CAT 
from the same vector. In this case, the expressed protein appeared 
throughout the entire length of both dendrites and axons (Fig. 
5C). These results indicate that there is no barrier to the entry of 
transgenically expressed foreign proteins into axons, and that the 
restriction of transgenic MAP2c to dendrites reflects the opera- 
tion of a saturable endogenous sorting mechanism. 

Currently known examples of cytoplasmic sorting of mRNAs 
depend on signals situated in their 3’-untranslated sequences 
(Kislauskis and Singer, 1992; Wilhelm and Vale, 1993). However, the 
mycMAP2c construct used to produce our transgenic mice does not 
contain any untranslated sequence from the MAP2 mRNA, indicat- 
ing that the mechanism responsible for its dendritic restriction de- 
pends on a signal situated within the coding sequence. This signal 
could reside in principle either in the protein sequence or in the 
nucleotide sequence of the mRNA. To distinguish between these 
alternatives, we determined the cellular location of endogenous adult 
MAP2 mRNA and the transgenic MAP2c mRNA in sections of 
mouse brain using specific oligonucleotide probes (Fig. 6). The 
transgenic MAP2c was located using a probe directed against the 
unique MAP2c sequence across the splice junction (Papandrikopou- 
lou et al., 1989; Doll et al., 1990; Kindler et al., 1991). This probe gave 
clear labeling on sections of transgenic brain (Fig. 6A) and, as 
expected, there was no signal on brain sections from control non- 
transgenic animals (Fig. 6B). In both the CA region and dentate 
gyrus (dg) region of the hippocampus, the MAP2c mRNA signal was 
restricted to the cell body layer (Fig. 6A). By contrast, a probe 
specific for endogenous adult high-M, MAP2 mRNA confirmed its 
previously described dendritic location (Garner et al., 1988; Tucker 
et al., 1989) in both transgenic and control brain sections (Fig. 6C,D). 
For comparison, Figure 6, E and F, shows the contrasting cell body 
localization of tubulin mRNA. 

DISCUSSION 
By expressing embryonic MAP2c in the adult brain, this study 
provides new insights into the mechanisms that determine the 
targeting of structural proteins within the neuronal cytoplasm. 
Another objective of these experiments was to investigate the 
consequences of expressing embryonic MAP2c beyond the time 
when it normally disappears from the developing brain. Because 
at the end of the neonatal period MAP2c disappears from most 
brain regions and because inhibition of MAP2 expression during 
neuronal differentiation suppresses dendrite growth (Dinsmore 
and Solomon, 1991; Caceres et al., 1992; Sharma et al., 1994), it 
might have been expected that its prolonged expression would 
have a detectable and possibly informative effect on neuronal 
morphogenesis. However, even though one of our transgenic lines 
expressed MAP2c in the adult brain at levels exceeding those of 
endogenous high-Mr MAP2, there was no detectable difference in 
neuronal morphology between these and control animals. In ad- 
dition to the light microscopic and immunohistochemical data 
shown, we also analyzed tissue by Golgi staining and electron 
microscopy, neither of which revealed any detectable difference 
between MAP2ctransgenic and control animals. Although this 
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Figure 3. Immunohistochemical staining of sections from the 
CA1 region of the hippocampus from the brain of a transgenic 
mouse expressing high levels of MAP2c. A, Stained with 
monoclonal antibodies against the myc epitope to visualize 
transgenically expressed MAP2c. B, Neighboring section 
stained with monoclonal antibody AP14 that selectively labels 
the adult high M, forms of MAP2. C, Neighboring section 
stained with rabbit polyclonal antiserum against microtubule- 
associated protein tau (Goedert et al., 1989) that selectively 
labels tau in axons. The layer of pyramidal neuron cell bodies 
is labeled py, and the overlying white matter axon tracts 
(alveus and corpus callosum) wm. Scale bar, 100 pm. 

result at first seemed surprising, the situation may perhaps be 
compared to that of the olfactory system where, as an exception to 
the rest of the brain, neurons continue to express MAP2c during 
adulthood (Viereck et al., 1989; Viereck and Matus, 1990). De- 
spite this, these cells are not morphologically “abnormal” com- 
pared to other neuronal types in the adult brain (Viereck et al., 
1989; Viereck and Matus, 1990). MAP2c is also expressed in 
photosensitive cells of the adult retina (Tucker and Matus, 1988) 
that undergo a daily cycle of shedding and regenerating their 
outer segment disks, which are functionally equivalent to den- 
drites (Young, 1967). The distribution and intensity of anti-MAP2 
staining in these photoreceptor cells does not vary during the 
light/dark cycle (Tucker and Matus, 1988), suggesting that MAP2c 

is not directly involved in regulating outer disk regeneration but 
that it is part of the machinery required for this to occur. Taken 
together with our present findings, these earlier results suggest 
that MAP2c provides a morphogenic potential that is only real- 
ized in tissues in which neuronal circuitry is being formed. Our 
transgenic mice may provide a model for evaluating the potential 
contribution of MAP2c to readjustments of circuitry after lesions 
to brain areas in which it is normally absent in the adult. 

Cytoplasmic distribution of transgenically 
expressed MAP2c 
Despite its high level of expression, transgenic MAP2c was re- 
stricted to dendrites in both tissue sections and cell cultures. This 
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Figure 4. Dendritic localization of MAP2c in cultured hippocampal neurons from transgenic mice. Cultures established at embryonic day 16 and grown 
for 15 d were fixed and double-immunofluorescence-stained with anti-c-myc antibody for transgenic MAP2c (rhodamine; A) and rabbit antibody against 
tau (fluorescein; B). In A some dendrites are identified by arrowheads. Preparations were also made using fluorescein to label anti-c-myc and rhodamine 
to label tau with identical results. Scale bar, 50 pm. 

distribution mirrored that of endogenous adult MAP2 and con- 
trasted strikingly with the axonal distribution of tau. It agrees with 
the dendritic localization of MAP2 found in most areas of both 
the adult and the developing nervous systems (Bernhardt and 
Matus, 1982; Bernhardt and Matus, 1984; Burgoyne and Cum- 
ming, 1984; De Camilli et al., 1984; Bernhardt et al., 1985). 
However, MAP2c-selective immunohistochemical staining is de- 
tectable in the axons of embryonic retinal ganglion cells (Tucker 
and Matus, 1988) and embryonic motor neurons (Tucker et al., 
1988; Albala et al., 1995). It has also been reported that not only 
MAP2c but also high-M,. MAP2 is present in motor neuron axons 
(Papasozomenos et al., 1985). A possible reason for this is the 
exceptional length and diameter of the axons of these cell types, 
which may require MAP2 to lend additional stiffness to their 
microtubules (Matus, 1994). The exceptional nature of these cases 
is shown by the absence of MAP2c from axons of the rat olfactory 
tract, which contain high levels of another embryonic microtubule 
protein, MAP5 (MAPlB) (Viereck et al., 1989). Also in the 
olfactory bulb, where both MAP2c and high-M, MAP2 are ex- 
pressed, immunohistochemical staining patterns for the two forms 
are indistinguishable and limited to dendrites (Viereck et al., 
1989). Although there are some exceptions, the available data 
suggest that in most neurons a mechanism exists, both during 
development and in adulthood, that sorts all forms of MAP2 to 
dendrites. 

MAP2 sorting has also been investigated by transfecting pri- 
mary neurons in cell culture. We initially reported that in rat 
hippocampal cells transfected in vitro epitope-labeled MAP2c 
entered both axons and dendrites (Meichsner et al., 1993). How- 
ever, in the present study, despite high expression levels, MAP2c 
did not enter axons in cultured hippocampal neurons whether 
they were taken from transgenic animals or transfected in vitro 
using a liposome-mediated procedure (Kaech et al., in press). This 
suggests that the calcium phosphate transfection procedure used 
in our previous study may interfere with the normal sorting. 
Recently, it was reported that transfected MAP2c enters axons in 
cultured motor neurons (Kanai and Hirokawa, 1995). However, 
motor neurons belong to a relatively small group of neurons that 

contain immunoreactive MAP2 in their axons during normal 
development (Tucker et al., 1988; Albala et al., 1995). Further- 
more Kanai and Hirokawa (1995) reported that MAP2c was not 
detectable in the axons of cultured embryonic motor neurons that 
had not been transfected, suggesting that in these cells, too, there 
is a preferential association of all MAP2 isoforms with the den- 
dritic compartment under normal circumstances (Albala et al., 
1995). On balance, the available data suggest that in most neurons 
both high-M, MAP2 and MAP2c are sorted to dendrites. 

In situ hybridization studies have shown that not only MAP2 
protein but also its mRNA are present in neuronal dendrites 
(Bruckenstein et al., 1990; Kleiman et al., 1990). This raises the 
possibility that the dendritic localization of MAP2 might result 
from the previous sorting of the mRNA followed by local synthe- 
sis of the protein. However, in our transgenic mice, although 
MAP2c protein was localized in dendrites, its mRNA was present 
only in cell bodies. This indicates that the dendritic location of 
MAP2c protein depends on a signal situated on the protein itself. 
This signal must operate in such a way that for high-M, MAP2 
both the protein and mRNA are localized in the dendrite, 
whereas for MAP2c the protein enters the dendrite but the 
mRNA remains in the cell body. Figure 7 indicates a mechanism 
by which this could be achieved. In this scheme, a signal situated 
near the N terminus of the MAP2 protein, in a region common to 
both high-ll/l, MAP2 (MAP2b) and MAP2c, determines their 
transport into dendrites. For MAP2b this occurs during transla- 
tion (Fig. 7, top), the period necessary for transport of the mRNA 
being provided by the length of time required to translate the -6 
kb of the MAP2b coding sequence, with the possible additional 
involvement of a pause signal within the nucleotide sequence 
(indicated as a loop in Fig. 7, top). For the much shorter coding 
sequence of MAP2c (-1.5 kb), translation would be completed in 
the cell body, releasing the mRNA before transport of the protein 
into the dendrite (Fig. 7, bottom). In addition to the differential 
distribution of the two mRNAs, this mechanism can also account 
for the presence of ribosomes (Steward and Falk, 1991) and the 
active transport of ribosomal RNA into dendrites (Davis et al., 
1987) as part of a MAP2 translation complex. 
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Figure 5. Location of myc-MAP2c in primary hippocam- 
pal neurons transfected in viho. Cultures established at 
embryonic day 16 grown for 11 d were fixed and double- 
immunofluorescence-stained for the myc epitope of 
MAP2c (rhodamine; A) and for MAP2 (fluorescein; B). In 
the strongly expressing cell inA, transfected MAP2c shows 
the same dendritic localization as the endogenous adult 
MAP2 shown in B. A soluble test protein (CAT) expressed 
using the same promoter and transfection procedure is 
distributed throughout dendrites and axons (C). Scale bar, 
50 pm. 

It is also possible that there are two independent mechanisms, 
one that sorts the MAP2 proteins to dendrites and another that 
operates selectively on the 9 kb mRNA of the high-M= MAP2. It 
has been shown previously that inhibition of protein synthesis 

alters the distribution of mRNA in neurons so that mRNAs that 
are normally restricted to the cell body appear in the dendrites 
(Kleiman et al., 1993). One explanation for this finding is that 
mRNAs are retained in the cell body by a translation-dependent 
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Figure 6. Localization of MAP2 and tubulin mRNAs in transgenic mouse hippocampus by in situ hybridization. Sections from brains of either transgenic 
(left) or control (right) mice were incubated with specific 35S-labeled oligonucleotide probes, and the distribution of their target mRNAs was determined 
by autoradiography. Probes specific for the MAP2c-specific splice junction (A, B) gave specific labeling only in transgenic brain sections, and this labeling 
was limited to cell body layer in both the CA region (labeled CM) and dentate gyrus (dg). By contrast, probes specific for endogenous high M, h4AP2 
mRNA labeled both cell bodies and the adjacent dendrite-rich neuropil in both transgenic (C) and control (0) brains. A tubulin control probe labeled 
only cell body layers of CA1 and dentate gyrus neurons (E, F). Scale bar, 0.5 mm. 

mechanism so that all mRNAs that are not translated are trans- 
ported. Such a mechanism might operate selectively on high-Mr 
MAP2 under normal circumstances if its mRNA contained a 
conditional translation pause mechanism, such as that indicated in 
the hypothetical scheme of Figure 7. Such a mechanism would not 
operate on MAP2c, which lacks the central domain of h4AP2 
containing the putative pause signal (Papandrikopoulou et al., 

1989; Kindler et al., 1991). Its 6 kb mRNA consequently would 
remain in the cell body, where translation would occur followed by 
transport of the MAP2c protein into the dendrites. 

Another factor relevant to the interpretation of our data is that 
approximately half the microtubules in dendrites have their “mi- 
nus” ends oriented distally (Baas et al., 1988; Burton, 1988). 
Recent evidence indicates that this nonuniform polarity is estab- 
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Fzgure 7. Diagrammatic representation 
of possible mechanisms for MAP2 trans- 
port signals. The large gray arrow repre- 
sents the putative dendrite-directed trans- 
port mechanism. 1, A transport signal 
(green box) near the N terminus of the 
protein emerges during translation so that 
the translation complex, including the 
adult high-M, protein (2b protein) and 
mRNA (Adult mRNA) and ribosomes (rb) 
are cotransported. A pause signal unique 
to the high-M, mRNA (shown as a loop) 
may act as an additional feature mediating 
mRNA transport. 2, MAP2c mRNA (Em- 
blyonlc mRNA), either because it is shorter 
or because it lacks a pause signal, com- 
pletes its translation in the cell body so 
that only the protein is carried into the 
dendrite. 
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rb 

\ 
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lished by the transport of assembled microtubules into dendr-ites 
with this orientation (Sharp et al., 1995). Because the appearance 
of “minus-end-out” microtubules is temporally correlated with the 
restriction of MAP2 to dendrites, it is possible that MAP2 might 
be transported into dendrites attached to this class of microtu- 
bules. Whatever the scheme involved, the dendritic localization of 
both high- and low-M,. MAP2 protein would require a signal 
common to the protein sequence of all forms. The fact that this 
signal involved is present in the 467 amino acids of MAP2c rather 
than the 1830 amino acids of the adult forms (Doll ct al., 1990; 
Kindler et al., 1991) should greatly simplify the task of character- 
izing both the signal and the mechanism that operates on it. 
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