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Mammalian microtubule-associated protein 2 (MAPS) exists 
in high-molecular-weight (M, -280,000) and low-molecular- 
weight (M, -70,000) forms, with the latter protein being more 
abundant in embryonic brain homogenates than in prepa- 
rations from mature brain (Riederer and Matus, 1985). In the 
current study, we have shown that avian MAP2 also exists 
as both high- (M, -260,000) and low-molecular-weight (M, 
-65,000) forms whose relative abundance changes during 
brain maturation, indicating a conserved function for these 
proteins during vertebrate neuronal morphogenesis. Using 
indirect immunohistochemistry, we have determined the cel- 
lular distribution of the high- and low-molecular-weight forms 
of MAP2 in the developing avian cerebellum. In the embry- 
onic cerebellum, low-molecular-weight MAP2 is found in the 
external granular layer and in epithelial cells. High-molecu- 
lar-weight MAP2 is found only in neurons that have com- 
menced dendrogenesis, i.e., Purkinje cells and neurons with- 
in the internal granular layer. Thus, low-molecular-weight 
MAP2 is not only more abundant in embryonic nervous tissue 
than in the adult, but it also appears in glia and in differen- 
tiating neurons before the high-molecular-weight form. We 
have also shown that in the mature cerebellum high-molec- 
ular-weight MAP2 cannot be detected with monoclonal an- 
tibodies or polyclonal antisera in Purkinje cell dendrites. 
Polyclonal antisera against the regulatory subunit of the 
CAMP-dependent protein kinase, which is associated with 
MAP2 in the Purkinje cell dendrites of the rat, also fail to 
stain Purkinje cell dendrites in the mature quail cerebellum. 
This suggests that high-molecular-weight MAP2 may be nec- 
essary for the establishment of dendrites but is not neces- 
sary for the maintenance of dendritic form. 

Microtubule-associated proteins (MAPS) have been implicated 
as key regulators of the morphogenesis, function, and mainte- 
nance of the nervous system. For example, brain MAPS have 
been shown to be developmentally regulated, with their molec- 
ular form and abundance undergoing substantial changes during 
development (Nunez, 1986; Matus, 1988). Moreover, immu- 
nohistochemical studies with monoclonal antibodies have shown 
that many MAPS are compartmentalized within neurons, being 
enriched in either axons or dendrites, and in vitro studies have 
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shown that a number of MAPS promote the assembly of tubulin 
into microtubules and stabilize the resulting microtubules against 
the depolymerizing effects of cold and various pharmacological 
agents (Olmsted, 1986; Matus, 1988). The most abundant MAP 
in the mammalian CNS, MAP2, displays each of these char- 
acteristics: (1) There are 2 closely related high-molecular-weight 
(HMW) forms of MAP2, MAP2a, and MAP2b, which change 
in relative abundance during development (Binder et al., 1984; 
Burgoyne and Cummings, 1984); (2) MAP2 is found in dendrites 
and only rarely in axons (e.g., Caceres et al., 1984; DeCamilli 
et al., 1984; Huber and Matus, 1984b); and (3) MAP2 stabilizes 
and promotes the assembly of microtubules in vitro (Murphy 
and Borisy, 1975; Sloboda et al., 1976; Herzog and Weber, 
1978). 

Recently, a low-molecular-weight (LMW) form of MAP2, 
MAP2c, has been described in the rat (Riederer and Matus, 
1985; Garner et al., 1988). Initially shown to be related to HMW 
MAP2 by a common monoclonal antibody epitope, the LMW 
form of MAP2 is probably encoded by the same gene as HMW 
MAP2 (Garner and Matus, 1988). In contrast to MAP2a, MAP2c 
is plentiful in embryonic and neonatal rat brain homogenates, 
and decreases dramatically in abundance during the second week 
of postnatal development. 

Using MAP2 monoclonal antibodies and polyclonal antisera, 
we have studied the distribution and developmental regulation 
of HMW and LMW MAP2 forms during the morphogenesis of 
the avian cerebellum. By using an avian model system, we have 
been able to determine which aspects of the intracellular com- 
partmentalization and changes in MAP2 form are conserved, 
implying a fundamental function, in 2 classes of vertebrates. 
Furthermore, by comparing the onset of expression and local- 
ization of the HMW and LMW forms of MAP2 in differentiating 
tissue, it is now possible to envisage the function of MAP2 
during neuronal morphogenesis more clearly. 

Materials and Methods 
Experimental animals. Quail (Coturnix coturnix) eggs were kept at 37°C 
in a humidified incubator until embryonic day 10 (ElO), E12, or El4 
(a day before hatching). Juvenile quail (9 d after hatching, P9) were used 
as a source of mature (no or greatly reduced external granular layer) 
cerebellums. 

Monoclonal antibodies and polyclonal antisera. The production and 
characterization of several of the monoclonal antibodies to microtubule 
proteins used in this study have been described in detail elsewhere 
(AP14: Binder et al., 1986; MAb/C: Huber and Matus, 1984b; Tu27b: 
Binder et al., 1986). Monoclonal antibody AP14 recognizes only the 
HMW forms of MAP2 on Western blots of mammalian brain micro- 
tubule protein (Binder et al., 1986), whereas monoclonal antibody C 
(MAb/C) recognizes both ofthe HMW forms of MAP2, as well as LMW 
MAP2 (Riederer and Matus, 1985). Tu27b is specific for fl-tubulin. The 
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Figure 1. Immunoblots of P9 quail and adult rat brain microtubule 
proteins stained with monoclonal antibodies and polyclonal antisera to 
MAPZ. Molecular weights are indicated by dashes at the far right (from 
top to bottom: M, 200,000, 116,000, 95,000, 66,000, and 45,000). 
Monoclonal antibody AP14 stains the HMW MAP2 doublet (MAP2a 
and MAP2b) in the rat preparation and a single band with an apparent 
molecular weight of -260,000 on quail microtubule immunoblots. 
Monoclonal antibodies C and API 8, as well as polyclonal antisera PX2, 
stain the same HMW MAP2 bands as AP14, as well as a LMW (M, 
-65,000) doublet on the quail immunoblot. LMW MAP2 can be 
detected immunohistochemically by staining adjacent sections with AP14 
and an antibody that recognizes both HMW and LMW MAP2 (e.g., C); 
the differences between the staining patterns will represent the LMW 
form of MAPZ. 

specificity of MAP2 monoclonal antibody AP18, which was raised ac- 
cording to the methods described in Binder et al. (1986), was determined 
by Western blotting (see below). Polyclonal antisera against MAP2 (PX2) 
was raised using a HMW MAP from adult Xenopus laevis brain as an 
antigen. In brief, a HMW band with an apparent molecular weight 
corresponding to mammalian MAP2 was cut from an SDS-polyacryl- 
amide gel, homogenized in PBS with Freund’s complete adjuvant, and 
injected into the peritoneum of a Balb/c mouse. After 3 immunizations 
with the antigen mixed in Freund’s incomplete adjuvant, the serum was 
collected and screened by immunoblotting (see below). The affinity- 
purified rabbit antisera to bovine heart R,, has been described elsewhere 
(Hemmings et al., 1986). 

Protein preparations and immunoblotting. Adult rat brain and P9 
quail brain cold-warm cycled microtubules were made essentially as 
described by Karr et al. (1979). Brain supematant proteins were made 
from ElO, E14, and P9 quail by centrifuging brain homogenates at 
90,000 x g for 45 min at 4°C in MES buffer (0.1 M morpholinoeth- 
anesulfonic acid, 1 mM EGTA, 0.5 mM MgCl,; pH 6.6). Protein con- 
centrations were determined by the BioRad microassay procedure. In 
order to determine if the different bands composing LMW-MAP2 in 
the quail were the result of phosphorylation, approximately 30 pg of 
supematant proteins were treated overnight with 5 U of calf intestinal 
alkaline phosphatase (CIP; Boehringer Mannheim) in Tris buffer (0.1 
M Tris, 1 mM EGTA; pH 8.0) at 37°C or in Tris buffer alone under the 
same conditions. Approximately equal amounts of quail and rat brain 
microtubule proteins (4 pg/3 mm lane) or brain supematant proteins 
from the different developmental ages (1.5 &3 mm) were separated on 
a 3-l 5% gradient SDS-polyacrylamide gel (Laemmli, 1970) and trans- 
ferred electrophoretically to nitrocellulose filters (Towbin et al., 1979). 
Transferred molecular-weight standards were stained with Ponceau red. 

CIP- CIP+ 

Figure 2. Immunoblots of embryonic and mature quail brain super- 
natant proteins stained with monoclonal antibody C. Molecular weights 
are indicated by dashes at the far right (from top to bottom: M, 200,000, 
116,000, 95,000, 66,000, and 45,000). The relative abundance of the 
LMW form of MAP2 decreases as the brain matures (A). When the 
same proteins are incubated with calf intestinal alkaline phosphatase 
(CIP), the multiple LMW MAP2 bands resolve into a single M, 65,000 
band (B), indicating that the heterogeneity of LMW MAP2 forms is due 
to phosphorylation. 

Nitrocellulose filters with transferred brain proteins were blocked with 
5% skim milk in PBS, incubated in the MAP2 monoclonal antibodies 
(diluted hybridoma supematants, 1:20 in PBS) or polyclonal antisera 
(diluted 1:400 in PBS) for 2 hr, rinsed in PBS, and incubated for 1 hr 
with HRP-conjugated rabbit anti-mouse IgG (1:500 in PBS; Dakopatts). 
The antibodies were visualized using chloronaphthol as chromogen. 

Immunohistochemistry. Whole embryonic quail heads or freshly dis- 
sected P9 cerebellums were fixed by immersion in cold 4% parafor- 
maldehyde in potassium phosphate buffer (0.1 M, pH 7.5) for 4 hr. The 
tissue was then rinsed in PBS (0.1 M, pH 7.5) and cryoprotected in 25Oh 
sucrose/PBS overnight. Heads or cerebellums were embedded in O.C.T. 
compound (Miles), frozen, and sectioned sagittally at 20 pm in a Rei- 
chert-Jung model 2700 cryostat. Serial sections were collected on gel- 
atin-coated slides, air-dried for 2-3 hr, rinsed in PBS, blocked in 0.5% 
BSA, and incubated overnight with monoclonal antibodies (hybridoma 
supematants) or polyclonal antisera diluted in 0.5% BSA/PBS. Control 
sections were treated identically except for incubation in 0.5% BSA/ 
PBS without antibodies. Since MAP epitopes can be masked in situ by 
phosphorylation (Papasozomenos and Binder, 1987) some sections were 
treated with CIP before incubation with the MAP2 monoclonal anti- 
bodies (Stemberger and Stemberger, 1983; Tucker et al., 1988a). After 
monoclonal antibody incubation, sections were rinsed in PBS and in- 
cubated for 2 hr in rhodamine-conjugated rabbit anti-mouse IgG (Dako- 
patts) or fluorescein-conjugated goat anti-rabbit IgG (Dakopatts). Sec- 
tions were rinsed in PBS, counterstained with Hoechst nuclear dye 
(bisbenzimidine H 33258, Riedel-de Ha&n), and coverslipped in 50% 
glycerol with 1% azide. 

Results 
Qua11 have both HM W and LM W forms of MAP2 
The specificity of each of the MAP2 monoclonal antibodies and 
the polyclonal antisera used for immunohistochemistry was 
tested by immunoblotting (Fig. 1). AP14 recognizes the HMW 



The Journal of Neuroscience, December 1988, 8(12) 4505 

Figure 3. Immunohistochemical staining of adjacent sections of the El0 quail cerebellum photographed at low (A-D) and high (E-G) magnification. 
Monoclonal antibody AP 14 (A, E) reveals HMW MAP2 in the deep cerebellar nuclei (n), Purkinje cells (P), and cells scattered in the granular layer 
t&l). The external granular layer (egl, arrowheads) is unstained. Low (B) and high (F) magnification of an adjacent section stained with monoclonal 
antibody C reveals a pattern similar to the AP 14 staining pattern, except for staining in the external granular layer (arrows). The ,&tubulin monoclonal 
antibody Tu27 (0, G) stains Purkinje cells intensely and the remainder of the El 0 cerebellum relatively uniformly. Sections incubated with secondary 
antibody alone are unstained (0). 

MAP2 doublet (M, -280,000) on blots of adult rat brain mi- bution can be determined by staining adjacent sections with 
crotubules and a single HMW band (M, - 260,000) on blots of monoclonal antibodies AP14 and C. 
quail brain microtubules. An identical staining pattern is ob- 
served on immunoblots stained with monoclonal antibodies C LMW MAP2 is developmentally regulated in quail 
and AP18, as well as polyclonal antisera PX2. The latter 3 In order to ascertain changes in the patterns of expression of 
antibodies and antisera also stain a doublet with an electropho- MAP2 during quail brain development, brain supematant pro- 
retie mobility similar (M, -65,000) to rat MAP2c. Thus, the teins from the 3 developmental stages used for immunohisto- 
quail, like the rat, has a LMW form of MAP2, and its distri- chemical analysis were immunoblotted and stained with mono- 
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clonal antibody C (Fig. 2A). At El0 and E14, LMW MAP2 is 
relatively abundant in brain supematants, but 9 dafter hatching, 
LMW MAP2 is no longer detectable by immunoblotting. LMW 
MAP2 is still present at P9, as can be seen when it is enriched 
in the microtubule fraction blotted in Figure 1. Thus, LMW 
MAP2 is developmentally regulated in the quail as it is in the 
rat (Riederer and Matus, 1985). It is abundant in the embryo 
but is relatively scarce compared with HMW MAP2 in more 
mature brain. 

LMW MAP2 in the embryonic quail brain resolves as 2-4 
bands. Since HMW MAP2 can be phosphorylated (Sloboda et 
al., 1976) we were interested in determining if the apparent 
heterogeneity of LMW MAP2 in the quail was the result of 
different levels of phosphorylation. After treatment in CIP, LMW 
MAP2 resolves into a faint doublet or a single band with an 
apparent molecular weight of 65,000 (Fig. 2B), indicating that 
the complexity of LMW MAP2 is probably the result of different 
levels of protein phosphorylation. 

MAP2 forms in the developing cerebellum 
In the El0 cerebellum, the HMW-specific MAP2 monoclonal 
antibody AP14 stains the Purkinje cell layer intensely, as well 
as the deep cerebellar nuclei and cells scattered throughout the 
granular layer (Fig. 3A). The external granular layer is com- 
pletely unstained by AP14 (Fig. 3E). In contrast, MAb/C stains 
the external granular layer, as well as scattered cells in the gran- 
ular layer, the Purkinje cell layer, and cells of the deep cerebellar 
nuclei (Fig. 3, B, 0. The inner portion of the external granular 
layer is stained more intensely than the outer portion. The stain- 
ing with MAb/C resembles the staining seen with the P-tubulin 
monoclonal antibody (Tu27b), except that the latter monoclonal 
antibody does not stain the cells of the deep nuclei as intensely 
as MAb/C (Fig. 3, C, G). Control sections are completely un- 
stained (Fig. 30). 

In the E 14 cerebellum, the AP 14 staining pattern is essentially 
unchanged from the pattern at ElO: the external granular layer 
and developing molecular layer and white matter are completely 
unstained, whereas the Purkinje cells and cells within the gran- 
ular layer are stained intensely (Fig. 4, A, E). Cells within the 
deep cerebellar nuclei are also stained. MAb/C stains the ex- 
ternal granular layer, as well as the cells stained by AP14 (Fig. 
4, B, fl. MAb/C also stains the Bergmann fibers of the devel- 
oping Golgi epithelial cells intensely. The MAWC pattern re- 
sembles the anti-p-tubulin (Tu27b) staining pattern (Fig. 4, C, 
G), except that the latter antibody stains the developing molec- 
ular layer intensely. This staining probably represents parallel 
fibers. The staining patterns with both of the MAP2 monoclonal 
antibodies were not changed when the sections were first treated 
with CIP under conditions known to remove phosphate groups 
from MAPS (results not shown). 

Thus, in the embryonic avian cerebellum, LMW MAP2, which 
is stained by MAWC but not AP14 (Fig. l), is found in the 
external granular layer and Bergmann fibers, whereas the HMW 
form of MAP2 is limited to Purkinje cells, cells of the granular 
layer, and cells of the deep cerebellar nuclei. 

MAP2 forms in the mature cerebellum 
The HMW MAP2-specific monoclonal antibody (AP14) stains 
cells of the granular layer intensely at P9 (Figs. 5A, 6A). Within 
the molecular layer, stellate cells as well as vertically coursing 
beaded processes are stained. Parallel fibers and the white matter 
are unstained. Interestingly, Purkinje cells, which are stained 

intensely by AP14 in the embryonic cerebellum, are not stained 
by AP 14 in the mature cerebellum. The HMW and LMW MAP2 
monoclonal antibody (MAbK), like AP14, stains stellate cells 
and beaded processes in the molecular layer, as well as the 
granular layer (Figs. 5B, 6B). Additionally, there is staining 
adjacent to the pia in the molecular layer, as well as in smooth, 
vertical processes in the molecular layer. The former staining 
most likely is found in the terminal expansions of Golgi epi- 
thelial cells and possibly the remnants of the external granular 
layer, whereas the smooth processes are Bergmann fibers. The 
white matter is unstained by MAWC, except for scattered in- 
temeurons. As in the El0 and El4 cerebellum, the staining 
patterns with both AP14 and C monoclonal antibodies were 
similar in sections treated with CIP and untreated sections (Fig. 
6, C, 0). In contrast to the staining patterns seen with the MAP2 
monoclonal antibodies, the fi-tubulin monoclonal antibody 
(Tu27b) stains the molecular layer more intensely than the gran- 
ular layer (Fig. SC’). The white matter, Purkinje cells and their 
dendrites, and the terminal expansions and Bergmann fibers of 
epithelial cells are also stained. 

MAP2 cannot be detected in mature Purkinje cell dendrites 
Since MAP2 could not be detected with either AP14 or MAbl 
C in Purkinje cells in the P9 cerebellum, even following alkaline 
phosphatase treatment, we were interested in determining if this 
could be due to some other form of epitope masking or the 
limited cross-reactivity of antibodies raised against mammalian 
MAP2 in quail tissue. We therefore stained adjacent sections 
of P9 quail cerebellum with AP14 and MAb/C, as well as a 
third MAP2 monoclonal antibody to MAP2, AP18, and a poly- 
clonal antiserum raised against a protein from amphibian brain 
that resembled mammalian MAP2 on SDS-PAGE (PX2). MAP2 
cannot be detected in P9 quail Purkinje cells by any of the 3 
monoclonal antibodies, nor the polyclonal antisera (Fig. 7A-D). 
The staining patterns with the 2 monoclonal antibodies that 
stain both HMW and LMW MAP2 (C and AP18) and PX2 
were indistinguishable: Each stained the molecular layer faintly 
as well as the outer rim of the cerebellar cortex (i.e., the endfeet 
of Bergmann fibers and the remnants of the external granular 
layer); all of the antibodies and the antisera stained stellate cells 
and cells within the granular layer intensely. 

P9 quail cerebellums were also stained with polyclonal anti- 
sera against the regulatory subunit of the type II CAMP-depen- 
dent protein kinase, R,,. The R,, subunit is known to bind to 
MAP2 from the mammalian brain (Vallee et al., 198 1; Theur- 
kauf and Vallee, 1982; Lohmann et al., 1984), and immuno- 
histochemical studies have shown that it is frequently codistrib- 
uted with MAP2 in mammalian brain (DeCamilli et al., 1986). 
Our R,, antibody stains Purkinje cell dendrites and the primary 
dendrites of pyramidal cells in the rat cerebral cortex, processes 
that are also stained with our antibodies to MAP2 (results not 
shown). In contrast, in the quail, R,, is not found in Purkinje 
cells or their dendrites in the P9 cerebellum: anti-R,, staining is 
limited to thin processes surrounding the Purkinje cell body, 
the interior portion of the molecular layer, and in the granular 
layer and white matter (Fig. 40). This staining pattern corre- 
sponds to the distribution of climbing fibers, which enter the 
cerebellar cortex from the white matter, and are intimately as- 
sociated with Purkinje cell bodies and dendrites. Thus, a protein 
that is known to be associated with MAP2 in mammalian Pur- 
kinje cells is absent from these processes in the quail, where 
there is also no detectable MAP2. 
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Figure 4. Immunohistochemical staining of adjacent sections ofthe El4 quail cerebellum photographed at low (A-D) and high (E-G) magnification. 
Monoclonal antibody AP14 (A, E) stains Purkinje cells (P) and cells within the granular layer (gZ). The molecular layer (m[) and external granular 
layer (egl) are completely unstained. In contrast, monoclonal antibody c (B, F) stains the external granular layer (egl) and Bergmann fibers, which 
appear as points in these slightly oblique sections of the external granular layer (arrows). The staining pattern with anti-fi-tubulin (C, G) resembles 
the monoclonal antibody C staining pattern, except that the molecular layer (ml) is stained intensely. Control sections (0) are completely unstained. 

Discussion 
MAP2 is developmentally regulated in the quail 
In the rat, the abundance of a LMW (M, 70,000) form of MAP2, 
MAP2c, is developmentally regulated (Riederer and Matus, 
1985). A homologous protein exists in the quail: A M, 65,000 
protein is recognized in embryonic quail brain homogenates by 
the same monoclonal antibody (MAb/C) that was used to iden- 
tify MAP2c in the rat, and the abundance of this protein relative 

to the HMW form of MAP2 decreases dramatically soon after 
hatching. The conserved antigenicity, form, and regulation of 
LMW MAP2 in 2 classes of vertebrates suggests a fundamental 
role for this protein in development of the nervous system. 

LMW MAP2 appears before HMW MAP2 in the developing 
cerebellum 
Peptide mapping and molecular cloning have revealed that LMW 
MAP2 is apparently identical or very similar to a portion of 
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Figure 5. Immunohistochemical staining of adjacent sections of the P9 quail cerebellum. A, Monoclonal antibody AP14 stains the granular layer 
(gl) intensely, as well as scattered cells and processes in the molecular layer (ml). Purkinje cells (P) are completely unstained (see Figs. 6 and 7). B, 
Monoclonal antibody C stains the same cells as AP14, as well as Bergmann fibers and their terminal expansions adjacent to the pia (arrows). This 
area also contains a l-cell-thick external granular layer. C, Anti-&tubulin (Tu27) stains parallel fibers in the molecular layer, as well as Purkinje 
cell bodies and their dendrites (arrows). D, R,, is associated with MAP2 in the Purkinje cells of the rat (not shown), but in the quail, anti-R,, stains 
processes corresponding to climbing fibers. Purkinje cells and their dendrites are not stained by anti-R,,. E, Control section treated with a TRITC- 
conjugated second antibody (control for Figs. 4,4-c). F, Control section treated with a FITC-conjugated second antibody (control for Fig. 40). 
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Figure 6. Immunohistochemical staining of the P9 quail cerebellar cortex with monoclonal antibodies to MAP2 with and without calf intestinal 
alkaline phosphatase (CIP) treatment. A, In sections untreated by CIP, AP14 stains beaded processes in the molecular layer (ml), as well as the cell 
bodies and dendrites of basket cells and stellate cells (s). Purkinje cells are completely unstained (open arrows). Granule cells are stained intensely 
(gl). B, In untreated sections, monoclonal antibody C stains the same cells as AP14, as well as the remnants of the external granular layer and the 
terminal expansions of Golgi epithelial cells (arrows) and the Bergmann fibers of these cells (arrowheads). Purkinje cells (open arrows) are completely 
unstained. C and D, Following CIP, the AP14 and monoclonal antibody C staining patterns are unchanged, indicating that the absence of MAP2 
staining in Purkinje cells is not due to epitope masking by phosphorylation. 

HMW MAP2 (Garner and Matus, 1988; Garner et al., 1988). 
This is supported by the fact that none of the antibodies tested 
so far by us have recognized only LMW MAP2; all stain either 
the HMW form alone or both HMW and LMW forms. Without 
a LMW MAP2-specific antibody, we have determined the his- 
tological distribution of LMW MAP2 by subtracting the staining 
pattern of a HMW-specific monoclonal antibody (AP14) from 
the staining pattern of a monoclonal antibody that recognizes 
both HMW and LMW forms (MAb/C). In this way, we are able 
to deduce the distribution of LMW MAP2 in regions where it 
is not codistributed with the HMW MAP2. There are a number 
of arguments that support the validity of this method: (1) AP14 
consistently recognizes a subset of the MAWC staining pattern, 
as would be expected if the latter antibody stained the same 
protein as the former, as well as a second protein; (2) the dif- 
ferences between the 2 staining patterns are the most dramatic 
in the embryo, when LMW MAP2 is readily detectable on im- 
munoblots of brain protein; (3) treatment of sections with al- 
kaline phosphatase (under conditions known to strip phosphate 

‘groups from MAPS) does not affect the AP14 staining pattern, 
indicating that the more restricted staining seen with AP14 is 
not simply the result of epitope masking in some cells by phos- 
phorylation (see also Tucker et al., 1988a); and (4) we have also 

stained P9 quail cerebellum sections with a third monoclonal 
antibody to MAP2 (AP18) and a polyclonal antiserum that rec- 
ognizes LMW MAP2, and these stain the same structures that 
are stained by MAWC. We have recently used the “subtraction 
method” for localizing LMW MAP2 in the developing retina 
(Tucker et al., 1988a), spinal cord, and primary cultures of sen- 
sory neurons (Tucker et al., 1988b). 

On immunoblots ofbrain proteins from both the rat and quail, 
both HMW and LMW forms of MAP2 are present at the earliest 
stages examined. Here, we report immunohistochemical evi- 
dence that LMW MAP2 is not simply more abundant in em- 
bryonic neurons, but exists in neurons before HMW MAP2 
appears. Our findings are summarized schematically in Figure 
8. In the El0 and E 14 quail cerebellum, LMW MAP2 is found 
in the external granular layer, which is composed of the mitotic 
and postmitotic progenitors of granule cells and stellate cells. 
In contrast, HMW MAP2 is found in more mature neurons: 
cells of the deep cerebellar nuclei and Purkinje cells, which are 
stained by AP14 at ElO, are among the first neurons in the 
cerebellum to differentiate (Ramon y Cajal, 1929). HMW MAP2- 
staining is intense in the granule cells only after these cells have 
reached their mature configuration in the granular layer. There- 
fore, LMW MAP2 is not only more abundant in the embryo 
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Figure 7. Adjacent sections of a P9 quail cerebellum stained with 3 monoclonal antibodies to MAP2 (AP14, C, and AP18) and polyclonal anti- 
MAP2 sera (PX2). The granule cell layer (gr) and stellate cells (3) within the molecular layer (ml) are stained with each of the monoclonal antibodies 
and polyclonal antisera, but Purkinje cells (open arrows) and their dendrites are unstained. 

than in the adult but also appears in developing neurons (granule 
cells and stellate cells) before the HMW form of MAP2. 

HM W MAP2 and dendrogenesis 
In the adult mammalian CNS, the HMW form of MAP2 is 
more abundant in dendrites than in axons (Matus et al., 198 1; 
Vallee, 1982; Bernhardt and Matus, 1984; Caceres et al., 1984; 
DeCamilli et al., 1984; Huber and Matus, 1984b). We have 
recently shown that the appearance of HMW MAP2 succeeds 
axonogenesis and, instead, is correlated with the onset of den- 
drite formation. Retinal ganglion cells and spinal motor neurons 
do not stain with AP14 until well after the onset of axon for- 
mation by these cells but comparable to the timing of dendrite 
formation (Tucker et al., 1988a, b). In the current study we show 
that cerebellar granule cells do not stain with AP14 until they 
have reached their final location in the granular layer, where 
they generate their dendritic tree. Thus, the microdifferentiation 
of the neuron is accompanied from the onset by the compart- 
mentalization of HMW MAP2, suggesting a fundamental role 
for this protein in the formation of dendrites (see also Bernhardt 
and Matus, 1982; Bernhardt et al., 1985). 

MAP2 is not found in mature quail Purkinje cell dendrites 
M’AP2 is not detectable in the Purkinje cells of the mature quail 
cerebellum, in spite of the abundance of HMW MAP2 in these 

cells in the embryo. Since the first descriptions of its compart- 
mentalization in dendrites (Matus et al., 198 1; Bemhardt and 
Matus, 1984), MAP2 has been believed to be involved in the 
maintenance of dendritic form or some other function funda- 
mental to this class of neuronal process. The absence of MAP2 
staining in quail Purkinje cell dendrites with several monoclonal 
antibodies directed against different MAP2 epitopes, as well as 
a species cross-reactive polyclonal antiserum, is thus an unex- 
pected and significant result. The fact that we obtained the same 
result with each of these antibodies excludes the possibility that 
the absence of MAP2 staining is the result of masking of the 
MAP2 epitope or limited antibody cross-reactivity. It is also 
important to note that all of the MAP2 antibodies tested here 
stained the cell bodies and dendrites of other neurons within 
the quail cerebellar cortex. Except for the absence of staining 
within Purkinje cells, the staining patterns with these antibodies 
in the quail are identical to the staining patterns seen in the rat 
cerebellum. In addition, it is clear that the Purkinje cells and 
their dendrites are intact in our sections. They can be stained 
with /3-tubulin antibodies and are visible in negative relief when 
sections are stained with antibodies to an axon-specific epitope 
of tau (results not shown). It remains possible that MAP2 is 
present in Purkinje cells but at trace levels. Nevertheless, the 
presence of HMW MAP2 staining in developing quail Purkinje 
cells and its subsequent disappearance in the P9 cerebellum 
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suggests that HMW MAP2 is associated with the establishment 
of these dendrites and not with their function or with mainte- 
nance of their morphology in the mature Purkinje cell. 

In a previous study (Huber and Matus, 1984a), MAP2 stain- 
ing of adult rat Purkinje cell dendrites was shown to diminish 
more rapidly than the staining of granule cell dendrites with 
increasing dilutions of MAb/C. In contrast, the staining with 
diluted antibody against another major, HMW MAP, MAP1 
[the same protein as MAPlA (Bloom et al., 1984)] persisted in 
Purkinje cell dendrites, implying that MAP1 was the predom- 
inant MAP in these processes. Although MAP2 may be present 
in relatively low amounts in adult rat Purkinje cell dendrites, 
nevertheless it is associated with R,,, which is absent together 
with MAP2 from mature quail Purkinje cell dendrites. This 
suggests that CAMP-dependent protein kinase activity is inti- 
mately associated with MAP2 function in mature mammalian 
Purkinje cells. 

LMW MAP2 and neurite microd.$erentiation 
In contrast to the dendritic compartmentalization of HMW 
MAP2, LMW MAP2 is found in embryonic axons. LMW MAP2 
is present in the white matter of the embryonic quail spinal cord 
before the appearance of oligodendroglia (Tucker et al., 1988b), 
and it is also present in ganglion cell axons in the developing 
retina (Tucker et al., 1988a). In the mature avian cerebellum, 
LMW MAP2 may be present in parallel fibers in the molecular 
layer, though the precise nature of the faint staining of the ma- 
ture molecular layer as well as staining in the molecular layer 
in the El4 embryo could not be determined with our frozen 
sections. 

Unlike HMW MAP2, which is found only in neurons in the 
quail embryo, LMW MAP2 is found in certain supporting cells 
as well: for example, in the avian cerebellum, LMW MAP2 is 
seen in the Bergmann fibers. This is related to the observation 
that LMW MAP2 is an abundant MAP in the C6 glioma cell 
line (Garner et al., 1988; Gamer and Matus, 1988). LMW MAP2 
may be the form of MAP2 that has been described by others in 
glia (Papasozomenos and Binder, 1986) and other non-neuronal 
cells (e.g., see Wiche et al., 1984). 

If LMW MAP2 shares a common tubulin binding domain 
with HMW MAP2, a possible function of LMW MAP2 may be 
to compete with HMW MAP2 for tubulin binding sites, effec- 
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Figure 8. A highly schematic repre- 
sentation of the ontogeny of MAP2 
forms in the developing avian cerebel- 
lum. High-molecular-weight (HMW) 
MAP2 is represented by solid black, 
whereas low-molecular-weight (LMW) 
MAP2 is indicated by stippkg.’ In the 
embryonic cerebellum (ElO, E14), 
HMW MAP2 is found only in cells that 
have commenced dendrite formation 
(P, Purkinje cell; g, granule cell), where: 
as LMW MAP2 is found in differen- 
tiating neurons in the external granular 
layer (ego and the Bergmann fibers (B) 
of Golgi epithelial cells. In the mature 
cerebellum (P9), HMW MAP2 is no 
longer detectable in Purkinje cell den- 
drites, and LMW MAP2 persists in 
Bergmann fibers (s, stellate cell). 

tively reducing the amount of the latter protein binding to the 
microtubule lattice. Thus, the presence of LMW MAP2 in em- 
bryonic axons may effectively inhibit the binding of HMW MAP2 
in these processes, contributing to the dendritic distribution of 
the larger protein. The timing of LMW MAP2 expression also 
suggests that this protein could be involved in activities asso- 
ciated with cell migration, e.g., granule cell migration from the 
external granular layer. Further in vitro and in situ experiments 
are needed to test these suppositions. 

Quail LMW MAP2 can be phosphorylated in situ, as is dem- 
onstrated by the change in its electrophoretic mobility following 
treatment with alkaline phosphatase. This is in agreement with 
the results of Gamer et al. (1988) who observed that rat MAP2c 
fragments generated by limited proteolytic digestion during the 
course of peptide mapping could be more clearly resolved fol- 
lowing phosphatase treatment. Since the phosphorylation state 
of HMW MAP2 affects the ability of this protein to assemble 
tubulin into microtubules (Jameson and Caplow, 1981; Bums 
et al., 1984) and to bind to microtubules in vitro (Murthy and 
Flavin, 1983) it would be interesting to determine if the binding 
properties of LMW MAP2 are also affected by phosphorylation. 
The number of LMW MAP2 bands generated by phosphoryla- 
tion appears to decrease during development (Fig. 2A), but it is 
unknown if this is due to changes in the compartmentalization 
of this protein (e.g., its appearance in glia or disappearance from 
axons) or if it represents a more general change related to de- 
velopmental age. 

In conclusion, we have shown that the forms, cellular local- 
ization, and developmental regulation of MAP2 are conserved 
in the rat and quail, implying a fundamental role for these 
proteins in cerebellum morphogenesis. LMW MAP2 appears in 
differentiating neurons before HMW MAP2; the precocious and 
widespread appearance of LMW MAP2 may contribute to the 
compartmentalization of HMW MAP2. Finally, MAP2 is abun- 
dant only transiently in the dendrites of Purkinje cells in the 
quail, suggesting the MAP2 may regulate the establishment of 
these processes but not the maintenance of their characteristic 
form. 
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