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Cyclins are regulatory proteins that promote the progression
of dividing cells through the cell cycle. D-type cyclins are
important mediators
of the transition
from Gl into S phase
of the cell cycle and are thought to be widely expressed
in
mitotically
active tissues (Matsushime
et al., 1991 b; lnaba
et al., 1992; Xiong et al., 1992). We report the isolation of a
cDNA clone, MN20, which represents
a D2 cyclin message
form whose expression
pattern is highly restricted to brain.
MN20 is not ubiquitous,
but rather it is expressed
only in
restricted
neuronal
precursor
populations,
for example,
in
proliferating
granule neuroblasts
of the cerebellum
but not
hippocampus.
Strikingly,
MN20 expression
is also found in
postmitotic
neuronal
precursor
cells of the embryonic
cerebral cortex, but not in the dividing cortical neuroblasts.
These observations
suggest that the D2 cyclin gene serves
regionally specific functions in neuronal differentiation,
some
of which may be distinct from the promotion
of cell cycle
progression
and which act at the interface between mitosis
and the assumption
of mature neuronal morphology.
[Key words: 02 cyclin, cell cycle, granule neurons, cortical
development]

The cell cycle, parceledinto phasesdesignatedM (mitosis), G 1
(first gap), S (synthesis),and G2 (secondgap), is regulated at
two major decision points: just prior to the Gl-to-S transition
(designated“START” in yeast, the “restriction point” in mammalian cells)and the G2-to-M transition. In eukaryotes, the cell
cycle is driven by the complex interplay of regulatory cyclin
proteins-cyclins A, B, C, D, and E-with protein serine/threonine kinases,designatedcdc (cell division cycle gene) 2, and
cdk (cyclin-dependentkinase)2,3,4, and 5 (reviewed in Hunter
and Pines, 1991; Xiong and Beach, 1991; Murray, 1992; Sherr,
1993).Specificcyclins, with their cdk partners, have beenshown
to promote the advancementof different phasesof the cell cycle.
Thus, G 1active cyclins C, D 1, D2, D3, and E have been shown
to mediate the progressionthrough Gl/S, while G2 cyclins A,
Bl, and B2 usherthe cell through G2/M.
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The G 1 cyclins have recently drawn much attention for their
responsivenessto growth factors (Matsushime et al., 1991a,
1992) as well as for the apparent oncogenic capability of Dl
cyclin in parathyroid adenomas(Mokotura et al., 1991) lymphomas(Williams et al., 1993) squamouscell tumors, and breast
carcinomas(Bianchi et al., 1993) and the ability of viral insertion in the D2 cyclin geneto produce thymomas (Hanna et al.,
1993) thus underscoring the likely relationship of Gl cyclin
regulation with cell growth and differentiation. Although a great
deal of work hasbeen pursued in continuous cell lines to define
the function of G 1 cyclins in the cell cycle, little is known about
their role in normal, untransformed cells, particularly during
neuronal development and differentiation. Neurons are an exceptional classof cellsthat both attain mature morphology only
after cessationof mitotic activity and persistin the fully differentiated state for the lifetime of the organism. The molecular
events that accomplish this seemingly irreversible transition
into the postmitotic state and assumption of neuronal morphology are as yet largely unknown.
The early postnatal cerebellum provides an excellent developmental systemfor the study of genesthat act during the transition period between mitosis and assumptionof mature neuronal morphology. Having completed their first wave of
migration from the rhombic lip, granule neuroblastsof the cerebellumundergoa secondburst of proliferation that peaksaround
postnatalday 8 (P8) (reviewed in Jacobson,1991). Thesegranule
neuron precursorsare found in an orderly, laminar array of cells
moving sequentially in the first weeksafter birth from the mitotically active cellsof the external germinal layer (EGL), inward
to becomepostmitotic in the deep zone of the EGL, and from
there they migrate to their adult position in the internal granular
layer (IGL). In order to examine genesacting within this convenient developmental system, we produced a cDNA library
(Kuhar et al., 1993) using granule cells, purified from P3-P5
cerebella,and screenedit with a restriction fragment from the
Drosophila neurogenic gene, Notch, which included its cdclO/
SW16 repeats(Kidd et al., 1989). Thesemotifs were recognized
by their similarity to the yeast proteins cdc 10 and SW16, which
are transcription factors required for commitment to the cell
cycle at START, in late Gl (Nurse and Bissett, 1981; Breeden
and Nasmyth, 1987). Among several clones obtained in this
screen, analysis of MN20 was pursued becauseof its strong
developmental regulation and apparent tissue specific expression on Northern analysis.
The sequenceof the MN20 cDNA correspondsto a message
with approximately 5 kb of 3’ untranslated region (UTR) compared with only 0.9 kb of open reading frame that encodesthe
D2 cyclin protein. Data presentedhere indicate that expression
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of the MN20/D2 cyclin message is highly restricted, both anatomically and temporally, in brain in a manner that cannot be
explained solely by the proliferative state of the cells in which
it is found. Moreover, the region of the extreme 3’ UTR of
MN20 appears to be preferentially
expressed in subpopulations
ofneurons in developing brain, including postmitotic, immature
neurons of the fetal cerebral cortex. Observations presented suggest (1) that developing neuroblasts have the ability to select
which components of the cell cycle machinery they employ, (2)
that posttranscriptional
regulation of D2 cyclin protein expression may be used to shape the development
of particular brain
regions, and (3) that D2 cyclin has additional
functions beyond
the promotion of the transition from G 1 into S phase in the cell
cycle.

Materials and Methods
Assignment of gestational dates. For timed pregnancies, dams were examined in the morning, 16 hr after being placed in mating cages and
the day in which they develooed vaninal oluas was desianated EO. while
the day of birth was-designated PO-Mating pairs wereseparated’on EO
in order to ensure uniformity of timing. In all experiments, the C57Bl/
65 mouse strain was used.
Screening of an early postnatal granule cell library. A cDNA library
was constructed from early postnatal mouse cerebellar tissue in which
granule neurons are still undergoing mitosis and secondary migration.
Cerebellar granule cells from P3-P5 mice were dissociated in trypsin/
DNase and separated from other cell types on Percoll gradients (Hatten,
1985; Gao et al., 1991). Total RNA was prepared by the method of
Chomczvnski and Sacchi (1987) from 2 x lo* cells and oolvadenvlated
mRNA was selected on oligo(dT)-cellulose (Bethesda Research Labs).
cDNA was synthesized (RiboClone system, Promega) from these cells
and was directionally cloned into a modified Xgtl 1 vector (Promega)
that contains unique SFiI and Not1 sites flanking the original EcoRI
cloning site of the phage. First-strand cDNA was made using an oligo(dT)/NotI primer adapter. Following second-strand synthesis, EcoRI
adapters were added, the 3’ ends were cut with Not1 endonuclease, and
cDNA was ligated into the EcoRI (5’), Not1 (3’) arms ofthe phage vector.
Approximately 10’ recombinants with defined orientation were obtained in the primary library.
The amplified library, 2 x IO6 recombinant phage, was screened with
a 6 kb, Hind111 to XhoI, fragment of Drosophila Notch cDNA (gift of
Dr. Michael Young, Rockefeller University). Approximately 30,000
colonies per 150 mm plate were screened using duplicate nitrocellulose
filter lifts, hybridized, and washed at low stringency (2 x SSC, 0.1% SDS
at 55°C). Autoradiograms were developed after 16-48 hr of exposure,
and only those colony signals that were present on both of the duplicate
filters were picked. In the final rounds of plaque purification, the insert
sizes obtained from all signals chosen as positives were identical for a
given clone. Moreover, the insert size of each clone agreed with the
insert size of the corresponding primary pick, as determined by Southern
blotting of PCR products from the plug taken from the primary plate.
These features indicate that clones obtained in this manner were not
fortuitous selections.
Generation of full-length MN20 cDNA and sequence analysis. The
inserts of these phage clones were isolated either by PCR amplification
or from phage purified from plate lysates for directional subcloning into
oGEM 11 Zf (Promeaa). Subclones were seauenced bv the dideoxv chain
termination method-(Sanger et al., 1977)’ with T7- DNA polymerase
(Tabor and Richardson, 1987). Comparison indicated that the clones
obtained were unique with respect to each other and to searches of
nucleotide (hash or ktup values of 6 and 1) and protein (hash or ktup
value of 1) databases. Sequence data were entered and compiled using
MACVECTOR
and ASSEMBLYLION
software (IBI), while comparisons with
existing GenBank, EMBL, and NBRF databases were run usina the GCG
sequence analysis’package (GCG Inc., Madison, WI).
MN20 was selected for further study based on its tissue specificity
and temporal regulation during development. Full-length cDNA for the
7 kb transcript was obtained, first, by rescreening the original library
with the initial MN20 isolate, which resulted in two larger clones. This
was followed by generation of two successive, specifically primed “mini
libraries,” using oligonucleotides located 200-300 bp from the most 5’
end of the available sequence. In this way, eight overlapping MN20
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Figure 1. Cloning and sequence analysis of MN20 cDNA: summary
of DNA clones. Approximately 6.3 kb of the expected 7 kb cDNA has
been sequenced. Boxes represent sequences from the eight overlapping
clones (solid lines below boxes) obtained from screens of (1) the primary
cDNA library (heavily shaded box) and (2) two cDNA “mini libraries”
prepared using specific oligonucleotide primers from the available 5’
sequence (oligo #24, light shaded box, and oligo #38, open box). Perpendicular lines demarcate the overlap (200-300 bp each) between existing clones and those from newly constructed libraries. The locations
of the 5’ and 3’ probes used for Northern analyses and in situ hybridization are shown. The MN20 translated open reading frame was identical with that of the published mouse D2 cyclin (Matsushime et al.,
1991b).

cDNAs were obtained. The sequence of these clones was assembled
from nested sets of subclones generated by exo III nuclease deletion
(Stratagene) in pGEM (Promega) or Bluescript (Stratagene) plasmids.
Northern analysis. Total RNA was oreoared bv the method of Chomczynski and Sacchi (1987) using either postnatal and adult cerebella or
P6 cerebellum, forebrain, lung, heart, kidney, liver, or spleen, as well
as the v-myc immortalized granule cell line C17-2 (gift of Dr. Evan
Snyder, Harvard Medical School). Northems were produced using 1520 pg of total RNA from the multiple tissues listed, loaded onto a
formaldehyde denaturing gel. Electrophoretically separated RNA was
then transferred to nylon membranes and hybridized at 42°C for 18 hr
with random primed, 32P-labeled cDNA probes in hybridization buffer
containing 50% formamide and 10% dextran sulfate,- 1 M NaCl, and 1%
SDS. The final wash strinaencv was 0.2 x SSC. 0.1% SDS. at 60°C.
Membranes were reprobed &ithcDNA from the ubiquitously expressed
glyceraldehyde-3 phosphate dehydrogenase (GAPDH) gene. Computerized, camera captured image analysis of Northern autoradiograms was
carried out using the IMAGE 1.33 program (public domain, National
Institutes of Health).
In situ hybridization. Tissues were fixed in 4% paraformaldehyde in
PBS, pH 7.3. Postnatal day 6 animals were anesthetized with intraperitoneal Nembutal and perfused transcardially by gravity; brains were
removed and postfixed in paraformaldehyde for l-2 hr at 4°C. Embryonic day 15 animals were sacrificed after anesthetization and drop fixed,
either whole or heads only, in paraformaldehyde for 4 hr. Fixed tissue
was then embedded frozen in Tissue-Tek OCT compound (Miles Inc.),
mounted, and sectioned (10-l 5 pm) at - 15°C on a microtome and
picked up on polylysine- or Vectabond (Vector labs)-coated slides. Tissue sections were acetylated in 0.1 M triethanolamine HCl, 0.25% acetic
anhydride, and 150 mM NaCl, dehydrated through serial alcohols (50100%), and stored frozen at -20°C until use. Sense and antisense RNA
probes from the far 3’ UTR were transcribed in vitro using T7 or SP6
RNA polymerases (Boehringer-Mannheim),
respectively, in the presence of 1 PM digoxigenin UTP in a 40 ~1 reaction according to the
method described for the Genius system (Boehringer-Mannheim).
RNA
probes were then subjected to partial alkaline hydrolysis to reduce probe
size to 200-300 nucleotide fragments. Following treatment in 1 &ml
proteinase K, slides were again dehydrated and hybridized with probe
in buffer containing 50% formamide, 0.3 M NaCl, 0.1 M Tris OH 8, 1
mM EDTA, 5 x Denhardt’s, 10% dextran sulfate, and 100 &ml yeast
tRNA. Slides were incubated for 16-24 hr at 60°C. The stringency of
the final wash was 0.2 x SSC at 60°C for 1 hr. Slides were incubated at
4°C overnight in alkaline phosphatase-conjugated goat anti-digoxigenin
Fab’ antibody (Boehringer-Mannheim)
at 1: 1000 dilution before washing and detection of label with NBT and X-phosphate.
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Figure 2. Northernanalysisof mouse

tissuesexpressing
MN20 at postnatal
day 6. Eachlaneof the formaldehyde
gelwasloadedwith 15pgof total RNA
extractedfromcerebellum
(Cb),thecell
line Cl 7-2, forebrain(Fb), spleen(Sp),
liver (Li), kidney (Ki), heart(Ht), and
lung(Lu).A, The nylonmembranewas
hybridized with a fragmentfrom the
mostdistal3’ endof the MN20 cDNA
(3’ probedesignatedin Fig. 1). B, A
separatefilter waspreparedusingthe
sametotal RNA samples(excluding
Cl 7-2)andwashybridizedwith aprobe
fromthe5’ endof the full-lengthcDNA
(seeFig. I). Markerson theIeji indicate
bandpositions(in kb) of the standard
ladder. Hybridization with GAPDH
probe(3hr exposure)
demonstrates
relative amountsof RNA per lane.

4.4 2.49
GAPDH

Results
Sequence of MN20
A map of the MN20 cDNA with its overlapping clonesis shown
in Figure 1. MN20 was isolated through its 3’ untranslated
region (3’ UTR). Initial sequencefrom the 3’ UTR showed
limited homology to Notch but did not match any sequence
found in GenBank and EMBL libraries. Eight overlapping cDNA
clones were obtained, encompassing6.3 kb of the expected 7
kb transcript. The nearly full-length cDNA contains 5 kb of 3’
untranslated sequence,including a polyA tail and polyadenylation signal,AATAAA. At the 5’ end, the sequencebeginspith
an open reading frame of some70 amino acids, followed by the
first’methionine, which is part of a strong translation initiation
sequence(Kozak, 1986), and which marks the beginning of a
protein sequencecorrespondingto that previously reported for
the mouse D2 cyclin (Matsushime et al., 1991b). Comparison
of the open reading frames from MN20 and the mouse D2
sequenceindicates that the proteins encodedby MN20 and D2
cyclin are completely homologousthroughout.

Northern analysis of MN20 tissue and temporal distribution
Northern analysisusinga cDNA probe, designatedin Figure 1,
located at the most 3’ end, reveals a highly restricted expression
pattern for the MN20 mRNA (Fig. 24. At postnatal day 6 (P6),
an approximately 7 kb transcript is detected in the cerebellum
and C17-2, a line of v-myc immortalized cells from the cerebellar EGL that retain the ability to differentiate into granule
neurons when engrafted in viva (Snyder et al., 1992). No transcript was seenin forebrain or tissuesoutside of the CNS, including liver and spleen,which contain macrophagesand lymphoid cells,derivatives ofwhich werepreviously shownto express
a 6 kb transcript from the D2 cyclin gene (Matsushime et al.,
1991a). When a more 5’ probe was used(designatedin Fig. l),
locatedadjacentto the MN20 codingregion,two distinct mRNAs
were detected: a minor band at approximately 7 kb, seenonly
in the cerebellar extract, and one of approximately 6 kb, which
wasseenin all tissuesexamined (Fig. 2B) and which presumably
corresponds to the messageobserved by Matsushime et al.
(1991a). Thus, distinct subregionsof the MN20 cDNA, when
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Postnatal Day

Figure 3. Northern analysisof the
temporalexpressionof MN20 in the
postnatalmousecerebellum.
MN20 expressionin cerebellumwascompared
at agesrangingfrom postnatalday 2.5
(P2.5)to P32.Total RNA (20 pg)was
appliedto eachlaneof the denaturing
gel.The 3’ probe(Fig. 1)wasusedfor
hybridizationof MN20. Hybridization
with GAPDH demonstratesrelative
amountsof RNA per lane.

GAPDH

used as probes, are able to distinguish two forms of RNA that
differ at their extreme 3’ ends. This observation is supported
by the report of Inaba et al. (1992), which demonstrated the
presence of several D2 transcripts in different cell lines. Together, these data suggest that there are several alternatively
processed forms of D2 cyclin, at least one of which, represented
by MN20, is brain specific.
Northern analysis also reveals strong developmental regulation of MN20 in the postnatal cerebellum (Fig. 3). Image densitometric measurements, normalized to measurements of
GAPDH hybridization signals, indicate a > 30-fold decrease in
MN20 message levels from P6 to adult in cerebellum. Moreover,
expression of MN20 mRNA in the early postnatal cerebellum
is sharply downregulated between P14.5 and P16.5. Thus, MN20
mRNA levels in cerebellum follow a time course that parallels
the mitotic activity of cerebellar granule neuron precursors in
the early postnatal period (Miale and Sidman, 196 1).
In situ localization of MN20 expression
The cellular distribution of MN20 expression was examined by
in situ hybridization (Figs. 4, 5) using immunochemical detection of digoxigenin-labeled riboprobe from the far 3’ UTR. In
the P6 mouse brain, expression was confined to the superficial
lamina of the EGL (Fig. 4), which 3H-thymidine studies have
demonstrated is composed of proliferating cells (Miale and Sidman, 1961; Fujita, 1967), while cells in the deep zone of the
EGL are already postmitotic. Hybridization using the MN20,
far 3’ UTR probe in P6 sagittal sections did not reveal labeling
above background elsewhere in the brain, including the still
mitotically active granule neuroblasts of the hippocampal dentate gyrus. This indicates that the expression of MN20 is not
simply a marker for all proliferating neural precursors.
At embryonic day 15 (E15), no in situ MN20 label was observed above background in tissues outside of the CNS. As was
expected, little if any label was seen in the forming EGL at this
earlier age, nor was any label seen in the deeper layers of the
cerebellar anlagen. More striking, however, was MN20 expression in a highly restricted cell population outside of the cerebellum, in the developing cerebral cortex (Fig. 5). There, MN20
expression was found in the outermost cortical plate, which at
El 5 is composed largely of immature postmitotic neurons (reviewed in Jacobson, 1991; O’Leary and Koester, 1993). Im-

portantly, no MN20 label was detected above background in
the proliferating neuroepithelium of the underlying ventricular
zone. Moreover, no MN20 label was seenin the intermediate
zone, which is made up principally of proliferating glial precursors(Smart, 1961; Altman, 1966;Mares and Bruckner, 1978;
Bayer and Altman, 1991). This indicates that the MN20 form
of D2 cyclin mRNA is not simply a marker for the mitotic
activity of neural precursorsbut, rather, is expressedin neurons
of the developing cerebral cortex during the transition between
mitosis and acquisition of mature neuronal phenotype.

Discus&on
In this study, we have isolated, from early postnatal mouse
cerebellum, a cDNA corresponding to a messageform of the
D2 cyclin gene that differs from the more generally expressed
mRNA in its distal 3’ UTR. Northern analysis using a probe
from the 3’ UTR reveals cerebellar specific expressionat postnatal day 6, while a probe from a more 5’ location in the message
reveals a much more general tissue expression pattern. The
cellular localization of this MN20/D2 cyclin messageform provides a number of insights into the functions of this Gl cyclin
in brain development.
Mounting evidence suggeststhat cell cycle regulation plays
an important role in the differentiation of neurons and establishment of brain cytoarchitecture. For example, determination
of the laminar fate of a cerebral cortical neuron appearsto be
made at the time of the final mitosis of the neuroblast (McConnell and Kaznowski, 1991). In addition, regionaldifferences
in rates of cell proliferation contribute to the neuron density
and, hence, organization, of striate compared to extrastriate
cerebral cortex (Dehay et al., 1993). Furthermore, it has been
observed that the duration of the cell cycle in the developing
nervous system progressively lengthensduring differentiation,
for example, in the cranial neural folds and neural tube (Kaufman, 1968; Wilson, 1982). This developmental prolongation of
cell cycle time has been attributed to, predominantly, increases
in the length of G 1. Recent measuresof cell cycle duration in
cerebralventricular proliferative epithelium on E14in the mouse
indicate a general cell cycle length of 15 hr, 9.3 hr of which is
spent in Gl (Takahashi et al., 1993) compared with a cycle
time of 8 hr in the cranial neural tube at day 10, with 1.97 hr
apportioned to Gl (Kaufman, 1968). Data presentedhere in-
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dicate that specific subpopulationsof neuroblastsrely on different components of the cell cycle machinery to proliferate.
Thus, MN20/D2 cyclin mRNA is found in the dividing neuroblast populations of the cerebellarEGL at P6, while it is not
detected in the dividing granule neurons of the hippocampal
dentate gyrus at the same age. Moreover, the presence of the
MN20 messageform in postmitotic cells of the embryonic cerebral cortex suggests
that the D2 cyclin is usedin specificneurons at the critical juncture betweentheir exit from the cell cycle
and acquisition of mature neuronal phenotype.
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Figure 4. In situ hybridization of MN20 in sagittal sections of P6
mouse cerebellum. Endogenous MN20 mRNA was hybridized with
digoxigenin-labeled probe that was transcribed in vitro from a 1 kb, far
3’ fragment, subcloned into pGEM 11 zf Hybrids were visualized using
alkaline phosphatase-conjugated anti-digoxigenin antibody. A and B,
MN20-labeled sections. The full thickness of the external germinal layer
(EGL) is demarcated by parallel lines in A. Specific labeling of MN20
is confined to the outer, proliferative zone of the EGL in both sections.
C, Control section. Tissue was hybridized with a sense strand MN20
riboprobe as negative control. egl, external granular layer; igl, internal
granular layer. Scale bar, 100 Mm.

MN2O/D2 cyclin mRNA localization at P6
In the P6 mousebrain, MN20 expressiondetectedby the far 3’
UTR probe was found to be confined to the superficiallamina
of the EGL, which 3H-thymidine studieshave demonstratedto
be composedof proliferating cells (Miale and Sidman, 1961;
Fujita, 1967).This is in agreementwith the suggestionby Northern data presentedhere that MN20 is expressedin cerebellar
granule neuroblasts,since MN20 mRNA in postnatal cerebellum is expressedand then downregulated over a period that
parallelsthe emergenceof cerebellargranuleneurons.Previous
studiesindicate that the majority of the cells of the EGL give
rise to granule neurons(Ramon y Cajal, 1911; Miale and Sidman, 1961;Altman, 1972;Altman and Bayer, 1985).The large
number of cells labeling with MN20 are therefore assumedto
represent the small mitotically active neuroblaststhat begin
their initial stepsin acquiring neuronal morphology within the
deep lamina of the EGL. No label was detected in the deep
lamina of the P6 EGL, where thesecells becomepostmitotic,
begin initial axon extension, and prepare to descendinto the
IGL by glia-guidedmigration (Rakic, 1971; Altman and Bayer,
1985; Edmondson and Hatten, 1987). Moreover, in situ hybridization of the P6 sagittal sectionsdid not reveal labeling
above background elsewherein the brain, including the still
mitotically active granuleneuroblastsof the hippocampal dentate gyrus. This suggeststhat the expressionof MN20 is not
simply a marker for all proliferating neural precursors,and that
it may have other region-specificfunctions in neuronal differentiation.
MN2O/D2 cyclin expressionin embryonic cerebralcortex
In order to determine the expressionpattern of MN20 at earlier
stages,for example, during embryogenesis,in situ hybridization
was performed using sagittal sectionsof the El5 mouse. As
expected at this earlier age,little if any of the 3’ MN20 probe
wasseento hybridize in cells of the forming EGL, and no label
wasseenin the deeplayersof the El 5 cerebellum.More striking,
however, was MN20 expressionin a highly restricted cell population outside of the cerebellum, in the developing cerebral
cortex. The embryonic telencephalonfollows a distinctive developmental pattern. Neurons of the mousecerebral cortex are
generatedbetween El 1 and El 7 (Angevine and Sidman, 1961)
in the germinal neuroepithelium of the ventricular zone. When
these neuronal precursorsbecomepostmitotic, they leave the
ventricular zone of the embryonic cerebrum and migrate outward to form five of the six cortical layers(II-VI) in a temporally
ordered, inside-out fashion (Berry et al., 1964; Rakic, 1974;
Bayer and Altman, 1991; reviewed in O’Leary and Koester,
1993). Thus, neuronsborn early in cerebral development take
a position just below the pial surfaceto form the cortical plate,
while later-generatedneuronsmigrate past immature postmitotic neurons in the cortical plate to expand this region and
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Figure 5. In situ hybridization of MN20 in sag&al sections of El5 mouse cerebral cortex. Sections were labeled with MN20 riboprobe as in
Figure 4. A, MN20 is heavily expressed in a thin layer of cells in the outermost cortical plate (cp), which contains mainly postmitotic neurons. No
label is seen in the ventricular zone (vz), where the proliferating neuroepithelium is located. Iv, lateral ventricle. B, Higher magnification of boxed
arm in A. C. Negative control section hybridized with sense-strand riboprobe. Scale bar, 100 pm for B and C.

establishprogressivelymore superficiallamina. It is within the
cortical plate that these cells begin to assumeneuronal morphology by initiating dendritogenesisand synaptogenesis,
eventually establishingthe morphologically distinct cortical lamina
(Marin-Padilla, 1978; Jones, 1984; Thong and Dreher, 1986;
Katz, 1991; reviewed in Jacobson,1991; O’Leary and Koester,
1993).
At E 15, MN20 labeling is seenin a thin layer of cells of the
most superficial aspectof the cortical plate, extending anteroposteriorly from frontal to occipital cortex. The number and
location of cellslabeled suggestthat theseare neuronal precursorsthat have recently arrived in the developing cortical gray
matter (Rakic, 1974; Altman and Bayer, 1990; Bayer and Altman, 1991; O’Leary and Koester, 1993).Moreover, the laminar
distribution (one to three cellsdeep)of the presumedimmature
neurons suggeststhat MN20 is transiently expressedin these
cells, since many neuroblastsare arriving at the cortical plate
during this period (Rakic, 1974; Bayer and Altman, 1991)and
MN20 expression,if it were prolonged, shouldextend through
the thicknessof the cortical plate. The MN20-labeled cells are
not glial precursors,sincethe few glial cellsthat arise from the
ventricular zone at this age remain scattered in the region of
the ventricular zone and in the area below the cortical plate
until later in development (Angevine and Sidman, 1961; Bayer
and Altman, 1991). Importantly, no MN20 label is detectedin
the proliferating neuroepithelium of the underlying ventricular
zone.
It hasbeenwidely acceptedfrom radioautographic(Bayer and
Altman, 1991) and fluorescencecytometric (McConnell and
Kaznowski,
1991) studies of cortical neurogenesis that neuronal
precursors

cease to divide just prior to leaving the ventricular/

subventricular zone, well before they reach the cortical plate.
Sincethe cortical plate cellsexpressingthe MN20 message
form
are not likely to be mitotically active, D2 cyclin in thesecortical
plate cells must serve another function not directly involved in

progressionof cellsthrough Gl/S. Cyclins act asregulatory subunits of severalcyclin-dependentkinases(cdk), and thesecyclincdk complexesphosphorylate a number of proteins to control
the cell cycle. Few of the targets of D2 cyclin-cdk phosphorylation are known (Nigg, 1993;Sherr, 1993).It is possible,therefore, that somecyclin-cdk complexesmay, in certain cells, act
on proteins that are involved in differentiation and are not directly involved in promoting the cell cycle. This possibility is
supportedby the recent purification from brain of cdk5 protein,
which in addition to its role in the cell cycle, acts as a neurofilament kinase, expressedin postmitotic neurons (Lew et al.,
1992; Tsai et al., 1993).
Possiblefunction of the MN20 message
form of 02 cyclin
The presentstudy indicatesthat the protein sequencetranslated
from the MN20 coding region is identical to that encodedby
D2 cyclin, and that the 7 kb MN20 mRNA differs from the 6
kb D2 cyclin transcript in its far 3’ UTR. Therefore, the protein
encodedby thesetwo mRNAs must have the samebiochemical
properties. The 3’ end has received much recent attention for
the ability of specific 3’ UTR motifs to influence both the stability and the rate of translation of the message(reviewed in
Jackson, 1993). This may occur by the degreeof polyadenylation, conformational effectson the message,or specificbinding
of proteins to regions of the 3’ UTR. Therefore, the MN20
mRNA form may have a different longevity or translational
activity than the 6 kb form during the cell cycle. D2 cyclin
possesses
a rapid turnover rate (~20 min) and the protein, levels
of which peak at Gl/S (Ajchenbaum et al., 1993) probably
associatestransiently with its cdk partners (reviewed in Sherr,
1993). Murray et al. (1989) have shown that a proteolysis-resistantmutant of cyclin-B, a cyclin that actsat G2-M, will persist
in M phaseand prevent exit from mitosis both in vitro and in
vivo. This observation has prompted others (Sherr, 1993) to
speculatethat the stable expressionof D-type cyclins might
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prevent Gl progression in the cell cycle. One possible model,
then, for MN20 function is that this D2 cyclin message persists
in an actively translated form longer than other D2 cyclin
mRNAs, with resultant prolonged D2 cyclin protein expression,
thereby slowing or halting the neuroblast in G 1. Such a brake
on the cell cycle might permit other differentiation
programs to
then come into play. This hypothesis will be tested with fusion
gene constructs in several expression systems.

The molecular mechanismsthat accomplishthe irreversible
transition of neuronsinto the postmitotic state and assumption
of neuronal morphology are asyet largely unknown. The MN20
form of D2 cyclin reported hereis expressedin a highly regional
anatomic and temporally restricted distribution within brain
that cannot be explained solely by the proliferative state of the
cellsthat expressit. The presentstudy provides support for the
possibility

that certain cell cycle proteins

may well be involved

at this critical juncture-between proliferation and acquisition
of mature morphologyin the differentiation
of specific neurons
within

the CNS.
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