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MN20, a D2 Cyclin, Is Transiently Expressed in Selected Neural 
Populations during Embryogenesis 
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Although the regulation of proliferation and differentiation 
during brain development has long been considered to be 
interrelated, the mechanisms that coordinate the control of 
cell division and histogenesis are poorly understood. The cell 
cycle is a dynamic process that is governed by the concerted 
action of numerous cell cycle regulatory proteins in response 
to signals both intrinsic and extrinsic to the cell. Thus, pro- 
teins that regulate the cell cycle are well suited to provide a 
link between processes that control neuroblast proliferation 
and differentiation. We reported previously the isolation from 
brain of a message form of D2 cyclin, one of several cyclin 
proteins known to promote the progression from Gl to S 
phase. This MN20/D2 cyclin mRNA is expressed in highly 
restricted neural populations at embryonic (E) day 15 and 
postnatal (P) day 6 in the mouse. To gain insight into the 
role(s) this cyclin may serve in brain formation, the spatial 
and temporal pattern of MN20/D2 cyclin expression was 
examined by in situ hybridization at 48 hr intervals from 
El05 to P8. MN20 mRNA was detected in developing cer- 
ebellum, dorsal mesencephalon, cerebral cortex, and epi- 

thalamus, but not hippocampus, striatum, or thalamus. Com- 
parison with 5bromodeoxyuridine labeling of cells in S 
phase indicated that MN20 expression in embryonic cere- 
bellum and cerebral cortex was most pronounced in young 
neurons that recently had become postmitotic. Although 
expressed in other embryonic cerebellar neurons, MN20 was 
detected in granule precursors only postnatally, after their 
migration from the rhombic lip to the external germinal layer. 
This indicates that MN20/D2 cyclin is induced in cerebellar 
granule precursors as they become competent to differenti- 
ate. The spatial distribution of MN20 expression in the de- 
veloping brain suggests that regional differences in cell cycle 
regulation depend in part on the selective use of cyclin 
proteins. Moreover, detection of MN20 mRNA in postmitotic 
neural cells indicates that cyclin D2 expression has effects 
beyond promoting cell cycle progression and may also have 
a role in the response of the neural precursor to terminal 
differentiation signals as the cell exits from proliferation. 
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Throughout vertebrate neurodevelopment, the length of the cell 
cycle and, hence, cell proliferation, is modulated exquisitely both 
over time and within specific anatomic regions to affect central 
nervous system (CNS) histogenesis. A number of observations 
suggest that these variations in proliferation are related to the 
stage-specific differentiation of cells within the neuroepithelium. 
For example, cell cycle times lengthen progressively with increas- 
ing cell differentiation in the neuroepithelium over the period of 
neural tube closure (Kaufman, 1968; Waechter and Jaensch, 1972; 
Wilson, 1982). Moreover, studies in the early neural tube indicate 
that the mitotic density and generation time of cells in the basal 
floor plate and dorsal alar plate vary independently of each other 
(Hamburger, 1948; Kaufman, 1968). Mitotically synchronous 
clonal strings of cells have been observed within neuroepithelium 
that contribute to early regional CNS morphogenesis (Kimmel et 
al., 1994). At later stages, variation in rates of cortical neurogen- 
esis within the ventricular neuroepithelium contribute to the re- 
gional differences in neuronal number in the cerebral cortex 

Received July 10, 1995; revised Aug. 28, 1995; accepted Sept. 1, 1995. 

This work was supported by National Institutes of Health Grants NS31318 and 
NS30627 to M.E.R. 

Correspondence should be addressed to Dr. M. Elizabeth Ross, Laboratory of 
Molecular Neurobiology and Development, Department of Neurology, University of 
Minnesota, 420 Delaware Street SE, P.O. Box 295, UMHC, Minneapolis, MN 55455. 

Dr. Lee’s current address: Department of Physiology, College of Veterinary 
Medicine, Seoul National University, &won, Korea. 
Copyright 0 1995 Society for Neuroscience 0270-6474/95/160210-10$05,00/O 

(Dehay et al., 1993). Although the progressive lengthening of the 
cell cycle within the CNS germinal epithelium coincides with 
increasing differentiation of neural cells as their fate is determined 
successively, little is known regarding the molecular mechanisms 
that coordinate the cellular response to mitogenic and differenti- 
ation signals. A likely focal point for the integration of growth and 
trophic influences is the manipulation of gene expression that 
regulates the cell cycle. 

The cell division cycle is parceled into four distinct phases: 
mitosis (M), first gap (Gl), DNA synthesis (S), and second gap 
(G2). These phases have been defined by characteristic cytological 
criteria, incorporation of labeled nucleotides into DNA, cellular 
DNA content, and protein expression patterns (for review, see 
Murray and Hunt, 1993; Sherr, 1994; Roberts, 1993). Progression 
through the cell cycle is driven by the interaction of multiple 
proteins that must act in concert to regulate the advance through 
key restriction or check points, notably the Gl to S and G2 to M 
transitions of the cycle. Known control proteins include the cyc- 
lins, which are regulatory subunits of specific cyclin-dependent 
protein kinase (cdk) partners (Roberts, 1993; Sherr, 1993, 1994). 
Specific cyclins act to control passage through the cell cycle 
checkpoints so that cyclins A, Bl, and B2 control G2/M, and the 
Gl active cyclins, Dl, D2, D3, and E, control Gl/S. The cyclin- 
cdks are modulated in turn by numerous kinases, phosphatases, 
oncogenes such as p53 and pRb, and cdk inhibitors ~16, ~21, and 
p27 (Kato et al., 1994; Matthias and Hershowitz, 1994; Sherr, 
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1994). Thus, there is ample opportunity for subtle modulation of 
the cell cycle in a stage-specific and regional anatomic manner 
during embryogenesis. 

Previous studies have indicated that the lengthening of gener- 
ation times of ventricular neuroepithelium during vertebrate de- 
velopment is caused largely by the lengthening of Gl phase 
(Kaufman, 1968; Waechter and Jaensch, 1972; Wilson, 1982). Gl 
regulation is important for both the cell’s commitment to divide 
(for review, see Reed et al., 1992; Nasmyth, 1993; Hunter and 
Pines, 1994; Nurse 1994) and for its ability to respond to extra- 
cellular mitogenic and growth signals (Pardee, 1989; Matsushime 
et al., 1991, 1992; Kato and Sherr, 1993; DeHamer et al., 1994; 
Thomas et al., 1994). In addition, there is evidence from Drosoph- 
ila that expression of selected cell cycle genes in Gl is under 
developmental rather than cell cycle control (Duronio and 
O’Farrell, 1994; Edgar et al., 1994). Moreover, in the Drosophila 
mutant roughex, failure to establish Gl phase in cells of the 
developing eye leads to alterations in patterning and fate deter- 
mination (Thomas et al., 1994). Therefore, the examination of the 
relationship between cell cycle gene expression, particularly in Gl, 
and neural differentiation is likely to yield insight into the coor- 
dinate control of cell proliferation and fate determination. 

We reported previously the isolation of MN20, a message form 
of the Gl-active, D2 cyclin, which is expressed in selected CNS 
neuronal precursor populations at postnatal day 6 (P6) and em- 
bryonic day 15 (E15) (Ross and Risken, 1994). To gain insight into 
the function of this message form, we have used in situ hybridiza- 
tion to examine the regional distribution and time course of 
MN20/D2 cyclin expression from E10.5 to P8. MN20 mRNA is 
expressed in brain in a highly restricted temporal and regional 
anatomic pattern. MN20 is labeled heavily in populations of 
young neurons in a transition state between proliferation and 
acquisition of their mature neuronal phenotype. The data indicate 
a role for MN20 expression as certain neuroblasts make their final 
exit from the cell cycle. 

MATERIALS AND METHODS 
Establishment ofgestational age. Mice were maintained in a 12 hr light- 
dark cycle. Adult C57B1/6J pairs were placed in mating cages in the 
evening. Noon of the day on which a vaginal plug was observed was 
designated E0.5. Once paired, presumed pregnant dams were separated 
from their mates to ensure accurate determination of gestational age. 

In situ hybridization. Techniques for in situ hybridization were similar to 
those described previously (Ross and Risken, 1994). Tissues from 
C57B116J mice were fixed in 4% p-formaldehyde in PBS, pH 7.3. P6 
animals were anesthetized intraperitoneally with Nembutal and perfused 
transcardially by gravity, and brains we;e removed and postfixed in 
o-formaldehvde for 1-2 hr at 4°C. Brains of E10.5. E12.5. E14.5. E16.5. 
Bnd E18.5 ahimals were removed after anesthetization and killing, used 
whole or cut in the midsagittal plane, and drop-tied in p-formaldehyde 
for 2-4 hr. Fixed tissue was then embedded frozen in Tissue-Tek OTC 
compound (Miles, Elkhart, IN), mounted and sectioned (lo-15 ,um) at 
-20°C on a microtome, and mounted on polylysine or Vectabond (Vec- 
tor, Burlingame, CA)-coated slides. Sense and antisense RNA probes 
corresponding to MN20/cyclin D2 (Ross and Risken, 1994) were tran- 
scribed in vitro using the appropriate RNA polymerases (Boehringer 
Mannheim, Mannhe& Germ&$), in the presence of 1 pM higoxigenin 
dUTP in a 40 ~1 reaction according to the method described for the 
Genius system (Boehringer Mannheim). RNA probes were then sub- 
jected to partial alkaline hydrolysis to reduce probe size to 200-300 
nucleotide fragments. After treatment in 1 pg/ml proteinase K, sections 
were dehydrated again and hybridized with probe in buffer containing 
50% formamide, 0.3 M NaCl, 0.1 M Tris, pH 8, 1 mM EDTA, 5X 
Denhardt’s solution, 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 0.2X SSC at 60°C for 1 hr. Slides were incubated at 4°C 
overnight, submerged in alkaline-conjugated goat anti-digitoxigenin 

F(ab’), antibody (Boerhinger Mannheim) at 1:lOOO dilution, before 
washing and detection of label with NBT and X-phosphate. Slides were 
photographed using an Optiphot-2 light microscope (Nikon) to produce 
photographic plates. Drawings were produced from tracings of sections, 
which were computer-scanned and overdrawn in MacDraw Pro (Claris), 
and finally transferred to photographic prints for inclusion in the plates. 

BrdU labeling and NADPH diaphorase histochemistry. Proliferating cells 
were identified in E12.5 and E14.5 brains by immunohistochemical de- 
tection of incorporated 5-bromodeoxyuridine (BrdU) according to the 
method of Gratiner (1982). Pregnant dams w&e injected with ?! pl/gm 
in. of a 10 mg/ml solution of BrdU in PBS. 2 hr before killing. Tissues 1 

were then fixed and sectioned as described above. Alternating sections 
were processed either for in situ hybridization as above or stained with a 
1:lOO dilution of rat monoclonal anti-BrdU antibody [Amersham (Ar- 
lington Heights, IN) or Sera (Sussex, UK)] and visualized using diami- 
nobenzidine as substrate, according to the manufacturer’s instructions. 
E14.5 tissues were stained with hematoxylin and eosin (H&E) using a 
standard protocol. Nitric oxide producing cells were identified by histo- 
chemical stain for NADPH diaphorase (NADPHd) (Bredt et al., 1991; 
Iadecola et al., 1993). Briefly, slides were incubated at room temperature 
for 90 min in buffer containing 1 ITIM NADPH, 0.2 mM Nitro Blue 
Tetrazolium, in 0.1 M Tris-HCl, with 0.2% Triton X-100, pH 7.4. No 
staining was obtained if NADPH was removed from the reaction buffer. 

RESULTS 

In situ localization of MN20 expression 
In the embryonic and early postnatal brain, MN20/D2 cyclin is 
expressed transiently in anatomically restricted populations of 
differentiating neural cells. The major features of MN20 expres- 
sion are shown in photomicrographs of Figures l-4 and are 
summarized in their companion diagrams. 

At E10.5, the most prominent MN20 expression is detected in 
the roof of the mesencephalic vesicle (Fig. L4,B). MN20 labeling 
is just discernible at this age in the telencephalic vesicle (Fig. L4) 
but is not seen at ElO, suggesting that MN20 expression in the 
embryonic cerebral wall begins at approximately E10.5. Expres- 
sion of this cyclin message also is detected in the E10.5 cerebel- 
lum, with the heaviest labeling found in cells at the dorsal aspect 
of the anlage (Fig. 1B). Although MN20 expression is found in 
some scattered cells of the cerebellar ventricular neuroepithelium 
at E10.5, it clearly is not confined to the actively proliferating 
progenitor cell population of the ventricular zone. This pattern 
suggests that MN20 expression begins when cells are in the 
ventricular neuroepithelium and increases as they move out to- 
ward the dorsal surface of the telencephalon, mesencephalon, and 
cerebellar rhombencephalon 

By E12.5, mesencephalic MN20 expression is restricted poste- 
riorly to the developing tectum (Fig. W and diagram, solid awow- 
head). In this region of the mesencephalon, MN20 is found 
predominantly in cells that have migrated out from the prolifer- 
ative neuroepithelium. Expression is maximal in the dorsal telen- 
cephalon at E12.5 (Fig. L&L?). At this age, heavy MN20 labeling 
is seen in postmitotic, densely packed cells in the superficial aspect 
of the cerebral wall (compare with Fig. 64). Above the cerebral 
wall are found cells of the pia-arachnoid, forming skull, and skin, 
which are retained variably through processing from slide to slide 
and which do not label for MN20 (Fig. 2). MN20 expression also 
is seen in the region of the epithalamus (Fig. 2C), corresponding 
to the mamillary area (Schambra et al., 1992). In the region of the 
cerebellar anlage at E12.5, MN20/D2 cyclin is detected transiently 
largely in cells of the dorsal aspect of the anlage (Fig. W). 
According to the distinction of Altman (1985), these cells corre- 
spond to the differentiating zone (dz), which is comprised of 
recently postmitotic cells giving rise to the deep cerebellar nuclei. 
Despite its expression in postnatal granule precursors, MN20 
labeling is absent in embryonic granule precursors both in the 
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Fzgure 1. In SLLU hybrrdization of MN20 in brain at ElO.,. -.,,,,,,,,,n-labeled antisensc riboprobe was transcribed from a fragment at the far 3’ end of 
the cDNA and hybridized to the endogenous MN20 mRNA in sagittal tissue sections as described in Materials and Methods. MN20 labeling is indicated 
by a red brie or ~tlppbng in the summary diagram of an E10.5, midsagittal section. A, Heavy MN20 labeling is detected in the dorsal aspect of the 
mesencephalic vesicle (m), whereas expressron IS just becoming detectable in the dorsal telencephalic vesicle (t) where the arrowhead points to light MN20 
labeling. B, In the developing cerebellum, demarcated by the two UYTOWS, MN20 message is expressed most heavily in the dorsal aspect of the anlage. 
Scattered cells of the cercbellar ventrrcular neurocpithelium arc also labeled. C, MN20 expression in the roof of the mesencephalic vesicle is shown at 
higher magmfication. The MN2OiD2 cyclm mRNA is detected primarily in cells at the outer aspect of the prohferative neurocprthelium. D, As a negative 
control, adjacent sectrons wcrc hybridized with sense strand MN20 riboprobe. Shown in D is the mescncephalic region comparable to that which appears 
in C. Scale bars: 400 pm in A and B and 100 pm m C and D. 

rhombic lip at El25 and El45 and those migrating to the cere- 
bellar EGL. This indicates that embryonic cerebellar granule 
precursors do not express MN20iD2 cyclin even though they are 
mitotically active (see Fig. 6). 

At E14.5, virtually no MN20 expression is found in the cere- 
bellar anlagc, and it does not reappear until the early postnatal 
period when it is found in the P2 EGL, the earliest postnatal age 
examined. However, strong MN20 labeling is found in a thin layer 
of cells lining the most superficial aspect of the nascent cortical 
plate (Figs. 3, 5). MN20 expression in this region extends antero- 

posteriorly from frontal to occipital cortex and excludes the ol- 
factory cortex. These MN20 expressing cells are not glial precur- 
sors because the few glia that arise from the ventricular zone at 
this age remain scattered in the region of the subventricular and 
ventricular zones, below the cortical plate, until later in develop- 
ment (Angevine and Sidman, 1961; Bayer and Altman, 1991). 
Little if any labeling is detected either in cells migrating through 
the intermediate zone toward the cortical plate or in cells of the 
underlying ventricular zone. MN20 expression is not detected in 
the developing hippocampus at E14.5. In situ labeling with MN20 
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sharply declines in the cerebral cortex by E16.5 and is undetect- 
able in the early postnatal period. 

In the P6 mouse brain, MN20 expression is confined to the 
superficial lamina of the external germinal layer (Fig. 4B), where 
[3H]thymidine labeling studies have indicated that granule neuron 
precursor cells are mitotically active (Fujita, 1967). No labeling is 
detected in the deep lamina of the EGL, where cells become 
postmitotic, begin to extend processes, and form attachments to 
radial processes of Bergmann glia in preparation for granule cell 
descent into the IGL (Ramon y Cajal, 1911; Miale and Sidman, 
1961; Fujita, 1967; Rakic, 1971; Altman and Bayer, 198.5; Ryder 
and Cepko, 1994). At this age, no MN20 expression is detected 
elsewhere in the brain, including the postnatal cerebral cortex 
(Fig. 4C). Moreover, there is no MN20 expression detected in the 
P6 hippocampus, which still contains dividing granule neuron 
precursors in the postnatal period (Fig. 40). The MN20 expres- 
sion pattern observed at P6 is identical to that seen at P2, P4, 
and P8. 

MN20 also is expressed in postmitotic, immature 
neurons during embryogenesis 
Comparing adjacent tissue sections (Fig. 5), MN20 expression is 
seen to overlap with that of the neuronal NOS/NADPHd-express- 
ing cells recently observed in developing neocortex (Bredt and 
Snyder, 1994). These NOS cells represent postmitotic, immature 
neurons of the developing cerebral cortex. Although NOS-labeled 
cells form a thin layer at the superficial aspect of the E12.5 
cerebral wall, by E14.5 NOS expression extends into the thickness 
of the emerging cortical plate. This suggests that MN20 is more 
transiently expressed than NOS in these cells, because it does not 
persist as cells are displaced to a deeper position in the cortical 
plate by newly arriving neurons. 

A majority of cells in the E14.5 cortex that express high levels 
of MN20 are postmitotic, as demonstrated by the lack of BrdU 
incorporation into S phase nuclei (compare Figs. 3 and 5 with Fig. 
6). These cells at the top of the cerebral cortical plate are in a 
transition between exit from the cell cycle and assumption of their 
more mature neuronal phenotype. These young neurons are lo- 
cated at the interface between the cortical plate and marginal 
zone (see Fig. 5), and therefore correspond to cells that have just 
completed their migration from the ventricular zone to the corti- 
cal pLte and/or to the Cajal-Retzius neurons generated locally in 
layer?. Similarly, in the E12.5 cerebellar anlage, although there is 
light labeling in cells of the proliferating neuroepithelium, the 
heaviest concentration of MN20-labeled cells is seen in the dif- 
ferentiating zone, shown in Figure 20. These cells, originating in 
the ventricular zone, recently have become postmitotic (compare 
Fig. W with Fig. 6B) and are thought to give rise to the deep 
cerebellar nuclei (Altman and Bayer, 1985). MN20 does not 
appear to be expressed in high levels in the Purkinje cells that 
emerge from the ventricular germinal epithelium over the period 
from El0 to El3 in mouse (Miale and Sidman, 1961), because at 
these ages immature Purkinje cells are found deep in the differ- 
entiating zone (Altman and Bayer, 1985). The cells of the differ- 
entiating zone will later migrate inward, passing the Purkinje cells, 
to assume their final position deep in the cerebellum. 

DISCUSSION 
Early concepts of the vertebrate neuroepithelium held that this is 
a simple epithelium of undifferentiated or “indifferent” cells in 
continuous proliferation (Schaper, 1897; Weiss, 1955). However, 
a large body of subsequent work indicates that the CNS germinal 

matrix is a progressively specialized epithelium that changes char- 
acter over time. During the interkinetic nuclear migration of 
ventricular cells in the neural tube, bipolar cells in G2 round up, 
displacing the nucleus to the ventricular surface for mitosis 
(Sauer, 1935; Sauer and Chittenden, 1959; Fujita, 1963; Seymour 
and Berry, 1975). Berry described two broad stages in the devel- 
opment of the ventricular zone: a “proliferative” stage in which 
the germinal cells divide rapidly and are morphologically identi- 
cal-although not necessarily equipotential; and a “migratory” 
stage that appears after cellular differentiation begins (Berry, 
1974). In the cerebral cortex, the ventricular zone of the early 
migratory stage gives rise primarily to neurons, whereas the ger- 
minal epithelium turns to gliogenesis in the late migratory stage 
(Berry, 1974; Bayer and Altman, 1991). As these alterations 
within the ventricular zone occur, the length of the cell cycle 
increases. Thus, mechanisms that produce this progressive differ- 
entiation of the neuroepithelium must modulate the generation 
time of the cell in parallel. Insight has been gained recently into 
the compendium of regulatory proteins that interact to finely 
control cell cycle progression (for review, see Murray and Hunt, 
1993; Sherr, 1994; Roberts, 1993). These regulatory proteins, 
particularly the Gl cyclins and their cdk partners, may provide an 
opportunity to coordinate the control of cell proliferation and 
differentiation in developing brain. 

We reported previously the isolation from cerebellar granule 
cells of a cDNA, MN20, which encodes D2 cyclin protein in an 
alternatively processed form of the cyclin message (Ross and 
Risken, 1994). MN20 differs from the more broadly expressed D2 
cyclin message in its far 3’-untranslated region (UTR). In the 
present study, we have examined the temporal and spatial distri- 
bution of MN20/D2 cyclin expression during development of the 
CNS. MN20 is localized transiently in restricted neuronal precur- 
sor populations of the embryonic brain. This anatomically re- 
stricted pattern of expression indicates that MN20/D2 cyclin is not 
simply a marker of all proliferating cells in developing brain. 
Based on these results, we propose that particular neuroblasts, 
restricted in their differentiation path, may select which cell cycle 
components to express, thereby determining the length of each 
phase or whether the cell will stop dividing, either reversibly or 
irreversibly. This is supported by the observation during Drosoph- 
ilu embryogenesis of mitotic domains, in which clusters of syn- 
chronously dividing cells display morphological and gene expres- 
sion characteristics indicative of early fate commitment 
(Hartenstein and Campos-Ortega, 1985; Foe, 1989). Similarly in 
zebrafish, mitotic domains have been observed within the neural 
tube and are thought to reflect cell cycle-dependent morphogen- 
esis of the region, although not necessarily commitment of cells to 
a particular fate (Kane et al., 1992; Kimmel et al., 1994). 

The anatomically restricted distribution of MN20/D2 cyclin 
expression suggests that it serves a cell-type-specific role in dif- 
ferentiation. This is consistent with the observation that, unlike 
the more ubiquitously expressed Dl isoform, D2 cyclin is ex- 
pressed only in selected continuous cell lines (Inaba et al., 1992). 
In addition, it has been shown that overexpression of the Gl 
active cyclins D2 or D3, but not Dl, can prevent growth factor- 
induced differentiation of granulocytes in culture (Kate and Sherr, 
1993). This inhibitory effect on granulocyte differentiation is ab- 
sent when mutant D2 cyclin protein lacking a functional retino- 
blastoma (Rb)-binding site is used (Kato and Sherr, 1993). Thus, 
there is precedent in other systems for both the selective expres- 
sion of D2 cyclin and its involvement in the maturation of cellular 
phenotype. 
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MN20 expression in developing telencephalon 
The pattern of MN20 expression in cerebral cortex is consistent 
with a role during nemodifferentiation. Although no labeling was 
detected in telencephalon at ElO, MN20 probe was seen to lightly 
label cells in the telencephalic vesicle at El05 This corresponds 
to the initiation of the neurogenic epoch, which begins at about 
El1 in the mouse (Angevine and Sidman, 1961). At El05 and 
E12.5, there is weak MN20 labeling throughout the ventricular 
neuroepithelium with a progressive concentration of cells at the 
superficial aspect of the cerebral wall, where the postmitotic cells 
of the primordial plexiform layer (PPL) reside. The PPL will give 
rise to layer I and cortical subplate, between which the cortical 
plate will form and expand (Marin-Padilla, 1971, 1988; reviewed 
in O’Leary and Koester, 1993). By E14.5, MN20 expression is 
found transiently at the superficial aspect of the cortical plate. 
However, it does not appear to persist in the cortical subplate, 
further indicating that neuronal subpopulations selectively ex- 
press MN20. The present study indicates that these El45 cells 
correspond to largely postmitotic, immature neurons. The num- 
ber and morphology of cells expressing MN20 suggest that they 
are newly arrived young neurons from the ventricular zone that 
express neuronal NOS (Bredt and Snyder, 1994), although it is 
possible that Cajal-Retzius neurons of layer I also are included. 
Overlap between NOS expression and MN20 was seen in other 
brain regions as well, such as the tectum at E12.5. Finally, the 
attenuation of MN20 labeling in the cortical plate by E16.5 
suggests that D2 cyclin action is not uniform throughout cerebral 
cortical histogenesis, but is most active during the emergence of 
layer V and VI neurons. 

MN20 expression in developing cerebellum 
Within the developing cerebellum, MN20/D2 cyclin is expressed 
in a bimodal fashion, initially seen at E10.5-12.5 and not again 
until the postnatal period. Moreover, it is expressed in cells that 
are making a transition between proliferation and their final exit 
from the cell cycle. MN20 is detected in the cerebellar anlage at 
E10.5-E12.5 in cells that will contribute to the deep cerebellar 
nuclei. At this age, labeled cells are scattered through the cere- 
bellar ventricular neuroepithelium, and more densely labeled cells 
are seen in the dorsal anlage. This graded expression indicates 
that the MN20 isoform is expressed first in cells within the 
ventricular zone and is upregulated as cells become postmitotic, 
move dorsally, and begin to differentiate (Altman and Bayer, 
1985). From E14.5 to E18.5, it is notably absent within the 
cerebellum and dividing granule precursors of the rhombic lip, 
which heavily express MN20 only once in the postnatal EGL. This 
postnatal granule population already has migrated out from the 
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rhombic lip and is undergoing its second and final burst of mitosis 
as cells prepare to extend processes and begin their inward mi- 
gration. Thus, these granule precursors are “primed” for terminal 
differentiation and therefore are comparable, at least in this 
respect, with the cerebral cortical cells expressing MN20. This 
suggests that the expression of MN20 is more dependent on the 
stage of differentiation of the precursor cell than on the cell’s 
active participation in the division cycle. The pattern of MN20 
expression is compatible with a model of neurodifferentiation in 
which multipotential precursors become committed to a neuronal 
lineage, then undergo sequential restriction of possible fates that 
they can assume only after appropriate gene expression renders 
them competent to differentiate. In such a model, MN20 would be 
a marker for this intermediate stage in which granule cells acquire 
competence to differentiate. 

Relationship between MN20/D2 cyclin expression 
and brain development 
What then are the potential roles of MN2O/D2 cyclin in the 
regional differentiation of CNS progenitor cells? Gyclin D2 is 
known to be a positive regulatory subunit of cdk2 and cdk4 (Xiong 
et al., 1992; Kato et al., 1993). It has been shown to interact 
directly with the oncogene product pRb, and the D-cdk complex 
is inhibited by the cdk inhibitors p21cip’waf’ and ~27~‘~ (Kato et al., 
1993; Xiong et al., 1993). During Gl of the cell cycle, D2 cyclin 
protein is expressed before cyclin E and is a prime target for 
growth factors that must be administered early in Gl to influence 
proliferation (Matsushime et al., 1991; Sherr, 1993). The down- 
stream targets of D2 cyclin/kinase partners are little understood, 
so it is possible that D2 cyclin has a role in differentiation beyond 
its known role in cell cycle regulation. However, the fact that it is 
expressed both in cell populations undergoing their final wave of 
mitosis and also transiently in cells that have just exited the cell 
cycle strongly implies that MN20/D2 cyclin has a role in the 
downregulation of proliferation and/or early events in maturation 
of the young postmitotic neuron. 

The influence of MN20/D2 cyclin on neuronal differentiation 
could be a permissive one, altering the rate of cell division in 
precursor cells, thereby modulating the opportunity for gene 
expression as cells progressively differentiate. One model of gene 
regulation in Drosophila occurs during early embryogenesis, in 
which the rapid rate at which cells divide excludes the expression 
of large genes because there is insufficient time to transcribe and 
process units on the order of 20 kb (Shermoen and O’Farrell, 
1991; Rothe et al., 1992). Thus, the timing of expression of large 
genes (transcription units) such as knirps-related and Ultrabithorax 

is restricted by the stage-specific length of cell cycle times in the 

Figure 2. In situ hybridization of MN20 in brain at E12.5. Sagittal sections are labeled with MN20 riboprobe as in Figure 1. Red lines or stippling in the 
diagram of an E12.5 embryo, depicted in the midsagittal plane, summarize the distribution of MN20 labeling. A and B, Low- and high-power 
magnifications are shown of the cerebral cortical wall. MN20 mRNA is labeled heavily in young postmitotic neurons in the primordial plexiform layer @pr) 
above the ventricular neuroepithelium (see Fig. 64); Iv, lateral ventricle. C, MN20 expression is seen in the mamillary area of the epithalamus. The open 
arrow in C corresponds to that shown in the diagram. D, By E12.5, mesencephalic MN20 expression is restricted posteriorly to the developing tectum 
(closed arrowhead in D and diagram). In the tectum, MN20 is found predominantly in cells that have migrated out from the proliferating ventricular 
neuroepithelium. Long arrows point to the cerebellum where MN20 mRNA is detected primarily in cells of the dorsal, differentiating zone (dz). The dz 
is populated by recently postmitotic cells that have migrated up from the ventricular zone (vz) to contribute to the deep cerebellar nuclei (Altman and 
Bayer, 1985). Scale bars: 200 pm in A and D and 100 pm in B and C. 
Figure 3. In situ hybridization of MN20 in E14.5 brain. Sagittal sections are labeled with MN20 riboprobe as in Figure 1. The distribution of MN20 
expression in E14.5 brain is represented in the E14.5 diagram by a red line. A and E, Lower and higher magnifications of the cerebral cortex. MN20 is 
expressed in a thin layer of cells (arrows) at the outermost cortical plate (cp), which contains primarily postmitotic neurons at this age. No MN20 labeling 
is detectable in the ventricular zone (vz), where the proliferating neuroepithelium is located; Iv, lateral ventricle. MN20 expression extends antero- 
posteriorly from frontal to occipital cortex and excludes olfactory cortex or hippocampus. C, No MN20 expression is seen in the cerebellum at this age 
(seen in C and designated by an armw in the summary diagram). Scale bars: 200 pm in A and 100 ym in B and C. 
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Figure 6. BrdU labeling of proliferating 
neuroblasts in embryo& cerebral cortex 
and cerebellum. BrdU incorporation into 
S-phase nuclei is detected immunohisto- 
chemically in sagittal sections of brain at 
El25 (A, B) and E14.5 (C, D). A, E12.5 
cerebral cortical wall. Cells of the ventricu- 
lar zone are labeled heavily, whereas post- 
mitotic cells begin to fill the subpial region 
and form the primordial plexiform layer. 
Arrows point to the location of MN20/D2 
cyclin-expressing cells shown in Figure 24, 
B; IV, lateral ventricle. &Arrows point to the 
E12.5 cerebellar anlage, where proliferating 
cells are found in the ventricular zone (vz), 
whereas cells in the differentiating zone (dz) 
are postmitotic. Compared with Figure 20, 
the strongest MN20 expression is found in 
the postmitotic cells of the dz, whereas 
lower but detectable expression is found in 
the vz. Cells of the rhombic lip (arrowhead 
in B and D) do not express MN20 (compare 
with Figs. 2, 3). C, E14.5 cerebral cortex. 
BrdU-labeled cells are found predominantly 
in the ventricular neuroepithelium (vz), al- 
though occasional mitotic cells are labeled 
in the marginal zone above the cortical plate 
(cp, parallel lines), as are a few cells migrat- 
ing toward the cp. The asterisk in C desig- 
nates the level at which MN20-expressing 
cells are located in Figures 3 and 5. D, 
BrdU-labeled, S-phase cells of the E14.5 
cerebellar anlage are located in the vz and 
external germinal layer (egl), the cells of 
which have migrated out from the rhombic 
lip (arrowhead). No MN20 message was de- 
tected in the E14.5 cerebellum (compare 
with Fig. 3). Scale bars: 100 pm inA, B, and 
D, and 200 pm in C. 

developing embryo. This may explain in part the requirement for 
progressive lengthening of the cell cycle as neurulation and cor- 
tical neurogenesis proceed (Kaufman, 1968; Wilson, 1982; Taka- 
hashi et al., 1993). 

Alternatively, the selection of cell cycle proteins expressed within 
a given CNS progenitor may be a consequence of the degree to which 
the fate of that precursor cell is determined. In support of this view, 
expression of certain cell cycle genes, such as the Gl-active cyclin E, 
proliferating cell nuclear antigen, ribonucleotide reductase, and 
DNA polymerase-cr, are expressed in Drosophila regardless of 
whether there is a block in the cell cycle at G2h4 (Duronio and 
O’Farrell, 1994; Edgar et al., 1994). This indicates that expression of 
certain components of the cell cycle machinery are under develop- 
mental rather than cell cycle control. 

c 

The detection of MN20/D2 cyclin mRNA in postmitotic cells 
could indicate a relationship between “inappropriate expression” of 
a cell cycle regulatory gene and programmed cell death. Recent work 
regarding gene expression in an in vitro model of apoptosis on the 
withdrawal of nerve growth factor suggests that in superior cervical 
ganglion Dl, but not D2, cyclin is a marker of programmed cell 
death, perhaps by pushing cells through Gl without entering G2 
(Freeman et al., 1994). This raises the possibility that in other 
postmitotic neurons, another D cyclin has a similar association with 
apoptosis. Examination of H&E-stained sections suggests that this 
mechanism is not a major function of the D2 cyclin in early cortical 
development, because only very rare pyknotic nuclei, characteristic of 
cells undergoing apoptotic cell death, were seen in the region of the 
E14.5 cortical plate. Within the same tissue section, the mesence- 

Figure 4. In situ hybridization of MN20 in P6 brain. Sagittal sections are labeled with MN20 riboprobe as in Figure 1. The distribution of expression is 
indicated by a red line in the diagram of a P6, sagittal brain section. A and B, Lower and higher magnifications of the cerebellum are shown. The full 
thickness of the external germinal layer (egl) is indicated byparallel lines in B. Heavy labeling of MN20 is seen in the superficial zone of the egl in which 
proliferating granule neuron precursors are found. Labeling is absent in the deep zone of the egl, where postmitotic granule cells begin their glia-guided 
migration inward to the internal granular layer (igZ). C, The cerebral cortex is devoid of MN20 expression by P6 (cortical layers I and II/III are indicated). 
D, No MN20 labeling is seen in the proliferating granule cells of the hippocampal dentate gyrus (dg). Scale bars: 200 pm in A and 100 pm in B-D. 
Figure 5. MN20- and nitric oxide synthase (NOS)-expressing cells in cerebral cortex at E12.5 and E14.5. Comparison of adjacent tissue sections reveals 
overlap of MN20 expression with NADPH-diaphorase (NADPZZd)-labeled, NOS-expressing, cerebral cortical cells. These neuronal NOS cells represent 
postmitotic, immature neurons of the emerging cerebral cortex (Bredt and Snyder, 1994). EZ2.5, MN20 expressing cells at the superficial aspect of the 
cerebral wall are in the region of the primordial plexiform layer (ppl, curved arrow) and overlap with NOS-producing young neurons, which are just 
beginning to move out from the ventricular zone. E14.5, An H&E-stained section is shown at the left in the bottom panel, where parallel lines demarcate 
the cortical plate (cp). The arrowheads point to MN20- and NADPHd-positive cells at the superficial aspect of the cortical plate (cp), and the long thin 
arrows point to the overlying marginal zone (mz) and pia. Scale bar, 40 pm in both panels. 
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phalic nucleus of V demonstrated readily apparent karyorhexis, 
indicative of the apoptosis that is known to occur in brainstem nuclei 
at this age. The cellular morphology of the E14.5 cerebral cortex is 
not compatible with a model in which MN20 expression marks 
apoptosis, because the message was found in many more cells than 
appear to be undergoing programmed cell death. Moreover, the 
observation of NOS expression in cell populations producing MN20 
suggests that these cells are not undergoing apoptosis, because it has 
been reported that NOS activity can provide protection from pro- 
grammed cell death (Mannick et al., 1994). Interestingly, it also has 
been implied that induction of NOS expression in differentiating 
neural cells are required for their exit from the cell cycle (Peunova 
and Enlkolopov, 1995), precisely the stage in which MN20 expression 
is seen to overlap with NOS in cerebral cortex. 

The expression of MN20/D2 cyclin mRNA in cells that recently 
have exited the cell cycle suggests that this message form in some way 
prevents the further division of cells or otherwise provides a link 
between incoming trophic signals and the cell cycle. It has been 
demonstrated in fibroblast cultures that overexpression of Dl or E 
cyclins can shorten Gl and accelerate proliferation (Ohtsubo and 
Roberts, 1993; Quelle et al., 1993). Interestingly, it has been observed 
that a truncation in the 3’-UTR of the Dl cyclin gene has led to 
stabilization of the mRNA and elevated Dl cyclin protein expression 
in a human breast cancer cell line (Lebwohl et al., 1994). This 
suggests that sequences in the 3’-UTR can play a significant role in 
the regulation of cyclin expression. This is particularly relevant for 
MN20 because this message form, comprised of 5 kb of 3’-UTR 
compared with a coding region of <l kb, is distinguished in its 3’ end 
from the other D2 cyclin message (Ross and Risken, 1994). More- 
over, excessive expression of D2 or D3, but not Dl, cyclin can 
prevent granulocyte differentiation in the presence of the growth 
factor CSF-1 in a lineage-dependent manner (Kato and Sherr, 1993). 
It is possible, then, that the MN20 form of the D2 cyclin mRNA 
serves to reduce the translational activity of the D2 cyclin message in 
neuroblasts to facilitate their exit from the cell cycle and response to 
terminal differentiation signals. 
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