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Atypical Mouse Cerebellar Development Is
Caused by Ectopic Expression of the

Forkhead Box Transcription Factor HNF-3β
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CHRISTINE PESOLD,†‡ AND ROBERT H. COSTA*2

Departments of *Molecular Genetics, †Psychiatry, and ‡The Psychiatric Institute, University of Illinois at
Chicago, College of Medicine, Chicago, IL 60607

To assess the role of hepatocyte nuclear factor-3β (HNF-3β) in hepatocyte-specific gene transcription, we re-
ported the characterization of the liver phenotype with transgenic mice in which the −3-kb transthyretin (TTR)
promoter functioned to increase HNF-3β expression. During breeding of the TTR-HNF-3β transgenic mice we
noticed that they displayed severe ataxia. In this study, we describe the analysis of our transgenic cerebellar
phenotype and demonstrate that ectopic expression of HNF-3β disrupted cerebellar morphogenesis and caused
reduction in cerebellar size. In postnatal cerebellum, the HNF-3β transgene expression pattern is colocalized to
glial fibrillary acidic protein-positive cerebellar astrocytes and Bergmann glial cells. As a result of protracted
expression, the transgenic cerebella are impaired in terms of astrocyte dispersal and formation of Bergmann glial
cell processes. This caused a disruption in neuronal cell migration to the cortical laminar layers and Purkinje
dendritic arbor maturation, thus leading to diminished foliation. Differential hybridization of cDNA arrays was
used to identify altered expression of cerebellar genes, which is consistent with the observed defect in transgenic
cerebellar morphogenesis and size as well as glial maturation. These include diminished expression of the brain
lipid-binding protein, which is required for glial morphological differentiation, and the basic helix–loop–helix
NeuroD/Beta2 and homeodomain Engrailed-2 transcription factors, which are required for normal cerebellar
morphogenesis and foliation. Undetectable levels of ataxia telangiectasia (ATM), which is required for proper
development of the Purkinje dendritic arbor, were found in postnatal transgenic cerebella. Furthermore, the
transgenic cerebella displayed levels of insulin-like growth factor binding protein-1 elevated to 22 times greater
than those measured for wild-type cerebella, an elevation consistent with the reduction in transgenic cerebel-
lar size.

Cerebellar expression Transgenic mice Winged helix domain Granule cells Purkinje cells
Astrocytes Neuronal migration Transthyretin promoter Reeler mice

DURING mouse embryogenesis, the cerebellum arbor in the molecular cell layer, which is located at
the exterior of the adult cerebellum (64). The cerebel-arises as a very complex outgrowth on the dorsal side

of the metencephalon. Proliferating cerebellar neuro- lum also undergoes considerable postnatal granule
neuron migration using a radial glial cell scaffoldingepithelial cells migrate from the ventricular zone to

populate the deep cerebellar nuclei and Purkinje cell (29). Granule cells migrate from the external granule
cell layer through the molecular and Purkinje cell lay-layers (29). Postnatal differentiation of Purkinje cells

leads to the development of an extensive dendritic ers to the internal granule cell layer. In the molecular
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layer, parallel fiber axons elongate from granule neu- mesoderm, floorplate neuroepithelium, and in vis-
ceral and definitive endoderm (4,46,59,61). Consis-rons and synapse with Purkinje dendrites to establish

neuronal communication required for cerebellar func- tent with this expression pattern, Hnf3β−/− mouse
embryos die in utero and lack node and notochord,tion. In the adult cerebellar cortex, bushy astrocytes

and radial Bergmann glial cells are distributed leading to defects in neurotube, somites, and gut en-
doderm formation (3,69). Moreover, ectopic expres-throughout both the internal granule layer and Pur-

kinje cells, respectively, and these glial processes in- sion of HNF-3β in the hindbrain/midbrain region of
day 8.5 postcoitum (p.c.) mouse embryos mediatesteract extensively with their respective neuronal syn-

apses (28). During cerebellar development, neuronal the conversion of the dorsal neurotube to floorplate
neuroepithelium. This resulted in severe defects incell migration to the cortical laminar layers is guided

by radial and Bergmann glial cell processes (29). The skull, midbrain, colliculi, and cerebellum formation
in transgenic mouse embryos (62).cell adhesion receptor systems involved in this neu-

ronal cell migration include the netrin receptors [e.g., Because Hnf3β−/− embryos die in utero prior to
liver formation, we previously assessed the role ofrostral cerebellar malformation (rcm)], erbB receptors

(e.g., ErbB4), the integrin family (e.g., integrin α5), HNF-3β in hepatocyte-specific gene regulation by in-
creasing HNF-3β expression in transgenic mice usingand the cadhedrin family (53). Recent studies using

genetically marked precursor cells have demonstrated the −3-kb TTR promoter region (55). Our studies
show that postnatal transgenic mice exhibit liver dys-that radial glial cells may not only be important for

neuronal guidance, but the proliferative radial glial function leading to diminished postnatal growth and
liver glycogen storage and elevated serum levels ofcells can differentiate into neurons (48).

Cellular differentiation results in transcriptional bile acids and bilirubin. These defects are coincident
with diminished postnatal expression of hepatocyteinduction of distinct sets of cell-specific genes whose

expression is required for organ function. We have genes involved in glucose, bile acid, and bilirubin ho-
meostasis. Furthermore, the TTR-HNF-3β transgenicutilized the DNA regulatory regions of the transthy-

retin (TTR) gene, which encodes the serum and cere- mice display increased hepatic expression of IGFBP-
1, which limits the biological effects of IGFs neces-bral spinal fluid carrier protein of thyroxine and

vitamin A (21), as a model to understand hepatocyte- sary for postnatal growth. In this study, we describe
the characterization of a severe cerebellar phenotypespecific gene transcription (13,14). Functional analy-

sis of the TTR and numerous other regulatory regions in the TTR-HNF-3β transgenic mice resulting from
ectopic expression of the HNF-3β transgene in theof liver-specific genes determined that hepatocyte-

specific gene transcription is dependent on recogni- developing mouse cerebellum. The HNF-3β trans-
gene expression pattern becomes restricted to astro-tion of multiple DNA binding sites by distinct fami-

lies of hepatocyte nuclear factors (HNF) as well as by cytes in postnatal cerebellum, which disrupts forma-
tion of the radial glial scaffolding and results inwidely distributed transcription factors (11,15). These

studies also revealed that detectable promoter activity abnormal neuronal migration and organization in the
transgenic cerebellar cortex. Differential hybridiza-required combinatorial interactions among multiple

HNF proteins and that this requirement plays an im- tion of cDNA arrays was used to identify altered ex-
pression of cerebellar genes, which is consistent withportant role in maintaining cell-specific gene expres-

sion (13,14,22). The hepatocyte nuclear factor-3α the observed defect in transgenic cerebellar morpho-
genesis and size.(HNF-3α), -3β, and -3γ proteins were originally iden-

tified as mediating transcription of hepatocyte-spe-
cific genes (14,41,42) and sharing homology in the MATERIALS AND METHODS
winged helix/fork head DNA binding domain (12).

Generation of Transgenic MiceThe HNF-3/fork head proteins are a growing family
of transcription factors that play important roles in The transthyretin (TTR) minigene construct con-

sists of the −3-kb TTR promoter region, the first andcellular proliferation and differentiation (16,39) and
have recently been renamed as the Forkhead box second TTR exons fused to the SV40 3′ end and

poly(A) sequences (72). The creation of the TTR-(Fox) family (38).
The HNF-3β (also called Foxa2) protein is impor- HNF-3β transgenic founder CD-1 T-60 and T-77

mouse lines has been described previously (55). Indi-tant not only for hepatocyte-specific gene expression,
but also participates in gene regulation in epithelial vidual founder T-60 and T-77 mice were mated with

CD-1 wild-type mice to generate F1 transgenic mice,cells of the esophagus, trachea, lung, stomach, intes-
tine, and pancreas (37,46,54,75). HNF-3β expression which were used for analysis of the cerebellar pheno-

type.initiates during gastrulation in the node, notochord
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In Situ Hybridization and were isolated by RT-PCR of postnatal mouse brain
RNA (primer sequences are written in the 5′ to 3′Immunohistochemical Staining
direction): HindIII digested Integrin α5 template
(caccagcagtcagagatggatac and gcccaacgtcttcttccgtctFor paraffin wax microtome sections, dissected

embryos or brains were fixed in 4% paraformalde- cag) was transcribed with T7 RNA polymerase.
EcoR1 digested ErbB4 pBS template (ctgtgtgtgctgaahyde in phosphate-buffered saline (PBS) at 4°C over-

night, dehydrated, and embedded in paraffin. Sec- caatgtgatg and agacaaatgtttggggacactcag) was tran-
scribed by T3 RNA polymerase. Nonmuscle myosintions of 7 µm were used for in situ hybridization or

immunohistochemical staining. For immunohisto- light chain 3 digested pBS template (cgaacaggtgatgg
caagatcc and actcgggatacagaatgtctcagc) was tran-chemistry, the paraffin wax was removed from sec-

tions with xylenes, rehydrated in ethanol, and then scribed by T7 RNA polymerase. An EcoRI-ClaI frag-
ment close to the 3′ of the thyroid hormone bindingplaced in PBS plus 0.25% Triton X-100 (PBT). We

used the microwave-based antigen retrieval method protein p55 or protein disulfide isomerase (PDI) (60)
cDNA was cloned into pBS vector. The constructto enhance antigenic reactivity of antibodies with

paraformaldehyde-fixed dewaxed paraffin-embedded was digested with EcoRI and transcribed by T7 RNA
polymerase to generate antisense probe. All PCR-sections as described previously (75). For cryostat

sections, brains were fixed overnight, washed three generated cDNA probes were verified by DNA se-
quencing. RNase protection assays and the synthesistimes in PBS at room temperature, and incubated

overnight in 30% sucrose. Sections of 20 µm were of the insulin-like growth factor binding protein 1
(IGFBP-1) RNA probe was described previouslycut in a cryostat and were collected either in PBS for

free-floating immunostaining or on Superfrost plus (55). In situ hybridization of paraffin-embedded tis-
sue sections was based on a protocol described pre-slides (Fisher), air dried, and later rehydrated in Tris-

buffed saline (TBS). The sections were blocked with viously (56). After hybridization, stringent washes,
and autoradiography, dark field microscopy was used3% normal serum and incubated with primary anti-

body diluted in 1% normal serum in TBS overnight to visualize the hybridization signals of the express-
ing cells in the tissues.at 4°C [primary antibodies for HNF-3β (1:100); cal-

bindin (Sigma, 1:200); GAD67 (Chemicon 1:2000),
glial fibrillary acidic protein (GFAP) (Boerhinger Analysis of Cerebellar Postnatal Apoptosis
Mannheim; 1:4)]. Sections were then washed in TBS

The number of cells undergoing apoptosis was
three times and incubated with secondary antibody

measured in wild-type and transgenic cerebella of
diluted in 1% normal serum in TBS for 1 h at room

mice at postnatal day 2 (P2), P7, P14, P22, and P56
temperature. Primary antibodies were detected using

of age. Apoptosis was measured using the terminal
secondary anti-mouse IgG coupled to FITC (1:100)

DNA transferase mediated fluorescein-dUTP end la-
or anti-rabbit IgG antibodies coupled to TRITC. La-

beling (TUNEL) assay with the ApoTag apopotosis
beled sections were viewed and photographed using

kit (Intergen, Purchase, NY) following the manufac-
either a Zeiss microscope for visualization of horse-

turer’s instructions. The apoptotic cells were counted
radish peroxidase staining or a Zeiss or Leica laser

in three 100× cerebellar micrographs, and mean and
scanning confocal microscope for double or single

standard deviation were determined by using the
immunofluorescent labeling experiments.

Analysis ToolPak in Microsoft Excel 98.
The following cDNAs were used as templates for

synthesizing [33P]UTP-labeled antisense RNA probes:
Mouse cDNA Array Analysis

HindIII digested rat HNF-3β cDNA (1.5 kb) pGEM1
plasmid using T7 RNA polymerase; NotI digested Radioactively labeled cDNA was synthesized to

either wild-type or transgenic mouse cerebellar RNAmouse rcm cDNA (600 bp) pGEM1 plasmid using
T7 RNA polymerase; EcoR1 digested rat reelin (P21) and used to hybridize to either the Atlas mouse

1.2 or mouse stress cDNA expression arrays (Clon-cDNA (760 bp) pGEM1 plasmid using Sp6 RNA
polymerase; mouse math-1 cDNA (1.4 kb) pBlue- tech, Palo Alto, CA) as described previously (73).

For comparison, we hybridized the mouse stress arrayscript SK+ (pBS) plasmid using T3 RNA polymer-
ase; an EcoRI linearized GABAA α1 receptor subunit with cDNA probe from P21 wild-type liver RNA.

Total RNA from wild-type or TTR-HNF-3β trans-cDNA (304 bp) pGEM-1 plasmid using SP6 RNA
polymerase; and a BamHI linearized GABAA α6 re- genic cerebellum or from wild-type liver was used

to prepare labeled cDNA probe with [32P]dCTP andceptor subunit cDNA (348 bp) pGEM-1 plasmid us-
ing SP6 RNA polymerase (74). hybridized to membranes following protocols sup-

plied by the manufacturer (Clontech, Palo Alto, CA).The following antisense RNase protection probes
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The arrays were then exposed to the phosphorim- kinje cell layer (pcl), highlighting the convoluted
wild-type cerebellar cortex (Fig. 1C). Moreover, im-aging screens for 1 or 2 days and scanned with a

storm 840 PhosphorImager. Following subtraction of munohistochemical staining for GAD67 protein de-
tected the Purkinje cell bodies and the Purkinje cellbackground, hybridization signals were normalized to

the cytoplasmic β-actin (M12481) and 40S ribosomal dendritic arbors in the molecular layer (ml), which
synapses with the granule cell parallel fibers as wellprotein S29 (L31609) controls. Normalized expres-

sion levels from transgenic and wild-type cerebellum as a small population of basket and Golgi type II
GABAergic interneurons scattered throughout thecDNA hybridizations were determined by using the

AtlasImage 1.5 program (Clontech). cerebellum (Fig. 1D). In contrast, histological stain-
ing demonstrated that the TTR-HNF-3β transgenic
cerebella (T-60 and T-77 lines) displayed a complete
disorganization of the molecular, Purkinje cell, andRESULTS
internal granule layers, suggesting defective neuronal

Ectopic Expression of HNF-3β in the
migration during cerebellar morphogenesis (Fig. 1E–

Developing Cerebellum Inhibits Neuronal Cell
H). As a result, the tangential growth of the cerebellar

Migration and Induces Ataxia
cortex was reduced and there was almost no foliation
in the transgenic cerebellum (Fig. 1), which is likelyIn order to assess the role of HNF-3β in regulating

hepatocyte genes in vivo, we previously reported on due to the inhibition of Purkinje and granule cell mi-
gration that is necessary for cerebellar cortex folia-the use of the −3-kb TTR promoter construct (see

Fig. 1A) to increase hepatocyte expression of HNF- tion (9).
We next used in situ hybridization to determine3β in the developing liver (55). Two transgenic lines

(T-77 and T-60) were developed and characterized the temporal and spatial expression patterns of the
HNF-3β transgene in the developing cerebellum. Ex-for defects in liver function and corresponding

changes in liver gene transcription (55). The T-77 pression of the HNF-3β transgene was first detected
in the proliferating neuroepithelial cells of the cere-transgenic mouse line displayed severe liver dysfunc-

tion, leading to an increase in serum levels of bile bellar ventricular zone and in the precerebellar neu-
roepithelium of 12.5 day p.c. embryos (Fig. 2A–D).acids and bilirubin, a complete absence of hepatic

glycogen storage, and an aberrant increase in hepatic Throughout embryonic cerebellar development,
transgene expression was confined to the neuroepi-expression of the IGFBP-1 gene (55). In contrast, T-

60 transgenic mice lost postnatal hepatic expression thelial cells of the cerebellar ventricular zone as well
as the cerebellar parenchyma cells that migrated fromof the HNF-3β transgene and displayed only a tran-

sient depletion of hepatic glycogen storage and pos- the ventricular zone (Fig. 2E–H). By contrast, no
HNF-3β hybridization signals were detected in non-sessed normal serum levels of bilirubin and bile

acids. transgenic cerebella (Fig. 2I–J) or in the external
granule cell layer (egl) of the transgenic cerebellumSurprisingly, we noticed that the F1 heterozygous

progeny of both the T-60 and T-77 transgenic mouse (Fig. 2E–L). Defects in cerebellar morphogenesis
were apparent in both transgenic lines by 4 days post-lines displayed severe ataxia (a complete absence of

motor coordination). The established T-60 and T-77 natal (P4), at which time it was noted that the trans-
genic cerebellum possessed a limited number of foliatransgenic lines were used for further characterization

of the ataxia phenotype, which was associated with and appeared to retain an embryonic morphology
(Fig. 2J–K). Only the T-60 transgenic mouse braindisruption in cerebellar morphogenesis (Fig. 1B) due

to ectopic expression of the HNF-3β transgene in the displayed consistent choroid plexus expression of the
HNF-3β transgene, demonstrating that the cerebellardeveloping cerebellum (see below). This defect was

not due to liver dysfunction because the T-60 mice phenotype is not the result of ectopic HNF-3β expres-
sion in the choroid plexus (Fig. 2E–H).possessed normal liver function with only a transient

decrease in hepatic glycogen levels (55). To further
characterize the cerebellar defect, distinct cellular The HNF-3β Transgene Is Expressed in the
layers of the adult cerebellum were visualized by GFAP-Positive Cerebellar Astrocytes and
staining the tissue with either neutral red (cell body Bergmann Glial Cells
stain, Fig. 1C, E, G) or glutamate decarboxylase 67
kDa antibody (GAD67, Fig. 1D, F, H), the latter of To identify cerebellar cells that express the HNF-

3β transgene, we performed indirect double immuno-which stains γ-aminobutyric acid (GABA) containing
Purkinje cells and their dendritic arbors (70). In wild- fluorescence labeling of postnatal and adult cerebellar

sections. We distinguished the different cell types intype cerebellum, the neutral red stained the cell bod-
ies of the internal granule cell layer (igl) and the Pur- the postnatal cerebellum using antisera generated
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Figure 1. Ectopic expression of HNF-3β in the cerebellum elicits defects in cerebellar size and cellular organization. (A) Diagram representa-
tion of the mouse −3-kb transthyretin (TTR) promoter-HNF-3β transgene construct. Transgenic mice were created with the −3-kb TTR
promoter region (green box) driving expression of the rat HNF-3β cDNA (blue box), which was cloned into the TTR second exon (red box)
(55,72). The creation and characterization of the liver phenotype displayed by the T-60 and T-77 transgenic lines was described previously
(55). (B) Cerebellar morphogenesis is disrupted in the TTR-HNF-3β transgenic mice. (C–H) Histological analysis of transgenic cerebellum
reveals disruption of the internal granule, Purkinje cell, and molecular layers. Cryostat sections of adult cerebellum sections were stained
either with neutral red (C, E, G), which stains all cell bodies including granule neurons and Purkinje cells, or with glutamic acid decarboxyl-
ase67 (GAD67) antibody (D, F, H), which stains GABAergic cells. This includes Purkinje cell dendrites and somata organized in the
molecular layer and Purkinje cell layers, respectively. Wild-type cerebellum (C, D) shows distinct cellular organization that is lacking in the
cerebella of transgenic lines T-77 (E, F) and T-60 (G, H). Abbreviations: igl, internal granule cell layer; pcl, Purkinje cell layer; ml,
molecular layer.
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Figure 2. HNF-3β transgene expression in embryonic and postnatal mouse cerebellum. In situ hybridization with [33P]UTP antisense HNF-
3β RNA probe was used to examine the expression pattern of the HNF-3β transgene in developing mouse cerebellum. HNF-3β transgene
is expressed in the cerebellar and precerebellar neuroepithelium of 12.5 day (A, B), 14.5 day (C, D), and 17 day (E–H) postcoitum (p.c.)
transgenic mouse embryos, which are absent in the wild-type cerebellum (I, J). HNF-3β is also observed in the transgenic cerebellar
parenchyma at day 17.5 (E–H) and 4 days postnatal (P4) (K, L), which lacks foliation compared to the wild-type P4 cerebellum (J).
Consistent choroid plexus expression is only observed in the T-60 transgenic mouse brain. Abbreviations: CNe, cerebellar neuroepithelium;
CeP, cerebellar primordium; Cer, cerebellar parenchyma; CP, choroid plexus; egl, external granule cell layer; V4, fourth ventricle; pcn,
precerebellar neuroepithelium; VA, aqueduct.

against different cell-specific marker proteins, which tected in wild-type cerebellum (Fig. 3F). Calbindin
D-28K immunostaining of wild-type cerebella high-were detected by immunofluorescence using a FITC

(green)-conjugated secondary antibody. Astrocytes lights the precise alignment of the Purkinje neurons
(Fig. 3F), which is completely disrupted in the trans-and activated Bergmann radial glial cells were de-

tected with the glial fibrillary acidic protein (GFAP) genic cerebella (Fig. 3G). Moreover, HNF-3β stain-
ing does not colocalize with calbindin D-28K Pur-antibody (31) (Fig. 3A–D), and Purkinje cells were

detected with the calbindin D-28K antibody (10) kinje cells in transgenic cerebella (Fig. 3G). In situ
hybridization data demonstrate that the external gran-(Fig. 3F–G). Nuclear HNF-3β staining was per-

formed with an affinity-purified rabbit antibody gen- ule cell layer is negative for HNF-3β transgene ex-
pression (Fig. 2E–H), suggesting that the granuleerated against the HNF-3β amino-terminus (35) and

detected with TRITC (red)-conjugated secondary an- cells do not ectopically express the HNF-3β gene.
tibody (Fig. 3B). Double immunofluorescent staining
of adult transgenic cerebellum demonstrates that the

Defective Astrocyte Organization in Transgenic
HNF-3β transgene protein is colocalized with GFAP-

Cerebellum Is Associated With Inappropriate
positive astrocytes and Bergmann glial cells (Fig. 3C,

Migration of Purkinje and Granule Cells
D), which orchestrate neuronal cell migration during
prenatal and postnatal cerebellar development Immunohistochemical staining of cerebellar Pur-

kinje cells with calbindin D-28K antibody (Fig.(18,29). Moreover, the HNF-3β transgene protein is
expressed throughout the P22 transgenic cerebellum 4I–L) and hematoxylin/eosin staining (Fig. 4A–D)

demonstrated that transgenic cerebella displayed ab-(Fig. 3E), but no endogenous HNF-3β protein is de-
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Figure 3. Immunohistochemistry colocalization of the HNF-3β transgene protein with GFAP-positive astrocytes and Bergmann glial cells
of adult cerebellum using laser scanning confocal microscopy. HNF-3β transgene-expressing cells are labeled with HNF-3β antibody (35)
and detected by immunofluorescence with TRITC (red)-conjugated secondary antibody. Astrocytes and Bergmann glial cells are labeled
with glial fibrillary acidic protein (GFAP) antibody (31) and Purkinje cells are labeled with Calbindin D28K (CalD28K) antibody (10), and
both are detected by immunofluorescence with FITC (green)-conjugated secondary antibody. (A) Detection of GFAP-positive astrocytes in
TTR-HNF-3β transgenic cerebellum. (B) Detection of HNF-3β-positive nuclei in TTR-HNF-3β transgenic cerebellum. (C) Overlay of (A)
and (B) showing that HNF-3β transgene protein expression fills the somata of GFAP-positive astrocytes in TTR-HNF-3β transgenic cerebel-
lum. (D) Colocalization of HNF-3β transgene protein with GFAP-positive astrocytes in a region of transgenic cerebellum containing a cluster
of astrocytes. Note that similar colocalization results were obtained for both T-60 and T-77 transgenic mouse lines. (E) Low-power magnifi-
cation (10×) depicting HNF-3β immunohistochemical staining of transgenic cerebellum. (F) Precise organization of Purkinje cells in wild-
type cerebellum as detected by immunofluorescence with Calbindin D28K antibody. Note that no HNF-3β protein expression is detected in
wild-type cerebellum. (G) HNF-3β transgene protein is not colocalized with Calbindin D28K-positive Purkinje cells and disorganization of
Purkinje cells in the transgenic cerebellum. (H) Postnatal wild-type cerebella display normal maturation of dendritic arbor. (I) Postnatal
transgenic cerebella possess diminished Purkinje cell dendritic arbor. Immunofluorescence staining of wild-type (H) and transgenic (I) P10
cerebellum with CalD28K antibody was detected by TRITC (red)-conjugated secondary antibody using confocal microscopy. Abbreviations:
CalD28K, Calbindin D28K antibody; GDAP, glial fibrillary acidic protein antibody; pc, Purkinje cell; dd, Purkinje cell dendrites.
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Figure 4. The TTR-HNF-3β transgenic cerebellum exhibits disorganization and maturation of astrocytes, Purkinje cells, and granule cells.
Postnatal day 7 (P7; left two columns) or adult cerebella (Ad; right two columns) from either wild-type (WT; A, E, I, C, G, K) or transgenic
(TG; B, F, J, D, H, L) mice were stained with either hematoxylin/eosin (H&E; A–D), which stains all the cell bodies, with glial fibrillary
acidic protein (GFAP; E–H) antibody used to label astrocytes, or with Calbindin D28K (Cald28k; I–L) antibody to label Purkinje cells.
(A–D) Hematoxylin/eosin histological staining of wild-type and transgenic cerebellum. Wild-type cerebellum contains laminar structures
including molecular layer (ml), Purkinje cell layer (pcl), and internal granule layer (igl), which are absent in transgenic cerebellum. In P7
cerebellum the transient external granule cell layer (egl) is present in both wild-type and transgenic cerebella. (E–H) Immunohistochemical
staining of astrocytes with GFAP antibody in transgenic and wild-type cerebella. Altered cellular organization of GFAP-positive bushy
astrocytes (ba) and Bergmann glial cells (bgc) in P7 transgenic cerebellum (E, F). In adult transgenic cerebellum, the Bergmann glial cells
fail to align in the Purkinje cell layer and extend their processes to the cerebellar surface and bushy astrocytes are not found in the internal
granule layer (G, H). (I–L) Immunohistochemical staining of Purkinje cell somata and dendrites with Cald28k antibody in transgenic and
wild-type cerebella. Alignment of Purkinje cells is disrupted in both P7 and adult transgenic cerebella and the Purkinje cell dendrites (dd)
are stunted.
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normal Purkinje and granule cell organization. Wild-
type P7 cerebellar cortex possessed distinct cellular
layers, including the external granule cell layer (egl),
molecular layer (ml), and internal granule layer (igl)
(Fig. 4A, C). Calbindin D-28K antibody staining of
wild-type cerebella highlighted precisely aligned cell
bodies in the Purkinje cell layer and labeled the
branching Purkinje cell dendrites facing toward the
cerebellar surface in the molecular layer (Fig. 4I–K
and Fig. 3H–I). In contrast, the transgenic cerebellar
cortex lacked clearly defined laminar cell layers (Fig.
4B, D), the Purkinje cell bodies were randomly ori-
ented and they displayed immature dendritic arbor
(Fig. 4J–L and Fig. 3H–I). Immunostaining of wild-
type cerebella with GFAP antibody detected the
bushy astrocytes in the internal granule layer and the
radial Bergmann glial cell bodies in the Purkinje cell
layer, from which they extend radial processes into
the molecular layer (Fig. 4E, G). In contrast, the
bushy astrocytes and Bergmann glial cells were dis-
organized in the transgenic cerebella and the Berg-
mann glial radial processes failed to mature (Fig. 4E–
H). Taken together, these data suggest that HNF-3β
transgene expression disrupted astrocyte cytoarchi-
tecture and function, which is critical for neuronal

Figure 5. Aberrant expression of IGFBP-1 in TTR-HNF-3β trans-migration and terminal differentiation.
genic cerebellum correlates with diminished cerebellar size. (A)
RNase protection assay demonstrates aberrant expression of
IGFBP-1 in transgenic cerebellum. Total RNA was prepared fromInduced Expression of IGFBP-1 Expression
postnatal day 8 (P8) wild-type and T-77 transgenic mouse cerebel-

Correlates With Diminished Size of la, and RNase protection assays were used to analyze for expres-
Transgenic Cerebellum sion of insulin-like growth factor binding protein-1 (IGFBP-1) and

cyclophilin. Cyclophilin RNase protected band was used as a nor-
malization internal control, and shown are representative RNaseDuring the breeding process, we noted that both
protection assays displaying aberrant mRNA levels of IGFBP-1 inTTR-HNF-3β transgenic mouse lines weighed signif- transgenic cerebellum. (B) Tunnel assay detects prolonged apop-

icantly less than their postnatal wild-type litter mates tosis in postnatal transgenic cerebella. We used the TUNEL assay
to stain P2, P7, P14, P22, and P56 cerebella from either transgenic(55). RNase protection assays revealed an aberrant
or wild-type mice (see Materials and Methods). Graphically shown20-fold increase in postnatal hepatic expression of in- are the mean and SD of the number of apoptotic cells from three

sulin-like growth factor binding protein-1 (IGFBP-1) distinct cerebellar micrographs from either transgenic (TG) or
wild-type (WT) mice. Transgenic cerebella (P7, P14, and P22) dis-(55), which limits the biological availability of IGFs
played significant increase in apoptosis compared with wild-typerequired for postnatal growth (26,52). Because there cerebella, whereas no significant difference was observed at P2.

was a significant reduction in transgenic cerebellar Note that no apoptosis was detected in transgenic cerebellum from
P56 mice.size, we examined IGFBP-1 mRNA levels in P8 cere-

bellum of wild-type and T-77 transgenic mice using
RNase protection assays (55). While IGFBP-1 levels
were almost undetectable in wild-type P8 cerebella, Because appropriate neuronal cell migration and

alignment is required for proper formation of syn-the T-77 transgenic cerebella displayed a 22-fold in-
crease in IGFBP-1 expression (Fig. 5A), which is sim- apses, the transgenic cerebella can be expected to dis-

play diminished synaptogenesis, leading to an in-ilar to that observed with T-77 postnatal liver (55).
This result suggests that increased transgenic cerebel- crease in postnatal apoptosis (71). We therefore used

the TUNEL assay to measure cerebellar apoptosis inlar expression of IGFBP-1 may sequester the biologi-
cal activity of the IGF proteins, which are required for postnatal wild-type and transgenic mice (see Materi-

als and Methods). Although P2 wild-type and trans-postnatal growth. Consistent with the smaller size of
the TTR-HNF-3β cerebellum, transgenic mice studies genic cerebella demonstrated no significant differ-

ence in apoptosis, transgenic cerebella exhibited andemonstrated that increased expression of IGFBP-1 in
the developing brain results in significant reductions aberrant increase in apoptosis between P7 and P22,

which subsided by P56 (Fig. 5B). These data indicatein postnatal brain growth (20).
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that an increase in postnatal apoptosis as well as in- unit (74) is a marker for mature granule neurons (Fig.
6C), while the GABAA α1 receptor subunit (43) is aduced expression of IGFBP-1 is consistent with re-

duction in transgenic cerebellar size. marker gene for mature Purkinje cells, granule cells,
and deep cerebellar nuclei (Fig. 6E). In situ hybrid-
ization of these probes with adult transgenic cerebella

Continued Expression of Differentiated Marker
highlights abnormal neuronal organization and sug-

Genes in Adult Transgenic Cerebella
gests that their expression does not require appro-
priate neuronal migration (Fig. 6D, F). Likewise,We next examined adult wild-type and transgenic

cerebella for expression patterns of genes associated transgenic cerebella exhibit a diffuse hybridization
pattern with either nonmuscle myosin light chain 3with neuronal differentiation (Fig. 6). In wild-type

cerebella expression of the GABAA α6 receptor sub- (Fig. 6H) or thyroid hormone binding protein p55

Figure 6. Continued expression of differentiated marker genes in adult TTR-HNF-3β transgenic cerebellum. In situ hybridization of wild-
type (left panels) and transgenic (right panels) adult cerebellum with 33P-labeled antisense RNA probes made to various differentiated marker
cDNAs. Shown are the bright field microscopy (A, B) and the dark field illumination depicting the hybridization signals (C–J). In situ
hybridization of wild-type or transgenic cerebellum with antisense RNA probe made from the GABAA α6 receptor subunit cDNA (C, D),
which labels granule neurons (74); the GABAA α1 receptor subunit cDNA (E, F), which labels mature Purkinje and granule cells and deep
cerebellar nuclei (43); the nonmuscle myosin light chain 3 (Myosin LC 3) cDNA (G, H), which labels glial cells and neurons (23); and the
thyroid hormone binding protein p55 (THBP p55) cDNA (I, J), which is identical to protein disulfide isomerase and is expressed in mature
glial cells (60).
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(60), which are differentiated markers for cerebellar cells transiently express the ErbB4 receptor, which
mediates granule cell migration through interactionglial cells and neurons (Fig. 6G) and glial cells (Fig.

6I), respectively. Taken together, these data suggest with the neuregulin protein (49,58). While expression
of neither the integrin α5 subunit nor ErbB4 receptorthat disruption of transgenic cerebellar morphogene-

sis still allows expression of cell-specific marker is detectable in wild-type adult cerebellum (Fig. 7C,
G), transgenic glial cells display persistent expressiongenes, but the glial and neurons fail to terminally dif-

ferentiate and develop their cellular processes. of these genes (Fig. 7D, H). These studies demon-
strate that the adult transgenic cerebellum continues
to express genes involved in neuronal guidance,Aberrant Expression of Integrin α5 and ErbB4
whose expression is normally restricted to the periodReceptor Genes in Adult Transgenic Astrocytes
of cerebellar morphogenesis.

We next determined the expression of astrocyte
genes important for neuronal cell migration in adult Cellular Expression Patterns of Math-1, Reelin, and
wild-type (Fig. 7, left panel) and transgenic (Fig. 7, rcm in Neonatal Transgenic Cerebellum
right panel) cerebella by in situ hybridization. The
transmembrane protein integrin α5 is transiently ex- In situ hybridization of P4 transgenic and wild-

type cerebella was used to determine the expressionpressed in radial glial cells during cerebellar morpho-
genesis, suggesting its involvement in glial-guided patterns of genes involved in neuronal guidance (Fig.

8). The basic helix–loop–helix Math-1 gene is tran-neuronal migration (32). Likewise, Bergmann glial

Figure 7. Aberrant expression of neuronal migration genes in adult TTR-HNF-3β transgenic cerebellum. In situ hybridization of wild-type (left
panels) and transgenic (right panels) adult cerebellum with 33P-labeled antisense RNA probes made to neuronal cell migration cDNAs, which
are exclusively expressed during cerebellar morphogenesis. Shown are the bright field microscopy (A, B, E, F) and the dark field illumination
depicting the hybridization signals (C, D, G, H). In situ hybridization of wild-type or transgenic cerebellum with antisense RNA probe made
from the integrin α5 subunit cDNA (C, D) and the ErbB4 receptor cDNA (G, H). The integrin α5 subunit is transiently expressed in radial
glial cells in developing cerebella, suggesting an involvement in glial-guided neuronal migration (32), and the ErbB4 receptor cDNA is
transiently expressed in Bergmann glial cells during granule cell migration and is the ligand for granule cell neuregulin (58).
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Figure 8. Continued expression of reelin and rcm in neonatal TTR-HNF-3β transgenic cerebellum. In situ hybridization of wild-type (left
panels) and transgenic (right panels) P4 cerebellum with 33P-labeled antisense RNA probes made to various cerebellar marker cDNAs and
hybridization signals are shown by dark field illumination (C–H). (A, B) Bright field micrographs of wild-type (A) and transgenic (B) P4
mouse cerebellum demonstrating lack of foliation in transgenic cerebellum stained with hematoxylin/eosin. In situ hybridization of wild-
type or transgenic cerebellum with antisense RNA probe made from the Math-1 cDNA (C, D), which labels the external granule cell layer
(2,7); the rostral cerebellar malformation (Rcm) cDNA (E, F), which labels both the granule and Purkinje cells (1); and Reelin cDNA (G,
H), which labels the external and internal granule cell layers (50,63).
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siently expressed in developing granule neurons (2,7) migration (Table 1, genes 14–19), ion channels, signal
transduction pathways (Table 1, genes 20–22), andand stains the external granule cell layer of wild-type

and transgenic cerebellum (Fig. 8C–D). We also ex- mediating an adaptive response to stress (Table 2).
amined the expression of two neuronal guidance
genes, which are dysfunctional in naturally occurring

DISCUSSION
cerebellar mouse mutants and whose precise expres-

Mouse genetic studies demonstrate that HNF-3βsion pattern is critical for proper neuronal migration.
is required for formation of the notochord and floor-These are the rostral cerebellar malformation (rcm)
plate neuroepithelium, which provide inductive sig-gene, which encodes the receptor for the neural guid-
naling for patterning of the neurotube (3,69). Misex-ance netrin protein (1), and the reelin gene, which is
pression of the HNF-3β transgene in the dorsalan extracellular matrix protein that dictates migration
midbrain/hindbrain region of the mouse embryo (dayof neurons in the laminated structures including cere-
8.5 p.c.) demonstrated that early expression of HNF-bellum (17). As expected, the Rcm probe labeled
3β alters specification of the dorsal neuroepithelialboth the granule and Purkinje cells (Fig. 8E) and the
cells (62). In the most severe phenotype, the trans-Reelin probe hybridized to the external and internal
genic mouse embryos are inhibited in formation ofgranule cell layers (Fig. 8G) in wild-type cerebellum
the cerebellum, skull, midbrain, and colliculi. In this(50,63). In contrast, the expression patterns of the
study, the TTR promoter elicited ectopic HNF-3β ex-rcm and reelin genes were severely altered in the
pression in the ventricular neuroepithelial cells of theTTR-HNF-3β transgenic cerebella because of disrup-
developing cerebellum from day 12.5 p.c., which al-tion in neuronal cell migration and laminar organiza-
lowed formation of the cerebellum, but its expressiontion (Fig. 8F, H).
inhibited cerebellar morphogenesis. In both the T-60
and T-77 transgenic lines, ectopic HNF-3β expres-Analysis of cDNA Expression Array Identified
sion was restricted to cerebellar astrocytes, which dis-Altered Expression of Genes That Are Consistent
rupted formation of the radial glial scaffolding, lead-With the Cerebellar Phenotype
ing to abnormal neuronal migration to the laminar
cell layers. Recent studies using genetically markedDifferential hybridization of cDNA arrays was
precursor cells have demonstrated that radial glialused to identify cerebellar genes whose altered ex-
cells may not only be important for neuronal guid-pression is consistent with the transgenic cerebellar
ance, but the proliferative radial glial cells can differ-phenotype. Radioactive cDNA prepared from either
entiate into neurons (48). This cell fate study there-P21 transgenic or wild-type cerebella were hybrid-
fore implies that inhibition of radial glial cellized to either the mouse Atlas 1.2 or stress Expres-
maturation in the transgenic cerebella may also con-sion cDNA Array Blots and phosphorimager files
tribute to defective development of cerebellar neu-were analyzed by the AtlasImage 1.5 program (Clon-
rons. Furthermore, we demonstrate that althoughtech; see Materials and Methods). Analysis of the
transgenic glial, granule cell, and Purkinje cell neu-Atlas 1.2 Expression cDNA Array Blot confirms the
rons did express appropriate cell-specific markerlarge stimulation in transgenic cerebellar levels of
genes, they failed to terminally differentiate and de-IGFBP-1 and a smaller increase in IGFBP-2 (Table
velop their normal cellular processes. This cerebellar1, genes 1–2), which is consistent with reduction in
defect was not due to liver dysfunction because thetransgenic cerebellar size (19). Coincident with an in-
T-60 mice possessed normal liver function with onlycrease in postnatal apoptosis in transgenic cerebella,
a transient decrease in hepatic glycogen levels (55).we observed an increase in the tumor suppressor p53
Moreover, ectopic cerebellar expression of theand a p53 regulated gene (Table 1, genes 3–4) (68).
FoxM1B (HFH-11B) transcription factor elicited nor-Transgenic cerebella also display diminished expres-
mal cerebellar development (data not shown) in thesion of genes, which is consistent with the observed
TTR-HFH-11B transgenic mice (73), suggesting thatdefect in transgenic cerebellar morphogenesis, folia-
the observed cerebellar phenotype is specific to thetion, and glial maturation (see Discussion section).
HNF-3β transgene.These includes the basic helix–loop–helix NeuroD

and the homeodomain engrailed-2 transcription fac-
HNF-3β Transgene Expression in Astrocytes andtors (36,44,45), the brain lipid-binding protein
Bergmann Glial Cells Causes Diminished BLBP(BLBP) gene (25), and undetectable levels of ataxia
Expression, Which Is Required for Glialtelangiectasia (ATM) (8) (Table 1, genes 5–7 and Ta-
Morphological Differentiationble 2, gene 10). Moreover, we observed altered expres-

sion of genes involved in cellular proliferation, oxida- Ectopic HNF-3β transgene expression in postnatal
and adult astrocytes and Bergmann glial cells is asso-tive stress (Table 1, genes 8–13), cell adhesion and
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TABLE 1
ANALYSIS OF MOUSE ATLAS 1.2 cDNA EXPRESSION ARRAY BETWEEN WT AND TG CEREBELLUM

Gene Name GenBank WT TG TG/WT

1. Insulin-like growth factor binding protein-1 (IGFBP-1) X81579 5 89 17.8
2. IGFBP-2 X81580 58 155 2.7
3. Cellular tumor suppressor p53 (TRP53; TP53) K01700 12 35 2.9
4. Etoposide induced p53 responsive (EI24) mRNA U41751 11 41 3.7
5. Neurogenic differentiation factor (NeuroD; Beta2) U28068 97 39 0.4
6. Engrailed-2 protein (En-2) homolog L12705 55 30 0.5
7. Brain lipid-binding protein (BLBP) S69799 133 60 0.5
8. p27kip1; G1 cyclin-Cdk protein kinase inhibitor U10440 51 29 0.6
9. Proliferation-associated protein 1 (PLFAP) U43918 12 56 4.7

10. Tyro3 growth factor receptor tyrosine kinase U18342 42 83 2.0
11. Glutathione reductase X76341 29 91 3.1
12. Microsomal glutathione S-transferase (GST12) J03752 28 99 3.5
13. Oxidative stress-induced protein mRNA U40930 24 62 2.6
14. Fibronectin 1 (FN1) X82402 75 215 2.9
15. Chondroitin sulfate proteoglycan 3 X84727 22 71 3.2
16. Plasminogen J04766 55 217 3.9
17. Dystroglycan 1 U43512 47 92 2.0
18. Neurofibromatosis 1 X54924 60 140 2.3
19. Lamimin receptor 1 (LAMR1) J02870 102 39 0.4
20. Voltage-gated sodium channel L36179 52 22 0.4
21. Potassium large conductance calcium-activated channel L16912 26.0 57.0 2.2
22. Calcium/calmodulin-dependent protein kinase IV X58995 356 134 0.4

Radioactive cDNA probes were made to postnatal day 21 (P21) RNA isolated from either wild-type (WT) or T-
77 transgenic cerebella (TG; TTR-HNF-3β) and hybridized to the Mouse Atlas cDNA Expression Array Blot
(Clontech, Palo Alto, CA), rinsed, and then exposed for phosphorimager analysis. Expression levels of cDNA array
were determined by using AtlasImage program version 1.5 (Clontech) following normalization to β-actin and ribo-
somal S29 protein (dividing by the average of these control genes) as well as subtraction of background signal. All
signals were at least 200% of background levels. Genes in regular type face display increased expression and
genes in italic type face exhibit diminished expression in transgenic cerebellum. Abbreviations: Genbank, Genbank
Accession Number; TG/WT, ratio of TG signals divided by WT levels.

ciated with abnormal arrangement of both bushy Disruption in Bergmann Glial Cell Maturation
Inhibits Purkinje Cell Migration and Differentiationastrocytes in the granule cell layer and alignment of

Bergmann glial cell bodies in the Purkinje cell layer
(Figs. 3 and 4). Furthermore, Bergmann glial cells Cerebellar development involves periods of cell

proliferation, followed by migration to appropriatefailed to assemble into radial glial scaffolding and did
not extend their processes to the transgenic cerebellar cell layers and, ultimately, cells undergo terminal dif-

ferentiation. The different cell types, including astro-surface. Because cerebellar astrocytes play an essen-
tial role in guiding neuronal migration (18,29), we cytes, Purkinje cells, and granule cells, were present

in the transgenic cerebellum but they were randomlypropose that disorganization of transgenic cerebellar
astrocytes results in defective neuronal cell migration dispersed in the cerebellar cortex, suggesting a defect

in neuronal migration to their respective cell layersto the molecular, Purkinje cell, and internal granule
cell layers. Our cDNA array analysis revealed that (Fig. 4). Disruption of cerebellar neuronal cell migra-

tion is likely to inhibit molecular layer synaptogene-transgenic cerebella exhibited diminished expression
of the brain lipid-binding protein (BLBP) gene (Table sis between the granule cell parallel fiber axons and

the Purkinje cell dendrites. Consistent with these1, gene 7), whose expression is required for maintain-
ing glial differentiation in vitro (25). Antibodies findings, maturation of the Purkinje cell dendritic

arbor was reduced in the transgenic cerebellum (Fig.against BLBP were shown to block glial differentia-
tion in response to neurons in mixed primary cul- 4), which requires formation of parallel fiber syn-

apses in the molecular layer (27). Impaired migrationtures, but did not disrupt glial–neuronal adhesion
(25). Disruption of Bergmann glial processes and of neuronal cells is likely contributing to limited foli-

ation of the transgenic cerebella, which requirestheir assembly into radial glial scaffolding is associ-
ated with diminished transgenic cerebellar expression proper Purkinje and granule cell organization and

maturation (27).of BLBP.
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TABLE 2
ANALYSIS OF STRESS BLOT cDNA EXPRESSION ARRAY BETWEEN WT AND TG CEREBELLUM

Cerebellum
Liver

Gene Name GenBank WT TG WT

1. XPAC; xeroderma pigmentosum group A correcting protein X74351 21.4 ND 13.3
2. MDR1; P-glycoprotein M14757 36.3 ND 15.9
3. Peroxisome proliferator-activated receptor γ (PPARγ) U01664 35.0 ND 22.5
4. Dioxin-inducible cytochrome P450 M10021 34.6 ND 16.9
5. Cytochrome P450 IIIA (CYP3A13) X63023 27.0 ND 36.2
6. DNA-(apurinic/apyrimidinic) endonuclease (APE/REF-1) U12273 31.8 ND ND
7. DNA ligase I U04674 28.5 ND ND
8. Proliferation cell nuclear antigen (PCNA) X53068 26.6 ND ND
9. Meiotic recombination protein DMC1/LIM15 homolog D64107 29.1 ND ND

10. Atm; ataxia telangiectasia U43678 31.4 ND ND
11. D-amino acid xxidase M32299 22.1 ND ND
12. DNA-repair protein complementing XP-C cells (p125) U27398 ND 25.2 20.7
13. ATP-dependent DNA helicase II; Ku autoantigen protein X66323 ND 23.5 15.4
14. Heme oxygenase 1 M33203 ND 22.9 46.2
15. MAP kinase-activated protein kinase X76850 ND 22.2 31.8
16. Pancreatitis-associated protein 1 precursor D63359 ND 22.1 16.5
17. Cyclooxygenase-1 (COX-1) M34141 ND 27.8 29.7
18. PPAR α X57638 ND 23.8 109.7
19. PPAR β L28116 ND 14.8 14.0
20. Cytochrome P450 16α (testosterone 16-α hydroxylase) M21855 ND 32.4 237.2
21. Cytochrome P450 7B1 (CYP7B1) U36993 ND 25.3 26.7
22. Cytochrome P450 4A12 (CYP4A12) X71479 ND 17.9 66.8
23. Serum paraoxonase/arylesterase 3 L76193 ND 20.3 45.2

Radioactive cDNA probes were made to postnatal day 21 (P21) RNA isolated from either wild-type (WT) or T-77
transgenic cerebella (TG; TTR-HNF-3β) and hybridized to the Mouse Stress cDNA Expression Array Blot (Clontech, Palo
Alto, CA), rinsed, and then exposed for phosphorimager analysis. We also included cDNA synthesized from P21 wild-
type mouse liver for hybridization comparison. Expression levels of cDNA array were determined by using AtlasImage
program version 1.5 (Clontech) following normalization to β-actin and subtraction of background signal of the array blot.
Genes in regular type face represent genes that are either activated or repressed in transgenic cerebellum similar to their
expression pattern in wild-type mouse liver. Genes in italic type face represent those that are repressed in transgenic liver.
Abbreviations: Genbank, Genbank Accession Number; ND, not detectable.

In our current study, ectopic expression of HNF- Diminished Expression of NeuroD, Engrailed-2, and
ATM Correlates With Defects in TTR-HNF-3β3β in the Bergmann glial cells and astrocytes is paral-

leled by protracted expression of integrin α5 and Cerebellar Morphogenesis, Neuronal Cell
Differentiation, and FoliationErbB4 receptor genes, which are transiently ex-

pressed during radial glial-guided neuronal migration
during cerebellar morphogenesis (32,58). The abnor- Analysis of cDNA expression arrays determined

that transgenic cerebella display diminished expres-mally protracted expression of genes associated with
the neuronal migratory period of cerebellar formation sion of the basic helix–loop–helix NeuroD and the

homeodomain engrailed-2 (En-2) transcription fac-supports the hypothesis that transgenic cerebella are
maintained in a developmental stage of morphogene- tors (44,45), which are required for proper cerebellar

morphogenesis and foliation. Although En-2−/− micesis. Alternatively, increased astrocyte expression of
integrin α5 β3 receptor is also found following stroke do not exhibit ataxia, they displayed reduction in cer-

ebellar size and a distinct patterning defect of the cer-injury, suggesting the possibility that its elevated ex-
pression in transgenic cerebella is a response to glial ebellar folia (36,44). Reduced expression of En-2 in

the TTR-HNF-3β transgenic cerebella may contributecell injury or a failure in glial cell maturation (24).
Moreover, we observed altered expression of extra- to the observed foliation defects. It is interesting to

note that ectopic expression of HNF-3β in the dorsalcellular matrix and cell migration genes (Table 1,
genes 14–19), which may be a response to the defect neurotube of transgenic mice also elicited diminished

expression of the En-2 gene in the roof plate of thein neuronal migration of the transgenic cerebella.
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developing transgenic neurotube (62). Using the insu- lating IGF-1 biological activity (26,52). Likewise, we
observed a 22-fold induction of cerebellar IGFBP-1lin-NeuroD transgene to rescue the neonatal diabetes

phenotype of NeuroD/Beta2−/− mice, a neuronal def- levels as well as a smaller increase in IGFBP-2 ex-
pression (Fig. 5, Table 1), which function to limit theicit in the cerebellar and hippocampus granule cell

layers was observed (45). NeuroD/Beta2-deficient local biological activity of IGF growth factors in the
brain (19). Consistent with the smaller size of thecerebella exhibit defects in granule cell differentia-

tion, which is required for their survival. Diminished TTR-HNF-3β cerebellum, transgenic mice that ectop-
ically express IGFBP-1 in the developing brain dis-transgenic cerebellar levels of NeuroD/Beta2 may

contribute to defective granule cell differentiation and play a 60% reduction in postnatal brain growth (20).
Methylation interference and cotransfection studiesan increase in postnatal apoptosis.

Undetectable levels of ataxia telangiectasia demonstrated that the HNF-3β protein specifically
binds to and activates expression of the IGFBP-1 pro-(ATM), which is required for proper development of

the Purkinje dendritic arbor, were found in postnatal moter region (55,66). Taken together, these data sug-
gest that HNF-3β is also able to activate in vivo tran-transgenic cerebella. This is consistent with the phe-

notype of ATM-deficient mice, which display ataxia scription of the IGFBP-1 gene in either hepatocytes
or glial cells.resulting from neuronal degeneration and inhibition

of Purkinje cell dendritic arbor maturation (8). Fur- We demonstrated that the transgenic cerebella ex-
hibited an increase in postnatal apoptosis comparedthermore, we observed repressed levels of the D-

amino acid oxidase (DAO) gene, which is expressed with wild-type littermates. Analysis of the cDNA
arrays indicates that the transgenic cerebella exhibitin astrocytes and Bergmann glial cells (34). This de-

fect may influence neuronal transmission because altered expression of genes involved in DNA repair,
oxidative stress, and proliferation, which may in-DAO is required for degradation of D-amino acids,

which may lead to the prolonged stimulation of the crease the incidence of apoptosis (Tables 1 and 2).
We observed an increase in transgenic cerebellar lev-N-methyl-D-aspartate (NMDA) receptor (47). Inter-

estingly, treatment of chick embryos with the NMDA els of the tumor suppressor p53 gene (Table 1), and
recent studies suggest that an increase in oxidativereceptor antagonist, NPC 12626, resulted in a 19%

reduction in Purkinje cell dendritic tree area and a stress functions to inhibit Mdm2-mediated degrada-
tion of the p53 protein (5). We speculate that in-13% reduction in the number of dendritic branch

points (67). The reduction of DAO expression in creased expression of oxidative stress genes in trans-
genic cerebella may also function to stabilize p53transgenic cerebellum may therefore exacerbate the

defect in Purkinje cell maturation. Furthermore, protein leading to the observed increase in postnatal
apoptosis. Furthermore, we observed undetectablecalcium/calmodulin-dependent protein kinase IV

(CaMKIV)-deficient mice exhibited impaired neu- levels of PPARγ, which is critical to inhibit inflam-
matory mediated neuronal apoptosis (30), in trans-ronal cAMP-responsive element binding protein

(CREB) phosphorylation and CREB transcriptional genic cerebella (Table 2). Moreover, transgenic cere-
bella display increased levels of heme oxygenase 1,activation and exhibited defects in cerebellar Purkinje

neuronal function (33). A decrease in CaMKIV ex- ATP-dependent DNA helicase II, and lupus Ku au-
toantigen protein (Tables 1 and 2), all of which arepression (Table 1, gene 22) may reflect the incom-

plete maturation of the Purkinje dendritic arbor and known to contribute to neuronal degeneration and
apoptosis (6,51,65).diminished neuronal signal transduction in the trans-

genic cerebellum. Moreover, altered expression of so-
dium- and calcium-activated channels in transgenic Comparison of the TTR-HNF-3β Cerebellar
cerebellum may influence neuronal transmission and Phenotype to Other Naturally Occurring Mouse
cerebellar function (40). Models of Ataxia

Insight into the mechanisms regulating cerebellarInduction of IGFBP-1 Expression Correlates With
development has been provided by the molecularReduction in Transgenic Cerebellar Size
analysis of neurological mutant mice with defects in
the patterning and histogenesis of the cerebellar cor-We previously reported that the reduction in post-

natal growth of the TTR-HNF-3β transgenic mice is tex (57). Mutations in the rcm gene, which encodes
the receptor for the neural guidance netrin protein,associated with a 20-fold stimulation in hepatic ex-

pression of the IGFBP-1 gene compared with wild- result in disorganization of Purkinje and granule cells
in the rostral portion of the cerebellum (1). The cere-type littermates (55). Increased hepatic expression of

IGFBP-1 in transgenic mice causes significant reduc- bella of rcm mutant mice are smaller and possess
fewer folia than wild-type. The naturally occurringtions in postnatal growth, confirming its role in regu-
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reeler mouse is mutated in the reelin gene display lum, which disrupts formation of the radial glial scaf-
folding, resulting in abnormal neuronal migration andsevere ataxia and possesses cerebellar defects, which

are similar to those observed with TTR-HNF-3β organization of the transgenic cerebellar cortex. The
transgenic cerebella also display defects in matura-transgenic mice. Mutations in the reelin gene allow

neurons to migrate out of the proliferative zones dur- tion of Purkinje dendritic arbor and extension of the
radial glial processes, thus leading to diminished foli-ing cerebellar development, but they do not align cor-

rectly into distinct cellular layers and therefore neu- ation. Differential hybridization of cDNA arrays
identified altered expression of cerebellar genes,ronal differentiation occurs in the wrong location

(17). Cerebella of reeler mice possess defects in lam- which is consistent with the observed defect in trans-
genic cerebellar morphogenesis and size as well asinar structure and exhibit a significant reduction in

the number of cerebellar folia. In a similar manner, glial maturation. These include diminished expres-
sion of the BLBP, which is required for glial morpho-TTR-HNF-3β transgenic cerebella continued to ex-

press differentiated marker genes for granule and logical differentiation, and the transcription factors
NeuroD/Beta2 and Engrailed-2, which are requiredPurkinje neurons including the GABAA α6 and

GABAA α1 receptor subunits, suggesting that appro- for normal cerebellar morphogenesis and foliation.
Undetectable levels of ATM were found in postnatalpriate neuronal cell migration is not necessary for ex-

pression of neuronal differentiation genes (Fig. 6). transgenic cerebella, which is required for proper de-
velopment of the Purkinje dendritic arbor. Further-Likewise, the expression pattern of these GABAA re-

ceptor subunit genes was completely altered in the more, the transgenic cerebella displayed aberrant in-
creased levels of IGFBP-1, which is associated withtransgenic and reeler cerebella due to the lack of lam-

inar structure. Because our transgenic cerebella con- a reduction in transgenic cerebellar size.
tinued to express the reelin and rcm genes (Fig. 8),
however, it appears that the morphological defects
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