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Abstract
Very-low-density lipoprotein receptor (VLDLR) is a multi ligand apolipoprotein E (apoE) receptor
and is involved in brain development through Reelin signaling. Different forms of VLDLR can be
generated by alternative splicing. VLDLR-I contains all exons. VLDLR-II lacks an O-linked sugar
domain encoded by exon 16, while VLDLR-III lacks the third complement-type repeat in the ligand
binding domain encoded by exon 4. We quantitatively compared lipoprotein binding to human
VLDLR variants and analyzed their mRNA expression in both human cerebellum and mouse brain.
VLDLR-III exhibited the highest capacity in binding to apoE enriched β-VLDL in vitro and was
more effective in removing apoE containing lipoproteins from the circulation than other variants in
vivo. In human cerebellum, the major species was VLDLR-II, while the second most abundant
species was a newly identified VLDLR-IV which lacks both exon 4 and 16. VLDLR-I was present
at low levels. In adult mice, exon 4 skipping varied between 30-47% in different brain regions, while
exon 16 skipping ranged by 51-76%. Significantly higher levels of VLDLR proteins were found in
mouse cerebellum and cerebral cortex than other regions. The deletions of exon 4 and exon 16
frequently occurred in primary neurons, indicating that newly identified variant VLDLR-IV is
abundant in neurons. In contrast, VLDLR mRNA lacking exon 4 was not detectable in primary
astrocytes. Such cell type-specific splicing patterns were found in both mouse cerebellum and
cerebral cortex. These results suggest that a VLDLR variant lacking the third complement-type repeat
is generated by neuron-specific alternative splicing. Such differential splicing may result in different
lipid uptake in neurons and astrocytes.
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1. Introduction
The very-low-density-lipoprotein receptor (VLDLR) was first isolated as a member of the
LDLR gene family that binds apolipoprotein E (apoE) containing lipoproteins. This receptor
family has diverse roles beyond lipoprotein metabolism and development (Takahashi et al.,
2004; Willnow et al., 2007). The phenotype of VLDLR deficiency in humans is heterogeneous.
In the Hutterite population, VLDLR deficiency causes autosomal recessive cerebellar
hypoplasia, a nonprogressive neurological disorder known as disequilibrium syndrome, which
is characterized by moderate to profound mental retardation, delayed ambulation and ataxia
(Boycott et al., 2005; Moheb et al., 2008). In humans with quadrupedal gait known as Unertan
syndrome, VLDLR deficiency is associated with dysarthric speech, mental retardation,
cerebrocerebellar hypoplasia as well as quadrupedal locomotion (Ozcelik et al., 2008b).
However, it is debated whether VLDLR plays a key role in the transition from quadrupedal to
bipedal locomotion in humans (Herz et al., 2008; Humphrey et al., 2008; Ozcelik et al.,
2008a). The brain abnormality found in VLDLR deficiency is likely caused by impaired Reelin
signaling. The development of the neocortex requires a coordinated migration of neurons in
both radial and tangential directions to their final laminar positions. Reelin plays a critical role
in the coordination of this migration via its binding to apoE receptor 2 (apoER2) and VLDLR
(D'Arcangelo et al., 1999; Hiesberger et al., 1999) by providing a positional cue that determines
the development of the normal cortical layering pattern (D'Arcangelo et al., 1995). The binding
of Reelin to these receptors recruits the adaptor protein Dab1 through intracellular NPxY motif,
which subsequently induces tyrosine phosphorylation of Dab1 and activates downstream
events (Beffert et al., 2004). It has been reported that VLDLR mediates a stop signal for
migrating neurons, while apoER2 plays an essential role for the migration of late generated
neocortical neurons (Hack et al., 2007).

VLDLR gene is subjected to alternative splicing. The full-length VLDLR cDNA encoded by
all exons is a type I VLDLR (Figure 1) (Oka et al., 1994;Sakai et al., 1994;Takahashi et al.,
1992). The first variant identified in a human monocytic leukemia cell line THP-1 is a type II
lacking the O-linked sugar domain that is encoded by exon 16 (VLDLR-II) (Sakai et al.,
1994). The second variant lacks the third complement-type cysteine-rich repeat in the ligand
binding domain (VLDLR-III) (Jokinen et al., 1994). This domain is encoded by exon 4 and
has been reported to be involved in rhinovirus binding (Verdaguer et al., 2004). The VLDLR-
III appears to be brain-specific (Jokinen et al., 1994). In addition, a VLDLR cDNA clone
lacking exon 9 that encodes 42 amino acids in the epidermal growth factor precursor homology
domain has been reported in mice (Gafvels et al., 1994). β-migrating triglyceride-rich
lipoproteins (β-VLDL) are enriched by apoE and are ligands for VLDLR (Takahashi et al.,
1992). The uptake of β-VLDL by VLDLR-II has been reported to be relatively low compared
with VLDLR-I (Iijima et al., 1998). Rapid degradation and secretion into the culture medium
has been reported for VLDLR-II (Iijima et al., 1998;Magrane et al., 1999). The VLDLR is a
multi ligand receptor and binds to a variety of ligands including proteinases, proteinase-
inhibitor complexes (Argraves et al., 1995;Heegaard et al., 1995), lipoprotein lipase (Argraves
et al., 1995) and viruses (Marlovits et al., 1998). Although VLDLR-I and VLDLR-II bind
receptor-associated protein (RAP) and serine proteinase-inhibitor complexes with similar
affinity (Heegaard et al., 1995;Martensen et al., 1997), VLDLR-III displayed lower binding of
RAP but similar binding of urokinase-type plasminogen activator (uPA)/plasminogen activator
inhibitor-1 or uPA/protease nexin-1 (Rettenberger et al., 1999). Lipoprotein binding to
VLDLR-III, however, has not been characterized.

In this study, we analyzed the binding capacity of VLDLR variants to β-VLDL in vitro and
tested their efficacy in lipoprotein uptake in mice. We found that VLDLR-III was more
effective in both capacities than the other variants. These results led us to examine which
variants are expressed in the human brain. We determined structures of VLDLR mRNA species
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in human cerebellum by RT-PCR cloning. We found that most VLDLR mRNA species in
human cerebellum lacked exon 16 (VLDLR-III), but also found VLDLR mRNA species
lacking exon 4 as well as exon 16 (VLDLR-IV). To determine whether alternative splicing of
the VLDLR gene is brain region- or cell type-specific, we analyzed exon skipping by RNase
protection assay (RPA) and protein expression by semi quantitative immunoblot analysis in
mice. We prepared primary neurons and astrocytes from mouse cerebral cortex and cerebellum
and analyzed exon skipping by RT-PCR. VLDLR mRNA showed both exon 4 and 16 skipping
in neurons suggesting that VLDLR-II and –IV are the major species in neurons, while the
majority of VLDLR mRNA species in astrocytes contained exon 4 and were therefore VLDLR-
I and -II. Finally, we analyzed developmental regulation of alternative splicing of mouse
VLDLR gene. Unlike in human brain, exon skipping was not highly regulated in mouse brain
during development and maturity.

2. Results
2.1. VLDLR-III exhibited high capacity binding of β-VLDL

It has been reported that VLDLR-I and –II have a different binding capacity of β-VLDL (Iijima
et al., 1998), but lipoprotein binding to VLDLR-III has not been examined. We constructed
first generation adenoviral vectors expressing human VLDLR-I to -III (Ad-VLDLR) and
examined their binding of apoE containing lipoproteins in vitro as well as in vivo. We used
CHO-ldlA7 cells, which are CHO cells lacking LDLR. As LDLR is the major receptor for
lipoprotein uptake in CHO cells, CHO-ldlA7 cells have only marginal lipoprotein uptake.
Infection of CHO-ldlA7 cells with Ad-VLDLR variants produced VLDLR proteins of various
sizes. VLDLR-II lacks 28 amino acids compared with VLDLR-I, but its size is substantially
smaller than the other variants as it lacks the O-linked sugar domain (Martensen et al., 1997).
VLDLR-III lacks 41 amino acids and is slightly smaller than VLDLR-I, but the difference is
subtle as previously reported (Rettenberger et al., 1999) (Figure 2A). The fast migrating minor
bands seen in VLDLR-I and – III infected cells are probably immature forms as previously
reported (Iijima et al., 1998; Kobayashi et al., 1996). Next, we studied β-VLDL uptake using
these cells. Compared to VLDLR-I, VLDLR-II showed attenuated β-VLDL uptake while
VLDLR-III showed higher uptake than VLDLR-I (Figure 2B). Protein components of β-VLDL
taken up by lipoprotein receptors are degraded in the endosome following endocytosis. As
expected, degradation by VLDLR-III was higher than by other variants (Figure 2C). The
Scatchard plot analysis indicated a single binding site with a dissociation constant of 246 ± 10
ng/ml (mean ± S.D., VLDLR-I), 228 ± 16 ng/ml (VLDLR-II) and 263 ± 4 ng/ml (VLDLR-III)
and a maximal binding of 8.3 ± 0.1 ng/mg protein (VLDLR-I), 6.5 ± 0.2 ng/mg protein
(VLDLR-II) and 34.5 ± 0.3 ng/mg protein (VLDLR-III).

2.2. VLDLR-III takes up more lipoproteins than other variants in vivo
In order to examine in vivo lipoprotein uptake by human VLDLR variants, we used
LDLR-/-mice, a model of familial hypercholesterolemia. In this mouse model, plasma
cholesterol is elevated due to increased LDL. The expression of VLDLR in the liver reduces
plasma cholesterol by removing intermediate density lipoproteins, a precursor of LDL
(Kobayashi et al., 1996). Upon intravenous injection, most Ad vectors are taken up by
hepatocytes. A single injection of Ad-VLDLR variants into LDLR-/- mice led to the reduction
of plasma cholesterol (Table 1). At day 4, mice treated with VLDLR-III had the lowest plasma
cholesterol (Table 1). At day 9, plasma cholesterol levels in mice treated with Ad-VLDLR-II
were not different from those in the control group while those in the VLDLR-I and VLDLR-
III groups were still significantly lower than those in the control group. The transient reduction
of cholesterol levels in LDLR-/- mice by Ad-VLDLR variants are due to host immunity against
Ad transduced hepatocytes (Kozarsky et al., 1996).
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2.3. VLDLR variants in human cerebellum
The VLDLR deficiency in humans is associated with cerebellar ataxia. Therefore, we asked
which VLDLR variants are expressed in normal adult cerebellum. We cloned VLDLR mRNA
by RT-PCR and individual clones were analyzed by PCR. VLDLR-I yields a 332 bp product,
whereas VLDLR lacking exon 4 yields a 209 bp product. For exon 16 deletion, the size of PCR
product is 417 bp instead of 501 bp (Figure 3). The exon deletion was also verified by DNA
sequence analysis. We analyzed a total of 28 clones. Of these clones, one was VLDLR-I, twenty
one were VLDLR-II. To our surprise, six clones lacking exon 4 also lacked exon 16, indicating
VLDLR-IV. We did not find VLDLR-III, which suggests that VLDLR-III is either absent or
a minor species in the human cerebellum.

2.4. Analysis of VLDLR variants in adult mouse brain
The alternative splicing of VLDLR mRNA appears to be tissue-specific. Exon 4 deletion was
not detectable in the heart by RPA (Figure 4A Heart, lane 1, 3, 4, 6) while the exon 16 deletion
occurred at 21 ± 2% (mean ± SD, n=4) (lane 2, 3, 5, 6). This is in contrast to RNA isolated
from whole brain. In adult mouse brain, exon 4 skipping occurred at 39 ± 2% (Figure 4A Brain,
lane 1, 3, 4, 6) and the VLDLR mRNA lacking exon 16 was more prevalent than that containing
exon 16 (73 ± 12%). Brain-specific VLDLR variant lacking exon 4 was more effective in its
uptake of apoE containing lipoproteins. If lipid uptake by VLDLR plays a role in brain, this
might be reflected by the specific distribution of VLDLR variants. We therefore analyzed the
pattern of alternative splicing in various brain regions. Exon 4 skipping varied from 30 to 47%
(Figure 4B). Thalamus had the lowest exon 4 skipping (30 ± 4%, n=4), whereas cerebral cortex
had the highest exon 4 skipping (47 ± 4%), which was significantly higher than other regions
(p<0.05). In contrast most VLDLR mRNA species lacked exon 16 varying 51 to 76% (Figure
4C). The lowest exon 16 skipping occurred in the pons/medulla (51 ± 4%, n=4) while the
highest exon 16 skipping occurred in the cerebellum (76 ± 9%), which was significantly higher
than other regions (p<0.05). We also analyzed VLDLR protein levels in various regions by
semi-quantitative immunoblot. VLDLR immunoreactive proteins in the brain migrated faster
than those in the heart (Figure 4D), suggesting that most brain VLDLR lacks the O-linked
sugar domain. We found significantly higher levels of VLDLR proteins in cerebellum and
cerebral cortex, similar levels to that found in heart. The results are consistent with their role
during development in these regions.

2.5. Cell type specific alternative splicing in mouse brain
VLDLR deficiency in mice and humans is associated with a cerebellar hypoplasia (Boycott et
al., 2005; Trommsdorff et al., 1999). Moreover, VLDLR appears to play a more important role
in the development of the cerebellum while apoER2 is more important for cortical lamination
(Benhayon et al., 2003; Trommsdorff et al., 1999). To determine whether this is due to the
presence or lack of specific VLDLR variants, we prepared primary neuronal and astrocyte
cultures from mouse cerebral cortex and cerebellum. We examined exon skipping in these cells
by RT-PCR. Cortical cultures, cerebellar neurons and cerebellar astrocytes had a purity of 90%,
60% and 80%, respectively (Figure 5A). Neurons had significant exon 4 skipping and frequent
exon 16 skipping (lane 2 and 4, Figure 5B). In contrast, exon 4 or exon 16 deletions were rare
in astrocytes (lane 3 and 5, Figure 5B). There was no difference in the pattern of alternative
splicing found between cerebellum and cerebral cortex. Therefore, different role of VLDLR
in these regions may be due to other factors. We analyzed VLDLR mRNA levels in each sample
by real time RT-PCR. The relative VLDLR mRNA levels to GAPDH were 0.0032 ± 0.0012
in cortical neurons (mean ± SEM), 0.0023 ± 0.0005 in cortical astrocytes, 0.0178 ± 0.0011 in
cerebellar neurons, 0.0030 ± 0.0011 in cerebellar astrocytes, 0.0024 ± 0.0005 in E14.5 cortex,
0.0060 ± 0.0013 in P2 cortex and 0.0042 ± 0.0003 in P6 cerebellum. There was no significant
difference in the relative amount of VLDLR mRNA between the two brain regions. Although
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more VLDLR mRNA appears to be present in cerebellar neurons than cortical neurons, it was
inconclusive.

2.6. Developmental regulation of alternative splicing in mouse brain
Although exon 16 deletion has been reported to increase with aging in human brain (Deguchi
et al., 2003), developmental regulation of exon 4 skipping has not been studied. We collected
cerebral cortex and cerebellum at different mouse developmental stages and the exon skipping
was analyzed by RT-PCR. The exon 4 skipping in cerebral cortex tends to decline with aging
(Figure 6 upper panel); but this trend is not as clear as reported in human brains (Deguchi et
al., 2003). In cerebellum, we analyzed postnatal exon 4 skipping and found no evidence that
alternative exon 4 splicing is developmentally regulated. Most VLDLR mRNAs in cerebral
cortex or cerebellum apparently lack exon 16 and we could not detect developmental regulation
of exon 16 skipping by our method.

3. Discussion
VLDLR was initially thought to have a primary function via delivery of triglyceride-rich apoE
containing lipoproteins into tissues that are active in fatty acid metabolism (Takahashi et al.,
1992). However, VLDLR-/- mice displayed only a modest decrease in body mass index and
adipose tissue mass in epididymal fat pads (Frykman et al., 1995), indicating a minor role of
VLDLR in triglyceride metabolism. Instead, VLDLR was found to play a major role in the
development of the brain via Reelin signaling (D'Arcangelo et al., 1999; Hiesberger et al.,
1999). The physiological significance of the VLDLR variants in the brain is not well
understood. Mouse VLDLR expression (Tiebel et al., 1999) and alternative splicing of the
human VLDLR gene exon 16 (Deguchi et al., 2003) have been reported to be developmentally
regulated. However, we found that alternative splicing of the VLDLR gene in developing
mouse brain is not highly regulated. This is in contrast to reports for human brain in which
exon 16 skipping increased with aging (Deguchi et al., 2003). The VLDLR expression patterns
have been reported to be different in humans and mice (Perez-Garcia et al., 2004), therefore,
it is possible that the exon 4 deletion is developmentally regulated in human brain, but not in
mouse brain. VLDLR-II was found in neuroblasts, matrix cells and Cajal-Retzius cells in the
early developmental stage whereas its expression was sequentially found in glioblasts,
astrocytes, oligodendrocytes and myelin. In contrast, VLDLR-I was detected in primitive,
classical and compact type senile plaques of normal controls and patients with Alzheimer's
disease, but not in the developing human brain (Nakamura et al., 2001). Thus, regulation of
alternative splicing of human VLDLR gene is apparently complex. The relationship of the
structures of VLDLR variants and ligand specificity has not been fully understood. RAP and
uPA/PAI-1 complexes bind to the repeats 1-4 located in the N-terminal region of the ligand
binding domain (Mikhailenko et al., 1999), but apoE appears to bind to repeats 5-6 located in
the C-terminal region (Ruiz et al., 2005). We found that VLDLR-III which contains 7 cystein-
rich repeats in the ligand binding domain has a high binding capacity of apoE containing
lipoproteins. ApoE is highly expressed in the brain and plays a pivotal role in the maintenance
and repair of neurons via apoE receptor-dependent and – independent pathways (Herz and
Chen, 2006; Mahley et al., 2006). Lipid-associated apoE binds to apoE receptors on neurons
and modulate apoE isoform-dependent neuronal growth (Nathan et al., 1994; Nathan et al.,
1995). Since exon 4 skipping occurred mainly in neurons, our results suggest that VLDLR
lacking the third complement type repeat plays a role in lipid uptake for the maintenance and
repairs of neurons. In support of this putative VLDLR's function in neurons, Sepp et al. have
identified Drosophila Lpr2 gene, a homolog of VLDLR, as one of essential genes for neurite
outgrowth using genome-wide RNAi screening (Sepp et al., 2008).

Sakai et al. Page 5

Brain Res. Author manuscript; available in PMC 2010 June 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Apart from lipid uptake, a potential role of the O-linked sugar domain in ligand-mediated
regulation of VLDLR activity has been proposed. VLDLR-II that lacks this domain is cleaved
from the cell surface and released into the medium, whereas VLDLR-I remained attached to
the cells (Iijima et al., 1998; Magrane et al., 1999). ApoE binding to VLDLR caused an
increased release of the extracellular domain and the regulated proteolysis has been proposed
to be the part of the regulation of VLDLR-mediated signaling (Hoe and Rebeck, 2005). It is
also speculated that a soluble form of VLDLR acts as a dominant-negative receptor as shown
for ApoER2 (Koch et al., 2002). It is plausible that VLDLR variants lacking an O-linked sugar
domain are more sensitive to proteolysis and are therefore highly regulated by ligand binding.
Interestingly, Reelin binding to VLDLR is blocked by lipid-free apoE in vitro (D'Arcangelo
et al., 1999). LRP requires lipid-bound forms of apoE, whereas VLDLR-I binds lipid-bound
as well as lipid-free apoE (Ruiz et al., 2005). Thus, VLDLR-mediated signaling could be
regulated by binding of both lipid-associated and lipid-free apoE. Most studies on Reelin
signaling have used VLDLR-I, which is a minor species in human cerebellum. It would be
important to determine Reelin signaling with the VLDLR variants lacking exon 4 and/or exon
16, the major forms in cerebellum. Reelin binds to VLDLR and ApoER2, but not to LDLR
(Jossin et al., 2004). The former two receptors contain 8 cystein rich repeats in the ligand
binding domain while LDLR contains 7 repeats in the same functional domain. It is tempting
to speculate that Reeling does not bind to VLDLR-III or VLDLR-IV as these two forms only
contain 7 repeats in their ligand binding domain. While we did not determine lipid-uptake by
VLDLR-IV, it is likely that VLDLR-IV has the combined properties of VLDLR-II and
VLDLR-III: a high capacity apoE receptor that is sensitive to proteolytic regulation. VLDLR
is a multi ligand receptor and VLDLR variants have both common and distinct ligand
specificities and proteolytic regulation. Thus, neuronal VLDLR variants may have a diverse
role beyond the established role for VLDLR in Reelin signaling in the central nervous system.

The association of VLDLR polymorphism with Alzheimer's disease among the Japanese
population was reported in 1995 (Okuizumi et al., 1995). Recent meta-analysis revealed that
this polymorphism is associated with the increased risk for late-onset Alzheimer's disease in
the Asian population, while the same polymorphism is protective in the non-Asian population
(Llorca et al., 2008). VLDLR could be involved by controlling synaptic function that is
important for cognition, learning, memory and neuronal survival (Herz and Chen, 2006).
Patients with VLDLR deficiency exhibit inferior cerebellar hypoplasia and mild cortical gyral
simplification, but the hippocampi appeared to undergo normal development (Boycott et al.,
2005; Ozcelik et al., 2008b). The cerebellum is a brain region that is relatively immune to
Alzheimer's disease and we found high levels of VLDLR immunoreactivity in this region.
Relatively high levels of VLDLR transcripts were also reported in postnatal Purkinje cells
(Hack et al., 2007; Perez-Garcia et al., 2004). We asked whether specific VLDLR variants are
related to the differential phenotype between the cerebral cortex and cerebellum. We did not
find a difference in the pattern of exon skipping between these two regions in mouse brain.
Instead, we found cell type-specific alternative splicing. Substantial exon 4 skipping was found
in neurons but not in astrocytes. Moreover, exon 16 skipping occurred frequently in neurons,
but less in astrocytes. This was unexpected since VLDLR-I is predominantly expressed in
muscle tissues (Iijima et al., 1998). The presence of neuron-specific VLDLR variants may be
related to an as yet unknown role in this cell type. Apart from its essential role in the
development of the cerebellum, VLDLR has been reported to be a negative regulator of the
Wnt signaling pathway through negative regulation of LRP5/6, a co-receptor for Wnt signaling
(Chen et al., 2007). Genetic variation within LRP6 has been linked to late-onset Alzheimer's
disease (De Ferrari et al., 2007). Furthermore, a recent report suggests that VLDLR is directly
involved in amyloid β-peptide clearance across the blood brain barrier (Deane et al., 2008).
Thus, it remains to be determined whether VLDLR directly or indirectly contributes to
Alzheimer's disease.
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In summary, our findings suggest that the alternative splicing of exon 4 in the VLDLR gene
is neuron-specific and is able to generate a variant with a high binding capacity to apoE
containing lipoproteins. The presence of cell type-specific variants may require consideration
in future studies of VLDLR in brain.

4. Experimental Procedures
4.1. Recombinant adenoviral vector

The cDNAs for the full-length human VLDLR (type I), VLDLR lacking exon 16 (type II) or
exon 4 (type III) as described previously (Rettenberger et al., 1999). VLDLR cDNAs were
subcloned into the BglII/ClaI sites of pAvCvSv and first generation Ads were generated as
described (Kobayashi et al., 1996).

4.2. 125I Labeling of β-VLDL
β-VLDL was isolated by ultracentrifugation from the plasma of adult female New Zealand
White rabbits that were fed a diet of normal chow supplemented with 1% cholesterol (Roth et
al., 1983). Blood was collected in 1% EDTA and β-VLDL was isolated by KBr density
ultracentrifugation at 1.210 g/ml. The enrichment of apoE in the β-VLDL was verified by SDS-
PAGE. 125I-β-VLDL was prepared by the iodine monochloride method (Bilheimer et al.,
1972). The final specific activity was 450-650 cpm/ng.

4.3. Expression of VLDLR variants in CHO-ldlA7 cells
LDLR deficient CHO-ldlA7 cells were maintained in Ham's F12 containing 5% FBS. Cells
were seeded in a 12-well plate. For infection, cells were washed once with serum-free medium
and infection with Ad was carried out in Ham's F12 containing 2% FBS at 2,000 viral particles/
cell. After 30 min infection, complete medium was added and cells were incubated for 2 days.

4.4. Uptake, binding and degradation of β-VLDL
24 hours prior to the experiment, medium was changed to Ham's F12 with 5 % lipoprotein
deficient serum. On the day of experiment, cells were washed with serum-free medium and
incubated with 125I β-VLDL for 5 hours. Uptake and degradation of 125I β-VLDL were
measured at 37°C by the method of Goldstein et al. (Goldstein et al., 1983). For binding, cells
were incubated with the same medium at 4°C for 15 min, and then replaced with the medium
containing various amounts of 125I β-VLDL. After incubation for 5 hours at 4°C, cells were
washed, solubilized by adding 0.1N NaOH and cell associated radioactivity was measured.
Cellular protein was determined by modified Lowry method in all binding experiments and all
experiments were performed in triplicate.

4.5. Animals
Female LDLR-/- or wild type mice on a C57BL/6 background were purchased from the Jackson
Laboratory and maintained on a high cholesterol diet (Kobayashi et al., 1996). After 6 weeks
on high cholesterol diet, mice were treated with a single intravenous injection of Ad expressing
VLDLR variants (5×1012 viral particles/kg). Ad-LacZ was used as controls. FPLC analyses
and plasma lipid were determined as previously described (Kobayashi et al., 1996).

4.6. Analysis of VLDLR variants in human cerebellum
Total cellular RNA from adult human cerebellum (Clontech) was reverse transcribed using
random primers and the cDNA was amplified by PCR using human VLDLR specific primers:
5′ – GGAGATCCTGACTGCGAAG – 3′ (5′-upstream primer) and 5′ –
GCTTTTCATGTTCTTGTGTTG – 3′ (3′-downstream primer). The PCR products were
purified on a 1 % agarose gel and subcloned by TA cloning (Invitrogen). Plasmid DNA was
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prepared from individual clones and genotyped by PCR. The following primers were used: for
exon 4 deletion, 5′ upstream primer and 5′ – GGTGCTGCACTGGAACTCATG – 3′; for exon
16 deletion, 3′ downstream primer and 5′ – GGGAAAATGAAGCAGTCTATG – 3′.

4.7. Analysis of VLDLR mRNA in mouse brain
6-8 week old C57BL/6 mice were purchased from the Jackson Laboratory and the brains were
dissected on a glass plate over ice into 11 regions by the method of Carlsson and Lindqvist
(Carlsson and Lindqvist, 1973) with modifications (Oka et al., 1984). Total cellular RNA was
prepared using Trizol Reagent (Invitrogen) and RPA was performed as described previously
(Tiebel et al., 1999). For detection of exon 4 skipping, the 0.75 kb Bam HI/Pst I of mouse
VLDLR cDNA was subcloned into a KS vector (Stratagene) and the 0.45 kb EcoRV fragment
was used to detect exon 16 skipping (Oka et al., 1994). Radioactive bands were quantified by
Cyclone (PerkinElmer) and the results were normalized to GAPDH.

4.8. Immuno blot analysis
Crude cell membranes were prepared as described by Simonsen et al. (Simonsen et al.,
1994). 5 μg of crude membrane protein was separated on a 7.5% SDS-PAGE and transferred
to a PVDF membrane. VLDLR protein was detected by rabbit anti-mouse VLDLR C-terminal
peptide antibody (1:500 dilution) (Kobayashi et al., 1996). The corresponding band was
quantified by densitometric analysis (Epi Chemi II Darkroom, UVP laboratory) and expressed
as relative intensity to the signal from crude membrane proteins of mouse heart.

4.9. Analysis of alternative splicing in primary culture of mouse neurons and astrocytes
Primary neurons were isolated from embryonic day 14.5 (E14.5) mouse (ICR) cortex and from
postnatal day 6 (P6) cerebellum using a papain dissociation kit according to the manufacturer's
directions (Worthington). Astrocytes were isolated using trypsin dissociation from P2 cortex
and P6 cerebellum as described (Marriott et al., 1995), with the exception of cells being grown
in D/ L-valine DMEM. Cells were seeded on poly-l-lysine coated 10 cm Petri dishes (for RT-
PCR) or on 12 mm diameter glass coverslips (for immunofluorescence). Neurons were cultured
in Neurobasal media (Invitrogen) supplemented with B27, while astrocytes were cultured in
DMEM (high glucose, Invitrogen) with 10% FBS. Cells were kept for 7 days before being
collected for RT-PCR or fixed in 4% paraformaldehyde for immunofluorescence. The purity
of the cultures was assessed by immunofluorescence using mouse monoclonal anti-
microtubule associated protein 2 (MAP2, 1:2000, Sternberger Monoclonals) and rabbit
polyclonal anti-glial fibrillary protein (GFAP, 1:500, DAKO) and Alexa488 or Alexa594
labeled secondary antibodies (1:1000). Total cellular RNA was purified by a kit (5PRIME)
and reverse transcribed using random primers. Exon skipping was analyzed by PCR using the
specific primers; for exon 4 skipping, 5′ – ATGGCAGCGACGAGAAGAAC – 3′ and 5′ –
TGAGGGGAATGCAGGAAGAG – 3′; and for exon 16 skipping, 5′ –
AATATCTCTGCCTGCCAGCACC – 3′ and 5′ – TCCTCCACATCAAGTAGCCACC – 3′.
For SYBR Green real time RT-PCR, we used the following primers: VLDLR, 5′ –
AGTGACGAGCCCCTGAAGGA – 3′ and 5′ – TGACTGCAGATCCCCGGGTT – 3′;
GAPDH, 5′- ATT GTT GCC ATC AAC GAC CC – 3′ and 5′ – CCA CGA CAT ACT CAG
CAC C – 3′. Mx30000P qPCR machine (Stratagene) was used.

4.10. Developmental regulation of alternative splicing of mouse VLDLR gene
Cerebral cortex and cerebellum were dissected from C57BL/6 mice at various developmental
stages [cortex: embryonic day (E) 14, E17.5, postnatal day (P) 0, P2, P7, P14, P21, 4 and 12
months; cerebellum: P0, P2, P7, P14, P21, 4 and 12 months). Cellular RNA was extracted and
exon skipping was analyzed by RT-PCR as described above.

Sakai et al. Page 8

Brain Res. Author manuscript; available in PMC 2010 June 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



4.11. Statistical analysis
Statistical analyses were performed using the non-paired Student t-test with SIGMASTAT
(Systat Software Inc.) and statistical significance was assigned at p<0.05. All results are
expressed as mean ± SD.
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Fig. 1.
Human VLDLR variants generated by alternative splicing. Type I VLDLR (VLDLR-I) is a
full length VLDLR encoded by all exons. VLDLR lacking exon 16 (VLDLR-II) or exon 4
(VLDLR-III) are generated by alternative splicing. Exon 4 skipping has been reported only in
the brain. VLDLR variants lacking these exons are in frame and lack the specific functional
domain. VLDLR-IV lacks both exon 4 and 16. EGF: epidermal growth factor. YWTD: Tyr-
Trp-Thr-Asp β-propeller. The nucleotide number on the top of each exon indicates the last
nucleotide of corresponding exon in type I VLDLR mRNA.
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Fig. 2.
Uptake and degradation of β-VLDL by human VLDLR variants. (A) Immunoblot of VLDLR
variants. Membrane fraction of CHO-ldlA7 cells infected with Ad expressing VLDLR variants
were separated on a 7.5% SDS-PAGE gel and immobilized on a PVDF membrane. VLDLR
protein was detected by anti-VLDLR C-terminus peptide antibody. CHO-ldlA7 cells were
infected with Ad expressing VLDLR variants or control LacZ and uptake (B) or degradation
(C) of β-VLDL were studied as described in Experimental Procedure. Data are expressed as
mean ± SD (n=3).
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Fig. 3.
VLDLR mRNA species in human cerebellum. VLDLR cDNA was cloned by TA cloning and
individual clones were picked and genotyped by PCR using primers flanking either exon 4 or
16. The size of VLDLR cDNA lacking exon 4 is 209 bp (Ex4-) while that containing exon 4
is 332 bp (Ex4+). The size of PCR products containing exon 16 is 501 bp (Ex16+) while that
lacking exon 16 is 417 bp (Ex16-). VLDLR-I: VLDLR-I cDNA plasmid control; VLDLR-IV:
VLDLR-IV cDNA plasmid control. The locations of PCR primers are shown for human type
I VLDLR cDNA.
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Fig. 4.
Exon skipping in VLDLR mRNA species in various mouse brain regions. (A) Representative
RPA. Twenty μg of total cellular RNA isolated from the heart or the whole brain was hybridized
to the RNA probes indicated in the figure. G: GAPDH RNA probe. RNA probes used for RPA
are shown above the structure of mouse VLDLR cDNA. Ex4+: band containing exon 4; Ex4-:
band lacking exon 4; Ex16+: band containing exon 16; Ex16-: band lacking exon 16. (B)
Relative VLDLR mRNA species lacking exon 4 in various adult mouse brain regions measured
by RPA. ON: olfactory nucleus; HY: hypothalamus; LB: limbic brain; CB: cerebellum; P/M:
pons/medulla; CN: caudate nucleus; HI: hippocampus; CX: cerebral cortex; SE: septum; TH:
thalamus; BR: brainstem. Thalamus had the lowest exon 4 skipping, whereas cerebral cortex
had the highest, which was significantly higher than other regions. The data are expressed as
mean relative VLDLR mRNA species lacking exon 4 to whole VLDLR mRNA in various
brain regions ± SD (n=4). *p<0.05 vs. all other regions. (C) Detection of VLDLR mRNA
species lacking exon 16. n=4. *p<0.05 vs. all other regions. (D) VLDLR immunoreactive
protein in various brain regions. Crude membrane fractions were prepared from various brain
regions and VLDLR proteins were detected by immunoblot. Mouse heart (H) was used as
control. Upper panel: relative amounts of VLDLR protein. Data are expressed as mean relative
to VLDLR immunoreactivity in the heart ± SD (n=4). *p<0.01 vs. all other regions. Lower
panel: representative immunoblot.
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Fig. 5.
Cell type specific alternative splicing of mouse VLDLR gene. (A) Immunofluorescence of
primary cultures. Neurons were isolated from E14.5 mouse cerebral cortex and P6 mouse
cerebellum, while astrocytes were isolated from P2 mouse cortex and P6 mouse cerebellum.
Primary cells were cultured for 7 days prior to double-staining for neurons by anti-MAP2
(green) and astrocytes by anti-GFAP (red). Blue staining is DAPI. In cortical neuronal cultures,
there were few GFAP positive cells, while in cerebellar neuronal cultures there was some
contamination by astrocytes. In astrocyte cultures, both cortical and cerebellar, few
contaminating neurons were seen. In astrocyte cultures, a minor contaminating cell type
appeared to be fibroblasts. (B) Analysis of alternative splicing. Alternative splicing was
analyzed by RT-PCR using exon specific primers as described in methods. The location of
PCR primers is shown below the mouse type I VLDLR cDNA. M. 1kb Plus molecular size
marker (Invitrogen); Ctrl: no RNA control; Cx neur: cortical neurons; Cx astro: cortical
astrocytes; Cbl neur: cerebellar neurons; Cbl astro: cerebellar astrocytes; E14 cx: embryonic
day 14.5 cortex; P2 cx: postnatal day 2 cortex; P6 cbl: postnatal day 6 cerebellum, and VLDLR-
I: VLDLR-I cDNA as control.
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Fig. 6.
Developmental regulation of alternative splicing of mouse VLDLR gene. Mouse cerebral
cortex and cerebellum were obtained at various developmental stages and the pattern of
alternative splicing was analyzed by RT-PCR. The location of PCR primers is shown below
the mouse type I VLDLR cDNA. M: 1kb Plus molecular size marker (Invitrogen); E14:
embryonic day 14; E17.5: embryonic day 17.5; P0: postnatal day 0; P2: postnatal day 2; P7:
postnatal day 7; P14: postnatal day 14; P21: postnatal day 21; 4mo: 4 months old; 12mo: 12
months old.
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Table 1
Plasma cholesterol in Ad-VLDLR-treated LDLR-/- mice
Plasma was collected after 6 hours fasting and total plasma cholesterol was measured. Values are in mg/dl (mean ±
S.D., n=6)

Days 0 4 9

LacZ 533 ±95 418 ±39 401 ± 87

VLDLR-I 503 ± 152 123 ±39* 210±338*

VLDLR-II 505± 116 155 ±47* 338 ±70

VLDLR-III 514± 113 74 ±20** 232 ±39*

*
p<0.01 vs. LacZ, **p<0.001 vs. LacZ.
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