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Abstract
The aim of this study was to determine the role of NADPH-cytochrome P450 reductase (CPR) and
CPR-dependent enzymes in neural stem cell (NSC) genesis in the brain. A mouse model with
globally suppressed Cpr gene expression (Cpr-low mouse) was studied for this purpose. Cpr-low
and wild-type (WT) mice were compared immunohistochemically for the expression of markers of
cell proliferation (Ki67), immature neurons (doublecortin, DCX), oligodendrocytes
(oligodendrocyte transcription factor 2, OLIG2), and astrocytes (glial fibrillary acidic protein,
GFAP) in the SVZ, and for the in vitro capability of their SVZ cells to form neurospheres and
differentiate into astrocytes. We found that the abundance of SVZ cells that are positive for Ki67
or GFAP expression, but not the abundance of SVZ cells that are positive for DCX and OLIG2
expression, was significantly increased in Cpr-low mice, at various ages, compared with WT mice.
Furthermore, extents of astrocyte differentiation and growth, but not neurosphere formation, from
SVZ cells of the Cpr-low mice were significantly increased, compared with WT mice. These
results suggest that CPR and CPR-dependent enzymes play a role in suppressing astrocytosis in
the SVZ of adult mice.
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1. Introduction
Neural stem cells (NSCs) are self-renewing and multipotent cells, capable of generating
neurons, astrocytes, and oligodendrocytes. NSCs only exist in the subventricular zone (SVZ)
and the subgranular zone (SGZ) of hippocampal dentate gyrus (DG) in adult mammalian
brain, offering therapeutic potential for neural injury and neurodegenerative diseases [21].
NSCs and related precursor cells can be stimulated to differentiate by exogenous cues from
the microenvironment or stem cell niche; the differentiation can also be regulated by many
endogenous factors, including steroid hormones and cytokines [9].

Cytochrome P450 (P450) enzymes are responsible for metabolizing many foreign chemical
compounds as well as endogenous substances [22]. NADPH-cytochrome P450 reductase
(CPR), a 678-amino acid microsomal flavoprotein, is required for all microsomal P450
activities [16]. CPR is commonly expressed in various parts of the CNS, including at high
levels in the olfactory bulb and hippocampus, two regions where neurogenesis occurs, and in
both neurons and glial cells [15, 4]. A marked increase in the expression of CPR protein was
observed in the brain of patients with Alzheimer disease [17], in which neurogenesis was
thought to be inhibited [6]. However, the roles of CPR and CPR-dependent enzymes in the
genesis or differentiation of NSCs and related precursor cells are still unknown. We
assumed that suppression of CPR activity in the brain will have a significant impact on NSC
genesis, possibly through changes in the homeostasis of endogenous compounds, such as
sex steroid and cholesterol.

In order to investigate the role of CPR-dependent enzymes in the proliferation and
differentiation of NSCs in adult mice, a unique knockdown mouse model, named Cpr-low,
was used in this study. The Cpr-low mouse has 70–90% suppression in the levels of CPR
expression in all organs examined, including the brain, which had 90% decrease [26]. The
reason for the low CPR expression is the presence of a neo gene in its last intron, which
dictates the universal nature of the down-regulation of CPR expression [23], including in the
SVZ. Cpr-low mice, which have a normal life-span, showed no abnormalities in the brain
when examined by histopathology [26]. However, adult Cpr-low mice exhibited lowered
plasma cholesterol levels, mild hepatic lipidosis, and increased serum and tissue levels of
testosterone and progesterone [26]. The Cpr-low mouse is a useful model for human patients
harboring mutations that affect CPR expression. Here, we used special markers of cell
proliferation and cell types for immunohistochemical analysis of cells in the SVZ of WT and
Cpr-low mice. We also performed neurosphere culture assays for comparing the in vitro
ability of SVZ NSCs from the two mouse strains to undergo self-renewal and differentiation
[13].

2. Materials and methods
2.1 Animal models

All animal studies were approved by the Institutional Animal Care and Use Committee of
the Wadsworth Center. The generation of the Cpr-low mice has been reported previously;
the mice were backcrossed to a C57BL/6J background for at least 6 generations. Genotyping
of the mice was conducted by PCR analysis of tail DNA for the Cpr-low allele [26]. Adult
male and female mice (2, 6, and 9 months old) were used for the study, and wild-type (WT)
C57BL/6J mice were use as controls.

2.2 Immunohistochemical analysis
Age-matched Cpr-low and WT mice (3 mice/group, male and female) at the age of 2, 6, 9
months were examined by immunohistochemical (IHC) analysis for the markers described
below. Mice were sacrificed by CO2 overdose. Mouse brains were embedded in OCT and
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frozen on dry ice, and 20-μm coronal sections (approximately at interaural 4.54–4.30 mm,
bregma 0.74–0.50 mm) were prepared using a cryostat, according to a published protocol
[20]. The primary and secondary antibodies were used as follows, rabbit anti-Ki67 (Thermo
Scientific, 1:200) with Alexa 596-conjugated secondary antibody (Invitrogen); rabbit anti-
GFAP (Dako, 1:1000) and Alexa 488-conjugated secondary antibody (Invitrogen); goat anti-
DCX, (Abcam, 1:200) and Cy5-conjugated secondary antibody (Jackson Immunology
Laboratory); rabbit anti-Olig2 (Dr. Charles Stile, 1:4000) and Alexa 488-conjugated
secondary antibody (Invitrogen). The nuclei were stained with DAPI (Invitrogen, 1:2000).
Images were taken using a 2-photon confocal microscope (Zeiss, Germany). Positive cells
(identified by immunofluorescence in the nucleus (for Ki67 and Olig2) or cytoplasm (for
GFAP) were counted manually (at 100 X magnification) on five slides from each brain; each
slide contained both right and left SVZ. For DCX, a cytoplasmic marker for immature
neurons, which are small in size, have a tendency to appear in clusters in the SVZ sections,
and thus difficult to count in numbers, we used integrated areas of immunofluorescence to
represent abundance of positive cells. Areas that were positive for DCX on each section
were quantified using Image J software (NIH) with a threshold value of 150 (8-bit, B&W),
and expressed in arbitrary units.

2.3 Neurosphere culture
NSCs from the SVZ of Cpr-low and WT mice (female, 6 month old) were dissected and
plated in non-coated 6-well plates (Corning) at a density of 10,000 cells/well (5000 cells/ml,
2 ml/well) in B27 DMEM medium containing bFGF (20 ng/ml) and EGF (20 ng/ml). The
pooled SVZ cells from 3–5 mice were plated in 3 wells. The numbers of neurospheres (>25
μm in diameter) were counted in each well and normalized by the total number of cells after
culturing for 7 days. For neurosphere differentiation assay, neurospheres were plated in
poly-L-lysine-coated 6-well plates (Corning) without the growth factors. The neurospheres,
which were allowed to adhere to the plate and differentiate for 5 days, were fixed with 4%
paraformaldehyde, and, following an incubation with 3% BSA, were analyzed by IHC using
the antibodies to GFAP, DCX and OLIG2, as described above.

2.4 Statistical analysis
All data are expressed as means ± S.D. Statistical analysis was performed using GraphPad
Prism (GraphPad, San Diego, CA). For cell type abundance in SVZ, statistical significance
was assessed using two-way ANOVA (genotype and age), followed by Bonferroni Post hoc
test; data from each sex were analyzed separately. Results of neurosphere culture assay were
analyzed using Student’s t-test. P<0.05 was considered statistically significant.

3. Results
3.1 Abundances of Ki67-positive cells and GFAP-positive cells in the SVZ of Cpr-low and
WT mice

Ki67-positive cells and GFAP-positive cells were detected in the SVZ of both Cpr-low mice
and WT mice (Fig. 1--1 and Fig. 1-2). The abundance of Ki67-positive cells was
significantly higher in Cpr-low mice than in WT mice, for both males (at 6 months) and
females (at 2, 6, and 9 months) (Fig. 1--1, A and B). Similarly, the abundance of GFAP-
positive cells was significantly higher in both male and female Cpr-low mice than in WT
mice, at 2, 6 and 9 months of age (Fig. 1-2, A and B).

3.2 Abundance of DCX-positive cells and OLIG2-positive cells in the SVZ of Cpr-low and
WT mice

DCX-positive cells and OLIG2-positive cells were detected in the SVZ of both Cpr-low and
WT mice (Fig. 1-3 and Fig. 1-4). However, the relative abundance of either DCX-positive
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cells or OLIG2-positive cells remained constant between Cpr-low mice and WT mice, at 2,
6, and 9 months, in both males and females (Fig. 1-3B and Fig. 1-4B).

3.3 Neurosphere formation from SVZ cells of Cpr-low and WT mice
The neurosphere formation assay, which tests NSC’s in vitro capacity for proliferation, self-
renewal, and multipotency, was performed for 6-month-old female WT and Cpr-low mice.
Although these mice had significant differences in the abundance of Ki67-positive cells and
GFAP-positive cells in vivo (Fig. 1--1 and 1-2), they did not show any significant difference
in the number of neurospheres formed in vitro (Fig. 2A, upper panels, and Fig. 2B, left side).

3.4. Astrocyte differentiation and growth from SVZ cells of the Cpr-low and WT mice
In the neurosphere differentiation assay, the number of GFAP-positive cells (astrocytes),
which were newly differentiated from SVZ cells, was significantly greater for Cpr-low mice
than for WT mice (Fig. 2A, lower panels; Fig. 2B, right side). In contrast, there was no
significant difference in the number of newly generated DCX-positive cells (for immature
neuron) or OLIG2-positive cells (for oligodendrocyte) between the two strains (data not
shown).

4. Discussion
In this study, we evaluated the NSCs in the SVZ of the Cpr-low mice, compared to WT
mice. The NSC’s in vitro capability in neurosphere formation and differentiation was also
assessed. The abundance of cells that express Ki67, a cell proliferation maker expressed in
all active phases of the cell cycles [8], was increased in the SVZ, an area where NSCs and
progenitor cells reside, of both male and female Cpr-low mice at various ages. Consistent
with this finding, our preliminary data showed that abundance of cells expressing SOX2, an
SRY box-containing protein found in multipotent neural stem cells in both embryonic and
adult brain, was also increased in the SVZ of the Cpr-low mice, compared to WT mice (data
not shown). Therefore, it appears that suppression of CPR expression promotes the
proliferation of SVZ NSCs in vivo. Furthermore, there was a marked increase in the
abundance of cells expressing GFAP, a marker for astrocytes, in the SVZ of the Cpr-low
mice at various ages for both male and female, while the abundance of cells expressing
DCX (a marker for immature neurons) or OLIG2 (a marker for oligodendrocytes) remained
unchanged. The increase in astrocytosis in the SVZ of the Cpr-low mice was further
confirmed by the results of in vitro neurosphere differentiation assay, in which a significant
increase was observed in the number of astrocytes differentiated from neurospheres
originated from SVZ cells of the Cpr-low mice, relative to those from WT mice.

For the first time, our study has demonstrated that global suppression of CPR/CPR-
dependent activities, as occurs in the Cpr-low mice, can increase astrocytosis in the SVZ of
adult mice. This novel finding supports the need for further studies on the role of CPR/P450
in brain function. In that regard, it has been reported that astrocytes can regulate surrounding
neuronal cells (e.g., through the secretion of cytokines) [3]. Astrocytes are also involved in
various neurodegenerative diseases [14], and in the regulation of hippocampal neurogenesis
[1]. Our finding also leads to interesting questions about possible mechanistic links between
CPR/P450 and astrocytosis. Given the property of the CPR/P450 enzymes as major
biotransformation enzymes involved in the biosynthesis and/or degradation of a number of
endogenous signaling molecules, such as sterols, retinoids, sex steroids, and eicosanoids, it
is conceivable that the increased astrocytosis in the Cpr-low mice was related at least partly
to alterations in the homeostasis of one or more of these molecules (as further discussed
below).
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One possible link between CPR and astrocytosis may be cholesterol. Although little is
known about the precise role of cholesterol in astrocytosis, it seems that high cholesterol
levels can increase astrocytosis in animal models [5, 27]. The suppression of CPR activity in
the Cpr-low mice actually led to a decrease in serum levels of cholesterol [26], presumably
as a result of decreases in the activities of lanosterol 14α-demethylase (CYP51) and
squalene monooxygenase, the two CPR-dependent enzymes in cholesterol biosynthesis [12,
24]. The impact of the low CPR status on brain cholesterol level is not known. However, a
decrease in circulating cholesterol level may not affect brain cholesterol level since
cholesterol metabolism in the brain is somewhat different from that in the liver. CYP46A1, a
CPR-dependent cholesterol 24-hydorxylase expressed predominately in the brain, is
responsible for cholesterol homeostasis in the brain [10, 11]. Thus, the suppression of CPR
activity in the brain of Cpr-low mice will most likely decrease the activity of CYP46A1,
leading to accumulation of cholesterol in the brain. Therefore, further studies are warranted
to analyze the actual cholesterol levels in the brain and the SVZ region of the Cpr-low mice,
in order to define the exact role of CPR/P450-mediated cholesterol metabolism in
astrocytosis in the brain.

CPR/P450 enzymes are also involved in the synthesis and metabolism of sex steroids. The
suppression of CPR activity in the Cpr-low mice led to an increase in serum levels of
testosterone and progesterone [26], though serum levels of estradiol remained unchanged
(data not shown). Interestingly, a 3-fold increase in brain testosterone level was also
observed in Cpr-low mice compared to WT mice [25]. The impact of sex steroids on
astrocytosis is complex and not well understood; however, sex steroids have been reported
to down-regulate reactive gliosis and astrocyte proliferation after brain injuries in rodents
[2,7], which seems to argue against a possible role of sex steroids in the increased
astrocytosis in the Cpr-low mice. Nonetheless, the Cpr-low mice do not show any
pathological changes or injury in the brain [26]. Therefore, it remains to be determined
whether the elevated testosterone and progesterone levels in the Cpr-low mice contributed to
the increased astrocytosis in their SVZ.

It is notable that the suppression of CPR/P450 enzyme system in the Cpr-low mice led to a
selective increase in the differentiation of NSCs to astrocytes, rather than to neurons or
oligodendrocytes, in the SVZ of adult brain. In contrast, our previous studies had indicated
that cyclin-dependent kinase inhibitors, such as p21 and p27, could suppress the
proliferation of neural progenitor cells from SVZ and DG in adult brain under certain
conditions [18, 19]. Therefore, it will be interesting to further identify the mechanisms that
control the cell-type specific effects, particularly regarding possible interplays among
differentiating precursor cells, cholesterol, sex steroids, and cyclin-dependent kinase/
inhibitors.

5. Conclusions
We discovered that the abundances of proliferating cells and astrocytes were significantly
increased in the SVZ of Cpr-low mice, a model with globally suppressed Cpr gene
expression, while the abundance of oligodendrocytes and immature neurons remained
unchanged, compared to WT mice. In neurosphere culture assays, we found a marked
increase in astrocyte differentiation, but no change in neurosphere formation, in SVZ cells of
Cpr-low mice. Thus, we have demonstrated for the first time that global suppression of CPR
activity enhances astrocytosis in the SVZ of adult mice. Future studies are warranted to
delineate the exact underlying mechanisms and possible role of CPR/P450 enzymes in brain
function.
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Highlights

• A mouse model with globally suppressed P450 reductase gene expression (Cpr-
low).

• Markers for neurogenesis were examined in SVZ of Cpr-low mice.

• Abundance of cells positive for Ki67 or GFAP was increased in SVZ of Cpr-
low mice.

• Astrocyte differentiation and growth from SVZ cells of Cpr-low mice were
increased.
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Fig. 1. Abundances of cells positive for Ki67, GFAP, DCX or OLIG2 in the SVZ of Cpr-low and
WT mice at various ages
Adult Cpr-low and WT mice (three mice per age or sex group) were studied. Coronal
sections covering the SVZ region from each mouse brain were analyzed by IHC for Ki67
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(Fig. 1--1, positive (proliferating) cells in red), GFAP (Fig. 1-2, positive cells (astrocytes) in
green), DCX (Fig. 1-3, positive cells (immature neurons) in dark blue), OLIG2 (Fig. 1-4,
positive cells (oligodendrocytes) in red). A. Representative IHC images. Images shown are
for female mice at 6 months of age. All sections were counter-stained with DAPI. Examples
of positive cells in the SVZ are indicated by arrows. Scale bar, 100 μm. LV, lateral
ventricle; CC, corpus callosum. B. Quantitative analysis of the abundance of positive cells in
each group. The values reported are means ± S.D. for three mice per group (n=3); for each
mouse, the result was based on the averaged value from five separate slides, each containing
both right and left SVZ. For Ki67, GFAP, and OLIG2, positive cells were counted manually,
and the results are shown as relative abundance (in arbitrary units), with the mean
(averaged) number of positive cells in 2-month-old male or female WT mice (which were
87, 84, and 140 for males, and 84, 82, and 137 for females, for Ki67, GFAP, and OLIG2,
respectively) set as 1. For DCX, areas containing positive cells were integrated as described
in Methods and the results are shown as relative abundance (in arbitrary units), with the
mean value in 2-month-old male or female WT mice (36729 for females and 37731 for
males) set as 1. *, P<0.05; **, P<0.01; Cpr-low vs WT mice (two-way ANOVA).
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Fig. 2. In vitro formation of neurospheres and astrocytes from SVZ cells of Cpr-low and WT
mice
SVZ cells dissected from Cpr-low and WT mice (female, 6-month old, three per group)
were examined in culture for their capacity to form neurospheres and astrocytes. A.
Representative images of neurospheres (upper panel; dark field) originated from SVZ cells
and astrocytes (lower panel; IHC) differentiated from neurospheres are shown. The
astrocytes were detected using anti-GFAP; cells were also stained with DAPI. Scale bar: 200
μm for neurosphere, 50 μm for astrocyte. B. Numbers of neurospheres and astrocytes were
counted and their relative abundance was calculated by setting the averaged numbers from
WT group (94 and 36, respectively) as 1. Values represent means ± S.D., n=3. **, P<0.01;
Cpr-low vs WT mice (Students t-test).
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