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The Transcriptional Coactivator Querkopf Controls

Adult Neurogenesis
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The adult mammalian brain maintains populations of neural stem cells within discrete proliferative zones. Understanding of the molec-
ular mechanisms regulating adult neural stem cell function is limited. Here, we show that MYST family histone acetyltransferase
Querkopf (Qkf, Myst4, Morf)-deficient mice have cumulative defects in adult neurogenesis in vivo, resulting in declining numbers of
olfactory bulb interneurons, a population of neurons produced in large numbers during adulthood. Qkf-deficient mice have fewer neural
stem cells and fewer migrating neuroblasts in the rostral migratory stream. Qkf gene expression is strong in the neurogenic subventricu-
lar zone. A population enriched in multipotent cells can be isolated from this region on the basis of Qkf gene expression. Neural stem
cells/progenitor cells isolated from Qkf mutant mice exhibited a reduced self-renewal capacity and a reduced ability to produce differen-
tiated neurons. Together, our data show that Qkfis essential for normal adult neurogenesis.
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Introduction

Adult neurogenesis takes place in discrete proliferation zones,
such as the subventricular zone (SVZ) of the lateral ventricle.
Neuroblasts born in the SVZ migrate to the olfactory bulbs form-
ing the rostral migratory stream (Lois and Alvarez-Buylla, 1994)
and give rise to periglomerular and granule cell interneurons in
the olfactory bulb (Luskin, 1993; O’Rourke, 1996).

The continuation of zones of neurogenesis in the adult de-
pends on the existence of neural stem cells (NSCs) within the
adult brain. NSCs have the capacity to self-renew and to differ-
entiate into multiple cell types (Reynolds and Weiss, 1992; Rich-
ards et al., 1992). Although the existence of NSC has fostered
great interest because of their potential therapeutic applications
in the treatment of neurological disorders (Rossi and Cattaneo,
2002), relatively few molecules are known to regulate adult NSC
function in vivo. In particular, the molecular basis for the exis-
tence of neurogenesis in some areas of the adult brain, but not
others, is unclear.

The flexible response of stem cells to environmental cues re-
sulting in self-renewal and differentiation ultimately requires
transcriptional regulation. Typically, DNA-binding transcrip-
tion factors regulate multiple processes in different cell types. For
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example, the “master control gene” for eye development, Pax6
(Gehring and Ikeo, 1999), has a multitude of functions in diverse
cell types (Simpson and Price, 2002), ranging from pancreatic
a-cells (St-Onge et al., 1997) to olfactory interneurons (Hack et
al., 2005). The paradox that comparatively simple DNA-binding
proteins are able to regulate diverse processes in multiple cell
types remains unresolved. However, recent work suggests that
transcriptional coactivators and corepressors, in conjunction
with DNA-binding transcription factors, direct time/space pat-
terns of gene expression (Glass and Rosenfeld, 2000). Transcrip-
tional coactivators form multiprotein complexes that contain en-
zyme subunits with chromatin-modifying activity, such as
histone acetyltransferases, which are necessary to convert chro-
matin from a repressed to a transcriptionally active state (Berger,
2002). Conversely, the recruitment of corepressor complexes
leads to gene silencing (Glass and Rosenfeld, 2000). These obser-
vations suggest that the nature of coregulatory complexes re-
cruited to DNA by sequence-specific transcription factors deter-
mines the pattern of gene expression and hence cell phenotype.
Qkfis a MYST family transcriptional coactivator with histone
acetyltransferase activity (Champagne et al., 1999; Thomas et al.,
2000; Yang, 2004). We generated a hypomorphic Qkf allele
(Qkf*"), which results in a 90% reduction in the level of Qkf
transcripts. Using this allele, we have shown previously that Qkfis
required for normal embryonic development of the cerebral cor-
tex. Qkf-deficient embryos show reduced proliferation in the
ventricular zone of the telencephalon and a considerable reduc-
tion in the number of cortical plate neurons during development
as well as a decrease in the number of cortical interneurons
(Thomas et al., 2000). Intriguingly, Qkf-deficient adult brains
contain fewer cells with cell surface characteristics, which enrich
for cells capable of forming multipotent, proliferating cell colo-
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nies in vitro (Rietze et al., 2001). We hypothesized that Qkf may
play a role in adult neurogenesis.

Here, we report the role of Qkf in adult neurogenesis. We
show that Qkf has a function in establishing stem cell numbers in
the SVZ, as well as an ongoing role in adult neurogenesis. We
propose that the continuation of a high expression domain of Qkf
in the SVZ of the lateral ventricles is an integral part of the pro-
cesses regulating adult neurogenesis in this region.

Materials and Methods

Histological examination of the olfactory bulbs, volumetric assessment of
olfactory bulb layers, 5-bromo-2'-deoxyuridine treatment regimens, and
cell counts in the olfactory bulbs and lateral ventricle subventricular zones.
Sets of serial sections of Qkf*”¢" mutant and sex-matched littermate con-
trols or sex- and age-matched nonlittermate controls were generated
from perfusion-fixed brains and cresyl violet stained or horseradish per-
oxidase stained for 5-bromo-2'-deoxyuridine (BrdU) or tyrosine hy-
droxylase immunoreactivity. Serial sections were analyzed microscopi-
cally, and images were taken using a compound microscope and a digital
camera (Zeiss, Oberkochen, Germany). Olfactory bulb layer volumes
were assessed by the method of Cavalieri, as described previously (Cog-
geshall, 1992; Thomas et al., 2000).

Number of glomeruli and profiles of mitral cells were counted on the
medial side of the olfactory bulbs at five rostrocaudal levels evenly spaced
at ~400 wm intervals between the most rostral cross section that incor-
porated all layers of the olfactory bulb and the most rostral section that
contained the full extent of the rhinal fissure. Profiles of periglomerular
cells were counted in corresponding sections at a median level between
the most rostral cross section that incorporated all layers of the olfactory
bulb and the most rostral section that contained the full extent of the
rhinal fissure. Tyrosine hydroxylase-positive cells were counted on cor-
responding sections at three rostrocaudal levels spaced at ~400 wm.

For assessment of neuroblast migration along the rostral migratory
stream into the olfactory bulbs and for assessment of newly formed ol-
factory bulb interneurons, mice were injected with BrdU (100 ug/kg,
i.p.) twice daily for 4 d and left without treatment for additional 2 d. BrdU
incorporating cell profiles were counted in the olfactory bulbs at five
rostrocaudal levels spaced as described above.

For assessment of long-term BrdU label retention in SVZ cells of the
lateral wall of the lateral ventricle, mice were injected twice daily with
BrdU for 12 d. Mice were weighed daily throughout this procedure. All
mice tolerated this protocol, and Qkf*”$* mutant mice did not react dif-
ferently to controls. The mice were then left for additional 16 d without
treatment, before perfusion-fixed brains were recovered, sectioned, and
stained for BrdU immunoreactivity. BrdU-positive SVZ cells were
counted at six evenly spaced rostrocaudal intervals of ~200 um (post-
weaning animals) or 500 um (aged adults) between the cross section that
contained the most rostral section of the frontal cortex and the section
that contained the most rostral aspect of the fimbria hippocampi.

For differential SVZ cell counts, 600 cell profiles per long-term BrdU-
treated animal in the subependymal SVZ of the lateral walls of the lateral
ventricles were counted according to the marker profile (BrdU =
GFAP ™/~ neuroblasts; the neuroblast count includes a small percentage
of neuroblasts very faintly positive for BrdU) and morphology. Cells were
expressed as percentage of total number of cells counted.

Isolation of subventricular zone cells, fluorescence-activated cell sorting,
proliferation, and differentiation cultures. SVZ cells were isolated and cul-
tured essentially as described previously (Reynolds and Weiss, 1992;
Rietze et al., 2001; Voss et al., 2006). In brief, the SVZ of the lateral walls
of the lateral ventricles were bilaterally dissected under microscopic con-
trol avoiding white matter. The tissue pieces were incubated in pancre-
atin/trypsin for 30 min on ice as described previously (Thomas and Dzia-
dek, 1993; Voss et al., 2006), transferred to PBS, incubated for 5 min at
37°C, and mechanically dissociated. Pancreatin/trypsin was inhibited
with 1% fetal bovine serum in PBS and diluted with PBS and 0.2% bovine
serum albumin. Cells were collected by centrifugation and plated in NSC
proliferation medium [DMEM/F12, 5 mm HEPES, 13.4 mm NaHCO,,
0.6% D-glucose, 100 U/ml penicillin, 100 ug/ml streptomycin, 60 um
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putrescine, 20 nM progesterone, 25 ug/ml insulin, 100 ug/ml apotrans-
ferrin, 30 nM selenium, 10 ng/ml bovine recombinant fibroblast growth
factor 2 (FGF2), 4 ug/ml heparin-sodium salt, 20 ng/ml murine epider-
mal growth factor (EGF), 2 mg/ml bovine serum albumin fraction V.
Under these conditions, SVZ cells form spherical, floating colonies (neuro-
spheres). Neurospheres were dissociated for passage after 7 d in culture.

Fluorescence-activated cell sorting (FACS) purification of SVZ cells
for peanut agglutinin (PNA) '°*/heat stable antigen (HSA) ' cell surface
properties was performed as described previously (Rietze et al., 2001).
FACS separation of SVZ cells on the basis of high or low B-galactosidase
activity reflecting Qkf gene promoter activity was performed using
the B-galactosidase substrate fluorescein-di-B-p-galactopyranoside
(FDG) (Invitrogen, San Diego, CA). Cells were loaded with FDG by
hypotonic shock as suggested by the manufacturer. The conversion of
FDG was inhibited competitively after 1 h using 1 mm phenethyl B-b-
thiogalactopyronoside (Sigma, St. Louis, MO). Nonviable cells were la-
beled with 0.5 ug/ml propidium iodide (Sigma). Cells were sorted on a
FACSDiVa (Becton Dickinson, Mountain View, CA). Cells with low or
high FITC fluorescence intensity were collected separately using wild-
type cells as a control for endogenous $3-galactosidase activity and non-
specific fluorescence. Subsequently, cells were plated in NSC prolifera-
tion medium to test for their ability to form neurosphere colonies.

Radioactive in situ hybridization, immunohistochemistry, immunofluo-
rescence, and live/dead staining. Perfusion-fixed brains were postfixed in
4% paraformaldehyde overnight at 4°C. In situ hybridization was per-
formed using a [*>S]UTP-labeled Qkf cRNA probe as described previ-
ously (Thomas et al., 2000). Immunohistochemistry was performed as
described previously (Thomas et al., 2000) using the following antibodies
against tyrosine hydroxylase (P40101-0; 1:100; Pel-Freez, Rogers, AR),
Ki67 (NCL-Ki67p; 1:400; Novocastra, Newcastle upon Tyne, UK), glial
fibrillary acidic protein (GFAP) (MAB3402; 1:1000; Chemicon, Te-
mecula, CA), and BrdU (010198; 1:10; Bio-Science Products, Emmem-
brilcke, Switzerland). B-Galactosidase histochemistry was performed as
described previously (Voss et al., 1998). Whole-mount immunohisto-
chemistry was performed essentially as described (Doetsch and Alvarez-
Buylla, 1996). In brief, the lateral walls of the lateral ventricles were
dissected from perfusion-fixed brains and, with intervening wash steps in
TBS (with or without 0.5% Triton X-100), treated with methanol, ace-
tone, 10% preimmune serum, and incubated with anti-polysialynated
neural cell adhesion molecule (PSA-NCAM) antibody (AbCO0019;
1:1000; AbCys, Paris, France), and then with biotinylated secondary an-
tibody followed by 0.3% H,O,, horseradish peroxidase-coupled strepta-
vidin, diaminobenzidine, and H,O,. PSA-NCAM-positive chains were
traced and quantified using NIH Image analysis software, version 1.62.

Immunofluorescence was performed as published previously (Voss et
al., 2000). Briefly, with intervening PBS wash steps, frozen section of
brain or cells were fixed in 4% paraformaldehyde (with or without 0.1%
glutaraldehyde) for 20 min, permeabilized, and blocked in 0.1-0.3%
Triton X-100 and 10% preimmune serum in PBS for 30 min. Frozen
brain sections were incubated with antibodies against 3-galactosidase
(460-1409; 1:500; Biogenesis, Sandown, NH), nestin (MAB353; 1:500;
Chemicon), PSA-NCAM (AbC0019; 1:1000; AbCys), GFAP (MAB3402;
1:1000; Chemicon), and Ki67 (NCL-Ki67p; 1:400; Novocastra). Cells
were incubated with antibodies against B-tubulin type III (G7121;
1:2000; Promega, Madison, WI), GFAP (MAB3402; 1:1000; Chemicon;
or Z0334; 1:500; DakoCytomation, High Wycombe, UK), GABA
(1:1000; Sigma), or glutamate (1:3000; Sigma) diluted in 10% goat se-
rum. Primary antibody incubations were followed with intervening PBS
washes by a fluorescent label-conjugated secondary antibody (Invitro-
gen; Vector Laboratories, Burlingame, CA; Jackson ImmunoResearch
Laboratories, West Grove, PA; Serotec, Indianapolis, IN). Nuclei were
counterstained with bisbenzimide. Anti-O4 (1:10; gift from T. Kilpatrick,
Howard Florey Institute, Parkville, Australia) primary antibody incuba-
tion was performed without previous permeabilization. Cell viability was
quantified by calculating the percentage of total cells that metabolized the
esterase substrate calcein AM and maintained membrane integrity as
indicated by the absence of nuclear ethidium homodimer-1 staining.
Calcein AM and ethidium homodimer-1 (Invitrogen) were used at 0.25
and 2 M, respectively.
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Figure 1. Qkf%9" mutant mice fail to generate normal numbers of olfactory interneurons during adult life. , b, Macroscopic
appearance of wild-type sex-matched littermate controls () and k9" olfactory bulbs (b). cf, Cresyl violet stained histological
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PMES drives expression from a chimeric chicken
B-actin  promoter/CMV immediate/early en-
hancer and incorporates an internal ribosomal
entry site followed by green fluorescence pro-
tein coding sequences (Gfp) resulting in bicis-
tronic expression of the inserted Qkf cDNA and
Gfp cDNA (Swartz et al., 2001). A total of 1 X
10° neurosphere cells at passages 4-5 was
transfected with 10 ug of plasmid DNA using
the Nucleofector II (Amaxa, Cologne, Ger-
many) according to the manufacturer’s in-
structions. After transfection, cells were cul-
tured in NSC proliferation medium for 24 h,
and then cultured under differentiation condi-
tions as described above. In experiments using
PMES or pMES-Qkf, transfection efficiency
(Gfp+ cells/total cells) was assessed after an ad-
ditional 24 h (48 h after transfection). After 5 d
of differentiation, cells were fixed, and neurons
were detected by immunocytochemistry using
an anti-B-tubulin type III antibody as de-
scribed above. Nuclei were counterstained with
bisbenzimide. Cell counts were performed in
15 random view fields per culture. Note that the
overall percentage of neurons differentiated
from neurosphere cells passaged in culture is
lower than from primary neurosphere cells
(compare Figs. 9, 10).

Statistical data analysis. SAS StatView 5.0.1
software was used to perform one- or multifac-
torial ANOVAs or y? test, both followed by
Fisher’s post hoc tests as indicated in the figures.
The default « value of the StatView 5.0.1 soft-
ware (5%) was used.

External Glomerular

Glomerular

cross section of wild-type (c, ) and Qkf9““" olfactory bulbs (d, f) at 9 months of age. Al layers are present and the neuropile is not

significantly affected by the Qkf mutation (c, d). However, note the marked decrease in the number of periglomerular cells in the
Qkf" mutant (fvs e). g, h, Quantification of the weight development of Qkf9"#" olfactory bulbs throughout adult life expressed
as percentage of sex-matched littermate controls (g) or relative to the total brain weight minus weight of the olfactory bulbs (h).
Note the progressive decrease of the weight of the Qkf?”¥" olfactory bulbs with increasing age relative to controls (g) ( p = 0.0001;
n = 20 pairs of Qkf?”%" mutant and 22 pairs of control olfactory bulbs) and the significant difference relative to other brain
structures (h) ( p = 0.0048; n = pairs of olfactory bulbs of 8 Qkf?”%" mutants and 8 wild-type controls). i, Olfactory bulb layer
volumes assessed by the method by Cavalieri, as described previously (Coggeshall, 1992; Thomas et al., 2000). The volume of all
layers was reduced similarly in the Qkf¥"%" mutants (i) ( p << 0.0001; n = 3 pairs of 9-month-old Qk*”%' mutant and control
olfactory bulbs). j, k, Periglomerular cell numbers (PGC) (j) and mitral cell numbers (k) relative to numbers of glomeruli in
6-week-old and 9-month-old Qkf9“% mutants compared with sex-matched littermate wild-type controls. Note that the number
of mitral cells, which are formed during prenatal neurogenesis, per glomerulus does not change with age and is not different
between Qkr?”%" and wild-type controls (k). In contrast, the number of periglomerular cells, which are continually produced
during adult neurogenesis, per glomerulusis the same in young adult k¥ as in control mice, but subsequently in mature adult
miceis reduced by more than one-halfin the Qkf¥"% mutants compared with controls (7) ( p = 0.0077;n = 3 Qkf?”%' mutantsand
3 controls at each time point). /, Quantification of newly formed, BrdU-positive neurons in Qkr?#" and wild-type control olfactory
bulbs. Note the significant reduction in newly formed neurons in the Qkf?“%' compared with controls (/) ( p = 0.0148;n = 410-
t0 13-month-old Qkf?“%" and 4 wild-type controls). Data are depicted as means = SEM and were analyzed by regression analysis
of Qkf9”%" olfactory bulb weight as percentage of wild-type controls as a function of age (g) or by one- (j, k) or two-factorial (h, i,
1) ANOVA with genotype (j, k), genotype and age (h), or genotype and layer (i, /) as the independent factors followed by Fisher's
post hoctest. Granule, Internal, External, and Glomerular, Granule cell, internal plexiform, external plexiform, and glomerular layer
of the olfactory bulbs; GCL, granule cell layer; GL, glomerular layer; G, glomerulus; PGC, periglomerular cell. Scale bars: ¢, d, 200

m; g, h, 50 pm.

Overexpression of Qkf in cultured cells. The full-length Qkf cDNA was
assembled using cDNA clones identified and isolated by screening an
embryonic day 14.5 (E14.5) brain ¢cDNA library as we described previ-
ously (Thomas et al., 2000). The full-length coding sequence, which we
reported previously (GenBank accession number AF222800) was then
subcloned into pEF-Pgk-Puro (gift from D. Huang, The Walter and Eliza
Hall Institute, Parkville, Australia) at the Sall and blunted BamHI sites.
PEF-Pgk-Puro drives expression from an elongation factor 1o promoter as
described previously (Huang et al., 1997). The full-length Qkf cDNA was
also cloned into the Xbal and Smal sites of an alternative vector, pMES.

Results
Olfactory bulbs become progressively
smaller in Qkf*”#" mutant mice relative
to controls
We observed smaller olfactory bulbs in
adult Qkf*”¢" homozygous mutant mice
compared with controls (Thomas et al.,
2000) and Figure 1, a versus b. Smaller ol-
factory bulbs could result from a number
of different causes. For instance, the
Qkf*¢' phenotype could be attributable to
a developmental dysgenesis, to a lack of
elaboration of neuronal connections, to
cell death or loss of neuropile after estab-
lishment of olfactory bulbs, or attributable
to a defect in adult neurogenesis.
Histologically, the Qkf”¢' olfactory
bulbs appeared smaller, but all layers were
present (Fig. 1, cvs d; e vs f). In particular,
within the granule cell layer, which con-
tains the bulk of the olfactory bulb cells,
the cell density was similar between
Qkf*¢" mutants and controls, suggesting
that the ratio of cells to neuropile is not affected by the lack of Qkf.
Terminal deoxynucleotidyl transferase-mediated biotinylated
UTP nick end labeling (TUNEL) staining and histological exam-
ination did not reveal any differences in the number of cells un-
dergoing cell death in Qkf®®" mutants compared with controls
(n = 3 pairs of Qkf¥” mutant and wild-type control olfactory
bulbs at 6 weeks and 9 months of age each) (data not shown). This
indicates that the reduction in the size of the olfactory bulbs is not



11362 - J. Neurosci., November 1, 2006 - 26(44):11359-11370

attributable to increased cell death or to a
major change in the ratio of neurons to
neuropile.

Adult neurogenesis in the SVZ of the
lateral ventricles produces interneurons,
which are the most abundant cell popula-
tion in the olfactory bulbs. If the Qkf*' mu-
tation affected adult neurogenesis, we
would predict that the size of the olfactory
bulbs of the Qkf¥”" mutant mice would
decline progressively relative to wild-type
controls as the animals age.

At 3 weeks of age, after the initial post-
natal wave of interneuron production
(Luskin, 1993), the size of the Qkf*”¢" mu-
tant olfactory bulbs was not statistically
different from wild-type littermate con-
trols. However, relative to wild-type ani-
mals, there was a steady decline in the
weight of the Qkf”¢" olfactory bulbs, so
that at 1 year of age Qkf¥”# olfactory bulbs
were, on average, half the size of wild-type
sex-matched littermate controls (Fig. 1g)
(p = 0.0001; n = 20 pairs of Qkff”¢" mutant and 22 pairs of
control olfactory bulbs). The difference in olfactory bulb weight
was obvious, both, in absolute weight (Fig. 1g) and relative to the
weight of other brain structures (Fig. 1h) ( p = 0.0048; n = pairs
of olfactory bulbs of 8 Qkf*”#" mutants and 8 wild-type controls).
The volumes of the olfactory bulb layers were not significantly
different at 6 weeks of age (data not shown). In contrast, by 9
months, the volumes of all layers in the Qkf*”*" mutant olfactory
bulbs were reduced (Fig. 1) (p < 0.0001; nn = 3 pairs of Qkf*"*'
mutant and control olfactory bulbs). We concluded that, al-
though similar in size in early adulthood, as adulthood proceeds,
the Qkf*”¢" mutant mice, unlike the wild-type controls, failed to
increase olfactory bulb mass, which, in the absence of differences
in cell density or cell death, is likely to represent a defect in adult
neurogenesis.

Granule and periglomerular interneurons are severely
affected in the Qkf*”*" olfactory bulbs

Histological examination of serial sections of the olfactory bulbs
showed that periglomerular interneurons are severely affected in
mature age adult Qkf*”® mice (Fig. 1c—f). In 6-week-old young
adult mice, no difference was seen in the number of periglomeru-
lar cells per glomerulus between the mutants and littermate con-
trols (Fig. 1j). By 9 months of age, the Qkf¥"¢ olfactory bulbs
contained less than one-half the number of periglomerular cells
per glomerulus than wild-type sex-matched, littermate control
animals (Fig. 1j) (p = 0.0077; n = 3 Qkf”¢" mutants and 3
controls at each time point). In the same animals, the ratio of
mitral cells, which form prenatally and not during adult life, to
glomeruli did not differ significantly in Qkf*”¢ and control ani-
mals at either 6 weeks or 9 months (Fig. 1k). Furthermore, a
significant reduction in newly formed, BrdU-positive neurons
was observed in the Qkff”¢" mutants compared with controls,
both in the granule and the glomerular layer (Fig. 1I) (p =
0.0148; n = 4 Qkf*%" and 4 wild-type controls). The observed
paucity of olfactory bulb interneurons extended to the tyrosine
hydroxylase-positive subpopulation of periglomerular cells. In
1-year-old Qkf*”¢" mutant mice, there was a highly significant
decrease in the number of tyrosine hydroxylase-positive periglo-
merular cells in comparison to sex- and age-matched controls
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Figure 2.  Tyrosine hydroxylase-positive periglomerular cells are reduced in number in Qkf?“%* mutant olfactory bulbs. a, b,
Paraffin sections of sex- and age-matched wild-type (a) and QKFI9" mutant offactory bulbs (b) horseradish peroxidase-
immunostained for tyrosine hydroxylase (brown). ¢, Quantification of tyrosine hydroxylase-positive periglomerular cells. Tyrosine
hydroxylase-positive cell profiles were counted on sections at three corresponding rostrocaudal levels in mutant and wild-type
olfactory bulbs. Note the reduction in tyrosine hydroxylase-positive periglomerular cells in the Qkf%”#" mutants visible both
histologically (b vs a) and after quantification (c) ( p << 0.0001; n = 4 10- to 13-month-old Qkf”¥' mutants and 4 sex- and
age-matched controls). Data are depicted as means = SEM and were analyzed by two-factorial ANOVA with genotype and
rostrocaudal level as the two independent factors followed by Fisher's post hoc test. d, Qkf?”* heterozygous mutants exhibited a
morphological phenotype intermediate between wild-type and homozygote Qkf?”% mutants. Note intermediate numbers of
tyrosine hydroxylase-positive cells. Scale bars: a—¢, 50 pem.

(Fig. 2a—c) ( p < 0.0001; n = 4 Qkf*”*" mutants and 4 controls).
These results show that there is a decline with age in the granule
cell and periglomerular interneuron populations in the Qkf-
deficient animals relative to wild-type controls. As stated above,
TUNEL staining and histological examination did not reveal any
differences in the number of cells undergoing cell death in Qkf"%"
mutants compared with controls. This indicates that the reduc-
tion in the number of olfactory bulb interneurons is not attrib-
utable to increased cell death, but rather indicates that adult neu-
rogenesis is impaired in the Qkff”¢" mutants. The observation
that the olfactory bulb interneurons, which are continually
formed during adult life, decline in Qkf*”¢" mutant mice, whereas
mitral cells, which are formed prenatally, are not affected relative
to the number of glomeruli, suggests that Qkf is required for
aspects of adult neurogenesis. Heterozygous Qkf*”" mutant an-
imals exhibited a phenotype intermediate between wild-type and
Qkf¥”8" homozygous mutants in general. Tyrosine hydroxylase
staining of Qkf*”" heterozygous periglomerular cells is depicted
as an example (Fig. 2d).

Qkf*”¢' mutant mice have fewer neural stem cells

Neuroblasts divide rapidly en route to the olfactory bulbs and
have a cell cycle time of less than a day (Morshead and van der
Kooy, 1992). In contrast, the cell cycle time of the relatively qui-
escent NSC in the lateral ventricle SVZ is ~2 weeks (Morshead et
al., 1998). Therefore, the thymidine analog BrdU, once incorpo-
rated during DNA synthesis phase of the cell cycle, is detectable
for weeks in NSC, whereas BrdU incorporated into the rapidly
dividing neuroblasts is distributed to daughter cells such that it is
below the level of immunodetection after three cell cycles (<3 d).
We examined long-term BrdU label retention in SVZ cells. We
injected mice with BrdU twice daily for 12 d. The mice were then
left for additional 16 d without treatment before perfusion-fixed
brains were recovered, sectioned, and stained for BrdU immuno-
reactivity. Based on published cell cycle times for the relatively
quiescent NSC and their rapidly proliferating progenitors (Mor-
shead and van der Kooy, 1992; Morshead et al., 1998) and on a
duration of S phase of ~8 h (Nowakowski et al., 1989) and a
bioavailability of BrdU for ~2 h (Takahashi et al., 1992), this
regimen should label at least one-half of all long-term label-
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Figure 3.  Qkf™”%' mutant brains exhibit a reduction in neural stem cells in the lateral ventricle SVZ. a, Quantification of

long-term BrdU label-retaining cells in the lateral ventricle SVZ. Mice were injected with BrdU twice daily for 12 d followed by 16
without treatment before brains were perfusion-fixed, paraffin-embedded, serially cross-sectioned, andimmunostained for BrdU.
BrdU-positive cells in the SVZ of the lateral wall of the lateral ventricles were counted at six rostrocaudal levels. Note the consistent
reduction in long-term label-retaining cells in the Qkf9“%* mutant brains ( p = 0.0011; n = 4—5 Qkf%"%" mutants and 4 sex-and
age-matched controls in each age group; postweaning, 3.5 weeks at the beginning of the 4 week experiment; adult, between 6
and 10 months old). b, Quantification of self-renewal in vitro. Primary isolated SVZ cells were cultured for 7 d to give rise to primary
neurospheres and then dissociated and passaged to 96-well plate wells at the cell number indicated. After 7 d, the number of
secondary neurospheres was counted. Note the significant reduction in the number of secondary neurospheres generated by
Qkf" mutant primary neurosphere cells compared with controls (p << 0.0001; n = neurospheres cultures isolated from 5
Qkf¥" mutant and 5 wild-type littermate control at 6 months of age). Data are depicted as means * SEM and were analyzed by
two-factorial ANOVA with genotype and rostrocaudal level (a) or genotype and cell plating density (b) as the independent factors

followed by Fisher's post hoc test.

retaining cells and safely avoid detection of the rapidly prolifer-
ating progenitors. Because cells, which leave the cell cycle to dif-
ferentiate, migrate away from the SVZ, the long-term label-
retaining cells in the SVZ represent slowly cycling stem cells.
BrdU-positive SVZ cell profiles were counted on sections at six
evenly spaced rostrocaudal intervals of ~200 um in the post-
weaning animals and 500 wm in the adult animals. We found a
highly significant reduction (of about a quarter overall) in the
number of long-term label-retaining cells in the Qkf*”#' mutant
animals (Fig. 3a). The reduction in long-term label-retaining
cells in the Qkf*”*" mutant brains was present, both per brain
interval (Fig. 3a) (p = 0.0011; n = 4-5 Qkf*”¢' mutants and 4
sex- and age-matched controls in each age group; postweaning,
3.5 weeks at the beginning of the 4 week experiment; adults,

3

Rostro-caudal level
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between 6 and 10 months of age) and per
section (p < 0.0001 and p = 0.0022 for
the postweaning and the adult age group,
respectively), indicating a reduced abso-
lute number of stem cells and a lower stem
cell density in the Qkf*”*" mutant brains.

SVZ cells with the surface characteris-
tics of low peanut agglutinin binding and
low heat stable antigen expression
(PNA'"“/HSA'™") have previously been
shown to contain a high proportion of the
stem cell activity in the adult brain (Rietze
et al., 2001). We used FACS to determine
whether the number of PNA'™"/HSA'™"
cells is affected by lack of Qkf. The number
of PNA'Y/HSA '™ cells is significantly re-
4 5 duced in the mutant animals (23.0 * 8.5
vs 49.7 = 3.7; p = 0.0467; n = 3 Qkf¥"&
mutants and 3 controls). The sorted cell
populations were cultured in proliferation
medium containing FGF2, EGF, and insu-
lin to assess their ability to give rise to
colonies of undifferentiated cells (neuro-
spheres) in vitro. The number of neuro-
sphere colonies derived from the entire
PNA®"/HSA'" sorted cell populations
per brain was reduced in Qkff”¢" mutants
compared with controls (14 £ 6 vs 35 = 6;
p = 0.0303). The number of neurosphere
colonies derived relative to the number of
PNA®"/HSA'" sorted cells was similar in
Qkf®”¢" and controls, showing that the
ability of Qkf*”*" mutant PNA'*Y/HSA 'Y
cells to survive and give rise to colonies in
vitro was not impaired and thus ruling out
a failure of the Qkf®”¢" mutant cells to
adapt to the cell culture conditions. Con-
sequently, the observed reduction in pri-
mary neurosphere colony formation from
Qkf*”¢" mutant material is attributable to
the lack of colony-forming cells in vivo.
Similarly, when SVZ cells were microdis-
sected from Qkf*”% mutant and wild-type
control brains and cultured directly with-
out FACS, Qkf*”$" mutant brains gave rise
to significantly fewer neurosphere colo-
nies (356.1 £ 77.0 vs 582.3 * 97.2; p =
0.0003; 1 = 7 Qkf*"¢" mutant brains and 8
control brains). The isolated cells were
cultured for 16 passages and retained the capacity to form neu-
rosphere colonies and to differentiate into neurons and glia and
so exhibit some stem cell characteristics.

To examine self-renewal potential of neurosphere-forming
cells, we assessed the number of secondary neurospheres that
could be derived from the primary neurospheres 1 week after
primary isolation from Qkf*”¢" mutant and control brains. Pri-
mary neurospheres derived from Qkf*”¢' mutant brains gave rise
to significantly fewer secondary neurospheres than primary neu-
rospheres isolated from wild-type control brains (Fig. 3b) (p <
0.0001; n = neurosphere cultures isolated from 5 Qkf*”¢" mutant
and 5 wild-type littermate control brains). A similar defect in
secondary neurosphere formation was observed in primary neu-
rospheres derived from FACS-sorted PNA'®"/HSA " SVZ cells
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(data not shown). These results shows
that, although the Qkf*”¢' mutant brain
contains cells capable of generating neu-
rospheres in vitro, each primary neuro-
sphere contains fewer cells with the poten-
tial to generate secondary neurospheres.
This suggests that Qkf*”*" mutant cells
have a defect in self-renewal in vitro.

Qkf*”¢" mutant mice generate fewer
neuroblasts in vivo

To examine the relative abundance of SVZ
cells involved in adult neurogenesis, we
performed differential counts of the SVZ
cell types [i.e., long-term BrdU label-
retaining cells, which were either BrdU/
GFAP double positive (Fig. 4a) or BrdU
single positive (Fig. 4b), GFAP single-
positive astrocytes (Fig. 4b), or neuro-
blasts (Fig. 4c)]. We found that the per-
centages of these cell types were unaffected
by Qkf mutation in young, 3.5- to 5.5-
week-old animals (Fig. 4d). In contrast, in
animals aged 6—-10 months, the percent-
age of neuroblasts was significantly de-
creased in the Qkf"¢" mutants compared
with controls by ~20% (Fig. 4e) (p =
0.0007). Correspondingly, the percentage
of all other cell types was increased in the
Qkf¥8" mutants by ~20%, namely
GFAP+/BrdU— astrocytes ( p = 0.0074),
GFAP+/BrdU+ cells (p = 0.0402), and
GFAP—/BrdU+ cells (p = 0.0201) (Fig.
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4e) (n = 5 Qkf*”¢" mutant and 4 wild-type
control brains). Note, however, that this is
a percentage increase, not an increase in
the absolute number of long-term BrdU
label-retaining cells, which is decreased in
the Qkff”#" mutant animals as reported
above and in Figure 3a. The neuroblasts
population itself, although overall re-
duced in the Qkf*”¢" mutants, exhibited a
similarly high percentage of proliferating
cells as assessed by staining for the cell cy-
cle marker Ki67 (data not shown). The sig-
nificant change in the percentage of neuro-

Figure 4.
(mouse monoclonal antibody; brown, cytoplasmic staining) and BrdU (black, nuclear staining) for long-term label-retaining cells.
Mice were treated as in Figure 3a. BrdU-positive cells (arrows), GFAP single positive cells (asterisk), and nests of neuroblasts (N)
enclosed by GFAP-positive astrocyte processes can be seen. BrdU-positive cells (arrows) were observed to be either BrdU+/
GFAP+ (a, ¢) or BrdU+/GFAP— (b). d, e, Differential counts of SVZ cell types in the SVZ expressed as percentage of the total
number of cells counted in postweaning mice (d) and aged adult mice (e) (ages as described in Fig. 3a). We established that the

Differential SVZ cell count. a—c, Paraffin cross sections of brains horseradish peroxidase-immunostained for GFAP

number of long-term BrdU label-retaining cells is reduced in postweaning and aged adult Qkf9“%' mutants in Figure 3a. Here, we

show that, as a percentage of all SVZ cells counted, the output of neuroblasts and astrocytes (GFAP+/BrdU —) is similar between
genotypes in the young, postweaning animals (d). In contrast, the aged Qkf?“%" mutant animals produce significantly fewer
neuroblasts (e) ( p = 0.0007) than control mice. Correspondingly higher percentages of the other fractions are observed, namely
astrocytes (e) (GFAP+/BrdU—; p = 0.0074), GFAP+/BrdU+ cells ( p = 0.0402), and GFAP—/BrdU+ cells ( p = 0.0201). A
total of 600 SVZ cells were counted per animal. n = 45 Qkf9”%" mutants and 4 wild-type animals in each age group. Data are
depicted as means == SEM and were analyzed by one-factorial ANOVA with genotype as the independent factor followed by
Fisher’s post hoc test. BV, Blood vessel. Scale bar: a, 8 um; b, 6 um; ¢, 10 um.

blasts indicates a reduction in the total
output of cells of the neuronal lineage from
the Qkf*”# mutant stem cell compartment.

Together, the results above show that (1) histologically, over
the course of a year, Qkf”¢" mutant mice show a decline in vivo
specifically in cells formed during adult neurogenesis and not in
cells formed by prenatal neurogenesis. (2) By BrdU labeling,
Qkf*#" mutant mice have fewer long-term label-retaining SVZ
cells in vivo, a candidate stem cell population. (3) By differential
SVZ cell count, Qkf¥”¢" mutant long-term label-retaining cells
produce fewer progeny of the neuronal lineage. (4) By FACS,
Qkf¥”8' mutant mice have fewer SVZ cells in vivo with cell surface
properties that have previously shown to be enriched for cell with
stem cell characteristics. (5) By direct isolation and culture in
vitro, Qkf*”*" mutant mice have fewer neurosphere-forming cells
capable of long-term self-renewal and differentiation into multi-
ple brain cell types. (6) The multipotent cells isolated from

Qkf”8 mutant brains exhibit a reduced capacity for self-renewal
in vitro.

Qkfis expressed in the neurogenic region of the
subventricular zone

If Qkf directly affected adult neurogenesis, we would expect Qkf
to be expressed in the neurogenic regions of the SVZ in adult
mice. To examine this question, we conducted a time course
study of Qkf gene expression from birth, during postnatal devel-
opment and in adult animals using in situ hybridization. At birth,
strong Qkf gene expression was seen in the SVZ cells, the ependy-
mal layer, the deep layers of the differentiating cortical plate and
in dorsal aspects of the striatum (Fig. 5a). Between postnatal days
7-21, the high-level Qkf gene expression progressively retracts to
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Figure 5.  The high-level Qkf gene expression domain denotes the neurogenic area of the
lateral ventricle SVZ. a- g, Developmental series of paraffin cross sections of wild-type brains at
postnatal day 0 (P0) (a), P7 (b), P14 (c), P21 (d), and adult (P84) (e-g) hybridized with a
[3*S]UTP-labeled Qkf cRNA probe as described previously (Thomas et al., 2000). Qkf mRNA is
represented by precipitated silver grains, which appear white in the dark-field images (a—e)
and blackin the bright-field images (f, g). Note the strong expression of the Qkf gene at PO in the
cortical and striatal SVZ and in the lower layers of the cerebral cortex. This high-level Qkf ex-
pression domain becomes progressively restricted to the SVZ of the lateral wall of the lateral
ventricle (a— e, arrows) until high levels of Qkf gene expression are only found in a subset of cells
in the region of adult neurogenesis in the lateral wall SVZ of the lateral ventricles. Note that
some cells within the adult neurogenic region exhibit high levels of Qkf mRNA (f, g, arrow-
heads), whereas neighboring cells show no or low levels of Qkf mRNA. CC, Corpus callosum; Cx,
cerebral cortex; EL, ependymal layer; LV, lateral ventricle; SE, septum; St, striatum. Scale bar:
a-e, 200 wm; f, g, 25 wm.

the SVZ of the lateral wall of the lateral ventricle walls (Fig. 5b—d).
In the adult brain, Qkf gene expression is generally low. However,
asmall region of high-level gene expression is retained in the SVZ
of the lateral ventricle walls where neurogenesis persists through-
out adult life (Fig. 5¢). Within this region, Qkf gene expression is
heterogeneous, with some cells expressing high levels of Qkfand
neighboring cells expressing low levels (Fig. 5f,¢).

Qkfis expressed strongly in subventricular zone cells,

which give rise to self-renewing neural precursor cell colonies
in vitro

Because the neurogenic SVZ contains multiple cell types, Qkf
could function in NSC and their progeny or in cells providing the
microenvironment for NSC. To discern these possibilities, we
isolated and analyzed Qkf-expressing cells directly from the SVZ.
Activity of the lacZ reporter gene, which we introduced into the
Qkflocus (Thomas et al., 2000), reflected the high-level Qkf ex-
pression domain in the SVZ (compare Figs. 5, 6a). The
B-galactosidase-positive region included actively proliferating
cells, as shown by expression of the proliferation marker Ki67
(Fig. 6b). Using FDG, which 3-galactosidase converts to fluores-
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cein (FITC), we monitored Qkf promoter activity in viable SVZ
cells by measuring cellular FITC production by FACS. As ex-
pected, a subpopulation of SVZ cells from Qkf*”" heterozygous
mice expressed B-galactosidase and therefore were FITC positive,
whereas wild-type cells were FITC negative (Fig. 6, ¢ vs d). When
we sorted and cultured the SVZ subpopulations with low versus
high FITC intensity, the fraction of SVZ cells with high Qkf pro-
moter activity yielded neurosphere colonies at a significantly
higher frequency compared with unsorted wild-type control cells
(Fig. 6¢) (x> = 158.7,df = 1, p < 0.0001; nn = cell isolates from 3
Qkf¥" heterozygous and 3 wild-type brains). In addition, we
found that FACS purification of Qkf*”* SVZ cells on the basis of
high Qkf promoter activity yielded a ninefold enrichment for
neurosphere-forming cells over cells with low Qkf promoter ac-
tivity (Fig. 6e) (x> = 250.1; df = 1; p < 0.0001). Neurospheres
derived from SVZ cells, sorted on the basis of high Qkf promoter
activity, retained the capacity for self-renewal and the ability to
produce neurons and glia after at least 16 passages in vitro. This
shows that Qkfis expressed by long-term self-renewing, multipo-
tent, neural precursors that conform to the definition of stem
cells proposed by Morshead and van der Kooy (2004) and/or by
transit amplifying cells, which may retain stem cell functions such
as prolonged proliferation and multipotency when exposed to
growth factors in vitro (Doetsch et al., 2002). These results indi-
cate that Qkfis expressed highly in adult NSC/transit amplifying
cells and, in concert with our in vivo data demonstrating the role
of Qkfin adult neurogenesis as described above, suggests that Qkf
is required cell-autonomously in neural stem cells for adult
neurogenesis.

Cells positive for markers of neurogenic cells exhibit high
levels of Qkf gene activity

To specify the cell types with high-level Qkf gene activity, we
examined expression of B-galactosidase from the lacZ reporter
gene in the Qkf* locus and marker proteins of the SVZ neuro-
genic cell community (Fig. 7). B-Galactosidase activity was high
in the SVZ of the lateral ventricles (Figs. 6a, 7a) as well as
throughout the rostral migratory stream (Fig. 7a,b). In addition,
strong 3-galactosidase activity was detected in the cerebral cortex
(Fig. 7a,b). Cortical cells showed punctate B-galactosidase stain-
ing. In contrast, SVZ and rostral migratory stream (RMS) cells
exhibited 3-galactosidase activity distributed throughout the cy-
toplasm in addition to punctate areas of high [3-galactosidase
activity (Fig. 7a,b). Immunofluorescence of the SVZ confirmed
B-galactosidase reporter expression in the neurogenic area. Dou-
ble immunofluorescence showed that all SVZ cells expressing the
B-galactosidase reporter from the Qkf*' locus were also positive
for nestin (Fig. 7c—f). A subset of the SVZ cells was positive
for PSA-NCAM. PSA-NCAM marks migrating neuroblasts
(Doetsch et al., 1997). These cells expressed B-galactosidase at
moderate levels (Fig. 7¢—j). Another subset of the SVZ cells was
positive for GFAP. GFAP marks astrocytes in the subependymal
subventricular zone (Doetsch et al., 1997). A small number of
GFAP-positive cells were also B-galactosidase positive (Fig. 7k—
n). Furthermore, we found that 3-galactosidase expression coin-
cided with expression of the proliferation marker Ki67 (Fig.
70-7).

These results show that the Qkf gene is active at various levels
in all SVZ neurogenic cells including the putative transit ampli-
fying cells (nestin+, GFAP—, PSA-NCAM—), the neuroblasts
(PSA-NCAM +, nestin+, GFAP—), and a subset of SVZ astro-
cytes (GFAP+, nestin+, PSA-NCAM— ), which have been pro-
posed to be the SVZ neural stem cells (Doetsch et al., 1999).
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The number of migrating neuroblasts is
reduced in Qkf*”¢" mutant animals

If the Qkf*”¢" mutant SVZ cell community
contained a lower percentage of neuro-
blasts as a result of decreased output of
neuroblasts from the neural stem cell
compartment, we would also expect a re-
duction in the absolute number of neuro-
blasts. To investigate this prediction, we
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p = 0.0002; n = both hemispheres of 5
Qkf¥¢" mutant and 6 sex- and age-
matched wild-type brains, 5-8 months of
age), indicating a deficiency in the abso-
lute number of migrating neuroblasts. To
assess the migration of newly formed neu-
roblasts, we injected mice twice daily with
BrdU for 4 d and, after an additional 2 d
without treatment, recovered perfusion-
fixed brains and processed them for BrdU
immunohistochemistry on transverse
paraffin sections. This regimen allows la-
beling of proliferating neuroblasts en
route to the olfactory bulbs. During the 2 d without BrdU treat-
ment, the labeled cells migrate into the olfactory bulb (Lois and
Alvarez-Buylla, 1994). This medium-term BrdU incorporation
study showed that the Qkf¥”% mutant neuroblasts did not exhibit
a migration defect (n = 3 10- to 13-month-old Qkf”¢" mutants
and 3 sex- and age-matched wild-type controls) (data not
shown). We conclude that like NSC and olfactory bulb interneu-
rons their intermediates, the migrating neuroblasts, are reduced
in absolute numbers in adult Qkf®”¢" mutant brains, but migrate
at a normal speed along the rostral migratory stream into the
olfactory bulbs.

Qkf*"¢* mutant neurosphere cells have a reduced capacity to
form neurons

To determine whether a cell intrinsic requirement for Qkf in
neural stem cells/neural precursor cells contributes to the reduc-
tion in differentiated progeny, we examined the capacity for neu-
rosphere cells to differentiate into neurons in vitro. SVZ cells were
isolated from Qkf*”¢" mutant and wild-type brains and cultured
for 1 week as primary neurospheres. The neurosphere cells were
then dissociated and plated on poly-ornithine and laminin and
cultured without FGF2 or EGF, but with 1% fetal bovine serum to
induce differentiation as described (Rietze et al., 2001). Under
these conditions, the neurosphere cells differentiate into neu-
rons, astrocytes, and oligodendrocytes. We identified the differ-
entiated cell types by fluorescence immunocytochemistry for
neuron (S-tubulin type III), astrocyte (GFAP), oligodendrocyte
(O4) markers and cellular morphology and counted the cells to
assess quantitative differences (Fig. 9a—d). Compared with wild-

Paraffin Qkf9“* brain cross sections of the lateral ventricle SVZ neurogenic area reacted for 3-galactosidase activity (blue)
encoded by a lacZ reporter gene inserted into the Qkf locus in the Qkf*" allele and counterstained with nuclear fast red (a) or
horseradish peroxidase-stained for the cell cycle marker Ki67 (b; brown). Note the overlap of cycling cells and 3-galactosidase
activity reflecting high-level activity of the Qkf gene promoter in the subventricular proliferation zone. CC, Corpus callosum; LV,
lateral ventricle; St, striatum. ¢, d, FACS plots of SVZ cells of a wild-type (c) and a Qkf®”* heterozygous brain (d) using the
B-galactosidase reporter activity to monitor Qkf gene activity. Dissociated SVZ cells were incubated with FDG, which is converted
to FITC by B-galactosidase, and sorted for FITCintensity. Note that the Qkf?” * brain (d) contains cells with FITC levels above levels
of the wild-type brain (c). e, When cells were sorted for high and low 3-galactosidase activity (3-gal) and subsequently cultured
to assess their ability to give rise to neurosphere colonies in vitro, the high 3-galactosidase activity fraction gave rise to neuro-
spheresatasignificantly increased frequency than the unsorted wild-type cells (x > = 158.7,df = 1,p < 0.0001;n = cellisolates
from 3 Qkf9”* heterozygous and 3 sex- and age-matched wild-type brains, 4—5.5 months of age). Data are depicted as means =
SEM and observed neurosphere frequencies were analyzed by x * test followed by Fisher's post hoc test. Scale bar: a, b, 60 um.

type cells, Qkf*”¢" neurosphere cells gave rise to B-tubulin type
III-positive neurons at a lower frequency (Fig. 9¢) (x> = 697.0,
df = 1, p < 0.0001; n = differentiation cultures from 9 Qkf*"*'
mutant and 9 wild-type brains for neurons) and to GFAP-
positive astrocytes at a correspondingly higher frequency (Fig.
9e) (x* = 122.6, df = 1, p < 0.0001; n = differentiation cultures
from 8 Qkf*”$" mutant and 7 wild-type brains for astrocytes). A
similar number of O4-positive oligodendrocytes was produced
by mutant and control cells (Fig. 9¢). Similarly, Qkf*”% mutant
neurospheres gave rise to fewer neurons than controls when dif-
ferentiated without previous cell dissociation (supplemental Fig.
1, available at www.jneurosci.org as supplemental material). Cell
viability was similar and very high in Qkf*”¢" mutant and control
cultures, indicating that the reduction in Qkf*” neuronal prog-
eny was not attributable to cell death (supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemental material). Further-
more, the neuronal differentiation defect was not restricted to a
specific neuronal subtype, because all wild-type and Qkf*"¢ mu-
tant neurosphere-derived neurons were immunopositive for
GABA, consistent with their primary role in generating interneu-
rons in the olfactory bulbs, as well as glutamate, which is a pre-
cursor of GABA apart from its role as a neurotransmitter in glu-
tamatergic neurons (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material).

Overexpression of Qkfin wild-type and Qkf*”¢’ mutant cells
results in increased neuron production

We have shown above that Qkf deficiency leads to a reduction of
neuron production in vivo and in vitro. To test whether the con-
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Figure 7. SVZ neurogenic cells exhibit high levels of Qkf gene activity. , b, Frozen parasagittal Qkf*” " brain sections of the
lateral ventricle SVZ neurogenic area and the RMS reacted for 3-galactosidase activity (blue) encoded by a /acZ reporter gene
inserted into the Qkflocus in the Qkf* allele. Note strong 3-galactosidase activity distributed throughout the cytoplasm in all SVZ
cells, diffuse cytoplasmic 3-galactosidase activity in olfactory bulb cells (OB) (@) and punctate 3-galactosidase activity in cells of
thefrontal cortex (Co) () and the piriform cortex (PC) (b). ¢, Confocal images of Qkf?“* brain cross sections immunostained for
nestin, PSA-NCAM, GFAP, Ki67 labeled in green (c, g, k, 0), corresponding colabeled 3-galactosidase in red (d, h, I, p), red and
green channels merged in e, i, m, g and f, j, n, r overlaid with bishenzimide nuclear counterstain in blue. Cells double positive for
B-galactosidase and one of the markers appear yellow in areas in which both proteins colocalize in the cytoplasm; B-galactosi-
dase/Ki67 double-positive cells (g) exhibit a green nucleus with a thin rim of yellow cytoplasm reflecting the non-nuclear local-
ization of B-galactosidase and the predominantly nuclear localization of Ki67. The perimeter of cells positive for GFAP and
B-galactosidase is marked with a stippled line in n. Double-positive cells are indicated (arrow). Scale bar: @, 512 um; b, 128 um;
c—f, g—j, k-n, and 0-r, 21,18, 20, and 19 m, respectively.

verse was also true, namely whether elevated levels of Qkf could
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deficiency leads to a reduction in neuron
production in vitro by approximately one-
half (Fig. 9). Overexpression of Qkf in
Qkf$"¢" mutant neurosphere cells resulted
in a 2.4-fold increase in neuron produc-
tion over Qkf*”¢" mutant cells transfected
with empty vector (experiment 3) (Fig. 10c)
(p = 0.0100). These data show that the
level of neuronal differentiation is depen-
dent on the level of Qkf gene expression.

In conclusion, like the adult Qkf*”¢’
SVZ in vivo, adult Qkf*”¢" neurosphere
cells exhibited a reduction in their poten-
tial to form neurons, suggesting that Qkf is
required for output of neurons in normal
numbers during adulthood.

Discussion

In summary, our results show that, in the
absence of normal Qkf alleles, adult NSC
are less abundant and produce fewer mi-
grating neuroblasts and fewer olfactory in-
terneurons in vivo. In addition, Qkf*"¢'
mutant neural precursor cells give rise to
fewer neurons in vitro. Our data show that
Qkfis required for two essential functions
in adult neurogenesis, namely the estab-
lishment of NSC and the production of
normal numbers of neurons from NSC
throughout adult life.

Qkfis expressed in NSC
Qkf has a dynamic pattern of expression
during development that correlates with
its role in cerebrocortical development
(Thomas et al., 2000). Early in embryonic
development, expression of Qkfis low, but
with the onset of cortical development ex-
pression becomes high in the telencepha-
lon. During the neurogenic phase of de-
velopment, expression is high both in the
ventricular zone and in the cortical plate.
High-level expression is initially found in
the dorsal telencephalon but by E15.5 is
also found in the ventral areas, especially
the ganglionic eminences. Previously, we
have shown that Qkf*”¢' mutant mice have
reduced levels of proliferation in the cere-
brocortical ventricular zone and substan-
tially reduced numbers of neurons in the
cortical plate during prenatal develop-
ment (Thomas et al., 2000).

In our current work, we have shown
that the high-level expression domain of

enhance neuron production, we overexpressed Qkf in wild-type
and Qkf*"# mutant neurosphere cells iz vitro using two different
overexpression plasmids as well as empty vector controls (Fig.
10). We observed that overexpression of Qkfin wild-type cells led
to an increase in the number of neurons differentiating from
neurosphere cells in vitro. The number of neurons was increased
2.8-fold over untransfected wild-type cells (experiment 1) (Fig.
10¢) (p = 0.0006) and 4.2-fold over wild-type cells transfected
with empty vector (experiment 2) (Fig. 10¢) (p < 0.0001). Qkf

Qkf retracts to the SVZ of the lateral wall of the lateral ventricles
during the postnatal to adult phase, correlating with the gradual
reduction in neurogenesis in the postnatal period and mainte-
nance of neurogenesis in the region of high-level Qkf gene expres-
sion of the adult brain. The region of high Qkf expression is the
site of the majority of mitotic activity in the adult SVZ. The high
mitotic activity in the SVZ reflects predominantly the proliferat-
ing NSC progeny, the transit amplifying cells and neuroblasts.
Consistent with proposed models of NSC organization within the
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subventricular zone (Doetsch et al., 1997),
we observed striking heterogeneity in Qkf
expression levels between adjacent cells,
suggesting that Qkf expression levels may
correlate with cellular identity. Qkf gene
activity correlates with the expression of
markers of proliferative neurogenic cells
such as nestin, PSA-NCAM, and Ki67. Qkf
gene activity was also observed in a frac-
tion of GFAP-positive SVZ cells. Because
Qkf gene activity was observed in multiple
neurogenic cell types, it was important to
determine whether high Qkf expression
was present in NSC, their progeny, or in

Posterior

Mutant

e H
Antérior

supporting cells (which would suggest
that the phenotype is attributable to an in-
direct effect of Qkf on the stem cell niche).
We have shown by FACS analysis of a
B-galactosidase marker inserted into the
Qkflocus that cells with stem cell charac-
teristics express Qkf and that stem cell ac-
tivity is enriched in the Qkf-expressing cell
fraction. Apart from the SVZ, the dentate gyrus, the other fore-
brain neurogenic zone, also expresses the Qkf gene strongly during
development and in the adult (Thomas et al., 2000) (T. Thomas,
T. D. Merson, and A. K. Voss, unpublished observations).

Figure 8.

Qkfis required for normal numbers of neural stem cells

We observed a reduced number of primary neurosphere colonies
generated from Qkf*”$" mutant compared with wild-type ani-
mals. Although the precise in vivo identity of the cells that gener-
ate neurospheres in vitro remains controversial (Doetsch et al.,
2002; Morshead and van der Kooy, 2004), significant evidence
supports the principle that neurosphere formation from the adult
SVZ correlates with NSC activity in vivo (Morshead et al., 1994;
Morshead and van der Kooy, 2004). Cells that retain label of DNA
synthesis (tritiated thymidine or BrdU) for extended periods ei-
ther have left the cell cycle after labeling or are cells that cycle very
slowly. Long-term label-retaining cells in germinal layers are can-
didate stem cells (Potten and Morris, 1988). We found that Qkf
deficiency reduced the number of long-term BrdU label-
retaining SVZ cells in vivo. We observed a similar reduction in
long-term BrdU label-retaining cells in the postweaning period as
in 6- to 10-month-old mice, suggesting that Qkf function is es-
sential for the establishment of normal numbers of NSC, but not
for the maintenance of established NSC. However, Qkf*”¢" mu-
tant primary neurosphere cells gave rise to fewer secondary neu-
rospheres in vitro, suggesting that Qkf*”¢" mutant cells have a
defect in self-renewal, at least in the context of an in vitro culture
system.

Differential counts of the SVZ cells showed that Qkf"¢ mu-
tant long-term label-retaining cells are able to generate the same
output of stem cell progeny as controls in the early postweaning
phase. In sharp contrast, in aged adult animals, Qkf deficiency
results in the production of fewer neuroblasts in the SVZ, indi-
cating an ongoing requirement of Qkf to maintain neuronal lin-
eage differentiation at normal productivity. The deficit in neuro-
blast production from Qkf”¢" mutant SVZ NSC results in a
continual paucity in neurons produced by adult neurogenesis,
which, if it not balanced by a reduction in neuron turnover, will
result in a progressive deficit in olfactory bulb interneurons. Con-
sequently, the olfactory bulb phenotype becomes progressively
worse as the animals age. Although wild-type adult NSC are able

Migrating neuroblast chains are reduced in QKkFP9 mutant lateral ventricle walls. @, b, Whole-mount immunohis-
tochemistry of PSA-NCAM-positive migrating neuroblasts in the lateral wall of the lateral ventricles of wild-type (a) and Qkf9"*"
mutant brains (b). ¢, d, Traces of chains of migratory neuroblasts generated on digital images of PSA-NCAM-stained lateral walls.
Note the significant reduction in the Qkf?"%" chains of migratory neuroblasts visible both on the images of whole-mount PSA-
NCAM-stained lateral ventricle walls (b vs a) and after quantification (see Results).

to undergo extensive proliferation after chemical or radioisotope
injury to reestablish the required stem cell pool (Morshead et al.,
1994; Doetsch et al., 1999), aged adult Qkf mutant NSC were
unable to compensate for their lack of stem cell number. If Qkf
was solely required for establishment of the adult NSC popula-
tion and had no role in adult neurogenesis, we would predict that
the stem cells present at the end of the postnatal period would
proliferate to compensate for any developmental defects. In this
scenario, we expect that any phenotype present in young mice
would improve relative to littermate controls or, at the very least,
not worsen. However, this is not the case, indicating a continued
requirement for Qkf in adult neurogenesis.

We conclude that, as one would expect from ongoing Qkf gene
expression in stem cells, that Qkf is required for adult neurogen-
esis in the stem cell compartment. Noteworthy in this context is
also that the Qkf*" allele produces ~10% of normal Qkf mRNA,
and therefore the defect in adult neurogenesis was observed in the
presence of residual Qkf, implying that the neurogenesis defect
reported here underrepresents the full requirement of Qkf in
adult neurogenesis.

The reduction in NSC number resulting from Qkf deficiency
and the reduction in output of NSC progeny from the Qkf mutant
SVZ combined with our observation that the Qkf gene is ex-
pressed in NSC suggests strongly that there is a functional link
between the maintenance of high Qkfexpression from the prena-
tal phase through to the adult and the persistence of neurogenesis
in the adult SVZ.

Qkf is required for neuron production

Mitral cells form synaptic connections with the axons of odorant
receptor neurons within olfactory glomeruli (Mombaerts et al.,
1996). Therefore, the number of glomeruli should, within exper-
imental error, correlate with the number of mitral cells. Mitral
cells and tufted cells are produced prenatally from the olfactory
bulb ventricular zone (Hinds, 1968). No significant difference in
the number of mitral cells per glomerulus was seen between
Qkff8" mutant animals and controls. In contrast, the number of
interneurons, which are continually produced by adult neuro-
genesis, underwent significant reduction per glomerulus com-
pared with controls as the animals aged. The failure of adult
Qkf”¢ mutant brains to generate normal numbers of interneu-
rons in vivo and the inability of Qkf*”*" neurosphere cells to gen-
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Figure9.  Qkf9”% mutantneural precursor cells form fewer neurons in vitro. a— d, Cultures of
differentiated wild-type (a, ¢) and QKFI mutant neurosphere cells (b, d) stained by immu-
nofluorescence for the astrocyte marker GFAP (red; a, b), the neuron marker B-tubulin type lll
(red; ¢, d), and the oligodendrocyte marker 04 (green; ¢, d), all counterstained with bisbenzim-
ide (blue). SVZ cells were cultured for 7 d as primary neurospheres, dissociated, and cultured in
differentiation conditions on polyornithine/laminin with 1% fetal bovine serum and without
FGF2 and EGF. Cell types were identified based on marker staining and morphology. e, Quanti-
fication of the percentage of astrocytes, neurons, and oligodendrocytes formed. Note that neu-
rons are formed at a reduced frequency in Qkf9”9 mutant cultures (red; dvs ¢) and correspond-
ingly more astrocytes are observed in Qkf?”%" mutant cultures compared with controls (e). The
change in neuron and astrocyte frequency in Qkf%”%* mutant cultures compared with controls
was highly significant () (for neurons: x> = 697.0, df = 1,p < 0.0001, n = differentiation
cultures from 9 6-month-old Qkf9”%" mutant and 9 wild-type brains; for astrocytes: x? =
122.6,df = 1,p < 0.0001, n = differentiation cultures from 8 6-month-old Qkf?“%* mutant
and 7 wild-type brains). Data are depicted as means = SEM, and frequencies of neurons,
astrocytes, and oligodendrocytes were analyzed by x  test followed by Fisher's post hoc test.
Scale bar: a—d, 50 m.

erate normal numbers of interneurons in vitro mirrors the failure
of the prenatal Qkf*¥”#' brain to generate normal numbers of cor-
tical interneurons (Thomas et al., 2000). Conversely, overexpres-
sion of Qkf in vitro leads to an increase in neuron production.
These results suggest strongly that normal levels of Qkf are re-
quired for the differentiation of neurons, particularly interneu-
rons, in addition to the role of Qkf in the stem cell compartment.

Unlike in the mature adult Qkf*”*" mutants, the olfactory
bulbs of young Qkf*”$" mutant animals up to 6 weeks of age
appear normal. The majority of interneurons in the olfactory
bulb are produced in the postnatal period (Luskin, 1993). The
peak olfactory interneuron production is at 3 weeks of age. In
young animals, an excess of olfactory interneurons is produced,
and excess cells are lost by apoptosis (Mirich et al., 2002). These
observations combined with our finding that, at 3 weeks of age,
Qkf¥”8" mutant olfactory bulbs are similar to controls suggest
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Figure 10.  Overexpression of Qkf enhances neuronal production in wild-type neurosphere

cells and Qkf9”%" mutant cells. a, b, Cells cultured for 5 d in differentiation conditions after
nucleofection to introduce a GFP expression plasmid showing representative cell types. Differ-
ential interference contrast image in @ and fluorescence image in b. ¢, Quantification of neuro-
nal differentiation as detected by expression of B-tubulin type Il and neuronal morphology in
untransfected neurosphere cells or cells transiently transfected with a bicistronic plasmid ex-
pressing Qkf and GFP ( pMES-Qkf), Qkf alone ( pEF-Qkf), empty vector ( pEF), or vector expres-
sion GFP only ( pMES). Wild-type cells were used in experiments 1and 2 and Qk*”%* mutant
neurosphere cells in experiment 3. Note the significant increase in neuron production in the
cultures overexpressing Qkf from pMES-Qkf over untransfected cells (experiment 1; p =
0.0006), from pEF-Qkf over cells transfected with the empty vector ( p£F) (experiment 2; p <
0.0001) and in neurons as percentage of GFP+ Qkf?% mutant cells transfected with pMES-Qkf
or control pMES vector (experiment 3; p = 0.0100). Transfection efficiency was ~24% and
similar in all cultures. Experiments were conducted in duplicate cultures (experiments 1and 2)
orinduplicated cultures of three Qkf9”%' mutant neurosphere cell lines (experiment 3). Data are
depicted as means = SEM and were analyzed by one-factorial ANOVA with plasmid as the
independent factor followed by Fisher’s post hoc test.

that, initially, there is sufficient capacity to compensate for a re-
duction in neuronal production in the Qkf*”¢' mutant mice, but
that, as the animals age, a reduction in the stem cell output com-
bined with a reduction in the ability of these stem cells to generate
neuronal progeny leads to increasingly severe phenotypic effects.

We observed a reduction in the number of neurons produced
from Qkf-deficient cells, both in vivo and in vitro. This suggests
that Qkf forms part of the transcriptional machinery regulating
neuronal lineage differentiation and that a Qkf-dependent coac-
tivator complex is required to promote neuronal differentiation.
In this regard, it is of interest that the N-CoR (nuclear corepres-
sor) is required to suppress the astrocytic fate under similar con-
ditions (Hermanson et al., 2002). It has been proposed that co-
activators of transcription are required for DNA-binding
transcription factors to exert their effects, including the regula-
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tion of differentiation and lineage specification (Mannervik et al.,
1999).

Interestingly, the closely related pair of MYST family coacti-
vators, Qkf and Moz, perform corresponding functions in dis-
tinct stem cell populations, namely neural stem cells (this study)
and hematopoietic stem cells (Katsumoto et al., 2006; Thomas et
al.,, 2006). Moz mutant mice lack hematopoietic stem cells
(Thomas et al., 2006). Qkf and Moz heterozygous mutants show
intermediate productivity of adult neurogenesis and hematopoi-
esis, respectively, indicating that Qkf and Moz levels are limiting
the output in the respective stem cell compartment.

In conclusion, we have shown here that normal expression of
the Qkf gene is required for two functions during adult neuro-
genesis, namely for the establishment of the adult NSC popula-
tion in the SVZ of the lateral ventricles and for the production of
normal numbers of olfactory bulb interneurons during adult life.
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