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responses. By experimentally probing this space, we are able to gain
quantitative insight into the architecture, dynamics and design
constraints of biological systems. O

Methods

Bacterial strains and plasmids

The gfp gene under the control of the wild-type lac promoter, obtained from plasmid
pGFPmut3.1 (Clontech), was inserted into the chromosome of E. coli MG1655 at the
lambda insertion site using the \-InCH technique® to produce the strain MUK21. The gat
promoter was amplified from the E. coli MG1655 chromosome by polymerase chain
reaction using primers flanking the 2,175,231-2,175,531 chromosomal region. The HcRed
gene was obtained from pHcRed1-C1 (Clontech) and was placed under the control of the
gat promoter into a plasmid with a ColE1 replication origin, which was transformed into
MUK?21 cells to obtain the strain ERT113. All measurements of wild-type network
response were conducted in this strain. Two additional strains with lac operon repression
factors at lower levels than in the wild-type were constructed by transforming MUK21 cells
with multicopy plasmids, each incorporating a single copy of the lac promoter. The strain
MUK21-pSC101* contains plasmids with a pSC101* replication origin (average copy
number 4), and the strain MUK21-p15A contains plasmids with a p15A replication origin
(average copy number 25).

Growth conditions and media

Cells were grown at 37 °C in M9 minimal medium with succinate as the main carbon
source, supplemented with varying amounts of glucose and TMG. Master cultures with
cells induced for lac expression were prepared by overnight growth in 1 mM TMG, and
master cultures with uninduced cells by overnight growth in the absence of TMG. During
each experimental run, cells were transferred from these master cultures into media
containing specified amounts of glucose and TMG. They were subsequently grown for 20
additional hours before they were harvested for measurement. The transfer volume was
calculated to produce extremely low final cell densities (ODgpo~0.001), thereby
preventing the depletion of glucose and TMG from the medium. Cells were concentrated
by filtration and centrifugation, and the resulting pellet was resuspended in 2.5 pl of the
growth medium to prepare a microscope slide.

Data acquisition

Green and red fluorescence values of single cells were measured using a Nikon TE2000
microscope with automated stage and focus. For each experiment, images of about 1,000
cells on each slide were collected using a cooled back-thinned CCD camera (Micromax,
Roper Scientific). These images were analysed using Metamorph (Universal Imaging) to
obtain the average fluorescence of each cell above the fluorescence background.

Data analysis

For each glucose concentration, the fraction of cells in the induced state was determined as
a function of TMG concentration, and the switching thresholds (defined as the TMG
concentrations at which less than 5% of the cells are in their initial states) were obtained by
interpolation. We estimated the green fluorescence values of the induced (high) and
uninduced (low) subpopulations at each switching threshold by averaging over two
neighbouring TMG concentrations. At each threshold, the high fluorescence was a linear
function of the low fluorescence, with a small positive intercept comparable to the
autofluorescence of E. coli MG1655 cells. We interpreted this intercept as the
autofluorescence of the ERT113 strain. The repression factors for the MUK21-pSC101*
and MUK21-p15A strains were estimated by taking the ratio of fully induced to uninduced
fluorescence levels, assuming that these strains had the same autofluorescence background
as ERT113.
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The subventricular zone (SVZ) is a principal source of adult
neural stem cells in the rodent brain, generating thousands of
olfactory bulb neurons every day'. If the adult human brain
contains a comparable germinal region, this could have consider-
able implications for future neuroregenerative therapy. Stem
cells have been isolated from the human brain*”, but the identity,
organization and function of adult neural stem cells in the
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human SVZ are unknown. Here we describe a ribbon of SVZ
astrocytes lining the lateral ventricles of the adult human brain
that proliferate in vivo and behave as multipotent progenitor
cells in vitro. This astrocytic ribbon has not been observed in
other vertebrates studied. Unexpectedly, we find no evidence of
chains of migrating neuroblasts in the SVZ or in the pathway to
the olfactory bulb. Our work identifies SVZ astrocytes as neural
stem cells in a niche of unique organization in the adult human
brain.

Young neurons born in the rodent and primate SVZ migrate in
chains through the rostral migratory stream (RMS) to replace
interneurons of the olfactory bulb®'°. Data from rodents indicate
that SVZ neural stem cells are astrocytes''*. In the presence of
exogenous mitogens, SVZ-derived neural stem cells self-renew and
can differentiate into astrocytes, oligodendrocytes and neurons
in vitro' . Explants of intraoperative and postmortem adult
human brain also contain progenitors that can give rise to new
neurons and glia>**”'®'° but the organization and function of the
human germinal zones that contain these progenitors remain
poorly understood.

We collected adult human SVZ specimens from 65 neurosurgical
resections and 45 autopsied brains (Fig. 1a; specimens are listed in
Supplementary Tables 1 and 2). With a starting concentration of
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Figure 1 Dense ribbon of SVZ astrocytes in the adult human brain. a, SVZ specimen
locations along lateral wall of the human ventricles. Intraoperative tissue was used for
histology (red) and culture (green) experiments. Autopsied tissue (blue) was used only for
histology. b, Coronal section (6 p.m) stained with the nuclear marker DAPI reveals a region
of high cellularity that is separated from the ependyma by a gap. ¢, Vibratome section
showing GFAP expression of SVZ astrocyte ribbon and GFAP-positive fibre bundles filling
the subependymal gap. d, Panoramic electron micrograph of a postmortem adult human
SVZ, showing the ependymal lining, gap region and astrocyte ribbon. Scale bars, 40 pm
(b, ¢); 10 wm (d).
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50,000 cells per ml (refs 15, 17), intraoperative samples from the
anterior horn, body, atrium, occipital horn and temporal horn of
the lateral ventricular walls generated on average 62.57 * 7.46
(mean * s.d.) neurospheres per ml in the presence of epidermal
growth factor (EGF) and fibroblast growth factor (FGF). On
average, 33.11 = 3.81 secondary neurospheres were generated
from 100 primary neurospheres.

Human SVZ neurospheres differentiated into glia fibrillary acidic
protein (GFAP)-positive astrocytes, O4-positive oligodendrocytes
and TuJ1-positive neurons. Primary neurospheres (1 = 35 inde-
pendent samples) yielded 6.5 £ 3.4% neurons, 5.8 = 1.5% oligo-
dendrocytes and 87.8 = 3.1% astrocytes. In parallel, specimens that
excluded the SVZ, including parietal cortex (n = 8), temporal
cortex (n = 10), striatum (n = 14), medial (septal) wall of the
lateral ventricle (n = 3), third ventricle (n = 2) and fourth ventricle
(n=1), did not generate neurospheres. Our results indicate that
EGF- and FGF-responsive precursors exist not only in the temporal
lobe*’, but in samples from different regions of the lateral walls of
the human lateral ventricles.

Sections of adult human SVZ specimens (n = 68) showed a band
of cells separated from the ependyma (Fig. 1b). Most cells in this
band were astrocytes, showing stellate morphology and expressing
GFAP (Fig. 1c) and vimentin (data not shown). This astrocyte
ribbon was present in intraoperative and autopsied specimens
from the lateral ventricular walls of male and female individuals
aged 19-68yr. It was not observed, however, along the third or
fourth ventricles (n = 3), nor was it present in samples of the medial
(septal) wall of the lateral ventricles (n = 6). This astroglia band has
not been described in the SVZ of primates®'’, rodents™, dogs™,
cows® or sheep (unpublished observations), and represents a
departure from classical SVZ cytoarchitecture®.

Under the electron microscope, cells in the band had ultrastruc-
tural characteristics of astrocytes (Figs 1d and 2a). Astrocytes in the
SVZ ribbon were separated from the ependyma by a gap filled with
GFAP-positive processes (Supplementary Fig. 1). These processes
contained intermediate filaments and gap junctions (Fig. 2b),
confirming their astrocytic origin. No chains of migratory neuro-
blasts were seen in the ribbon or gap, although occasionally single,
elongated, TuJl-positive cells were observed (Supplementary
Fig 3b). A few astrocyte somata were also found in the gap region
(Fig. 2¢). Notably, some of these astrocytes had a process extending
into ependyma, towards the ventricular lumen (Fig. 2d).

Some cells in the astrocyte ribbon coexpressed GFAP and the cell-
division marker Ki-67, suggesting that a subpopulation of them
were mitotically active in vivo (Fig. 2e). To confirm this observation,
organotypic slices of human SVZ (n = 3) were incubated in
medium containing 5-bromodeoxyuridine (BrdU). After 36 h, an
antibody against BrdU was found to colocalize with GFAP-positive
cells in the SVZ ribbon (Supplementary Fig. 2). In a study of
individuals treated with BrdU, proliferative SVZ cells were found
in the same position*. Taken together, these findings indicate that
cells in this band of SVZ astrocytes divide in vivo. From Ki-67
labelling (n = 10 total specimens), we estimated that 0.77 = 0.29%
of astrocytes in the SVZ ribbon were in division. Cultures of
microdissected adult human SVZ yielded monolayers of astrocytes.
Notably, in comparison to cortical astrocyte cultures, SVZ astro-
cytes grew at a considerably higher rate (Fig. 3a).

We next examined whether adult human SVZ astrocytes could
produce multipotent, self-renewing neurospheres. Cultures of SVZ
astrocytes (n = 25 specimens) were dissociated and incubated in
serum-free medium containing EGF and basic FGF (bFGF). Seeding
at an initial concentration of 50,000 astrocytes per ml, we generated
109.29 * 8.67 neurospheres per ml.

We then tested whether single human SVZ astrocytes could
produce multipotent, self-renewing neurospheres. SVZ astrocyte
cultures were established from the lateral walls of the anterior horn
(n=13), body (n=2) and temporal horn (n = 3). Cells were
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incubated for 3 d with an adenovirus carrying the gene for green
fluorescent protein (GFP) controlled by the GFAP promoter
(GFAPp)'. Single green astrocytes were individually micropipetted
into separate wells of conditioned neurosphere medium. Of 121
anterior horn SVZ astrocytes plated, 5 (4.1%) generated clonal
neurospheres. Similarly, of 113 ventricle body SVZ astrocytes and
137 temporal horn SVZ astrocytes, 4 (3.5%) and 4 (2.9%) clonal
neurospheres were produced, respectively. Dissociation of the
neurospheres derived from single astrocytes resulted in the pro-
duction of secondary neurospheres. On the differentiation of
primary and secondary neurospheres, we identified astrocytes,
oligodendrocytes and neurons in each colony (Fig. 3b). Single
cortical astrocytes (139 tested) and single astrocytes derived from
tissue adjacent to the SVZ (201 tested) did not generate neuro-
spheres. These experiments indicate that human SVZ neural stem
cells correspond to astrocytes.

The high concentrations of exogenous mitogens required for
neurosphere formation may amplify the true capabilities of a cell.
We therefore tested whether primary SVZ astrocytes generate
neurons without EGF, bFGF or neurosphere formation. In the
absence of exogenous EGF and FGF, a substrate of astrocytes can
support neurogenesis for adult neural stem cells****. Cultured SVZ
astrocytes from the anterior horn (n = 8 specimens) were incu-
bated with the GFAPp—GFP adenovirus and the nuclear marker
4',6-diamidino-2-phenylindole dihydrochloride (DAPI). Single
green astrocytes were placed onto human cortical astrocyte mono-
layers in serum-free medium (Fig. 3¢, inset). At 5-14 d in vitro, 5 out
of 64 (7.8%) SVZ astrocytes generated colonies with bipolar and/or
multipolar cells expressing DAPI and TuJ1 (Fig. 3¢c). By contrast,
single cortical astrocytes (n = 80) placed under identical conditions
yielded only astrocytes. These observations provide direct evidence
that single adult human SVZ astrocytes, in the absence of exogenous
growth factors, are capable of neurogenesis.

New neurons born in the SVZ migrate in chains along the RMS.

Figure 2 Characteristics of adult human SVZ astrocytes. a, Electron micrograph of the
SVZ ribbon identifies an astrocyte nucleus with a cell body containing copious
intermediate filaments (inset) and rough endoplasmic reticulum. b, SVZ gap region
contains many astrocytic processes and a network of gap junctions. ¢, Nuclei (red arrows)
of two displaced astrocytes in the gap region. Notice how these cells are surrounded by
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This migration is well documented in many adult mammalian
species’®?”, including primates®'’, but not in humans. The large
pool of SVZ neuronal progenitors that we describe suggested that a
similar migration might occur in adult humans. However, we found
no evidence of neuronal chain migration in the SVZ. Serial coronal
and sagittal sections (n = 9 total specimens; Fig. 4a) did reveal a
structure beginning at the ventral floor of the anterior horn and
coursing ventro-rostrally to the olfactory trigone—the origin of the
human olfactory peduncle (Fig. 4b). This SVZ-olfactory trigone
connection contained displaced ependymal cavities (Fig. 4D, inset),
hallmarks of descent from an embryonic olfactory ventricle that
precedes the adult RMS. Nissl staining and double labelling for TuJ 1
and polysialylated neural cell adhesion molecule (PSA-NCAM)*"°
did not show evidence of chains of young migratory neurons in this
region. Cells in this human SVZ-olfactory trigone connection were
rich in GFAP (Fig. 4c), suggesting that this region contains many
astrocytes.

Regardless of their route out of the SVZ, chains of newly
generated neurons, if present, must traverse the human olfactory
peduncle to reach the bulbs. Under the light microscope, the
olfactory peduncle was composed of a network of myelinated
axons, corpus amylaceum®, astrocytes and GFAP-positive processes
(Fig. 4d, e, and Supplementary Fig. 4c), but devoid of TuJ1-positive
or PSA-NCAM-positive chain-migrating neurons (Fig. 4f and
Supplementary Fig. 4b). Rarely, an elongated cell expressing TuJ1
was observed, but these cells were not organized into chains.
Expression of TuJ1 in this and other human brain regions (Sup-
plementary Fig. 3a) served as a positive control, indicating that any
lack of labelling was not due to antibody incompatibility with
human material. We confirmed these results by electron microscopy
of serial semithin sections of intraoperative and postmortem
olfactory peduncle (n =12 total specimens; Fig. 4d and Sup-
plementary Fig. 4a). Again, we found no evidence of chains of
migrating neurons in the olfactory peduncle or a structure similar

other astrocytic processes in the gap. Nearby ependymal lining is seen on the right.

d, Displaced SVZ astrocyte soma extends a process towards the lateral ventricle. e, Ki-67
labelling (red) colocalizing to a proliferating GFAP-positive astrocyte (green) in the SVZ
ribbon. Scale bars, 1.5 um (a); 0.1 wm (@, inset); 1 wm (b); 3 wm (€); 7 wm (d); 40 um (e).
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to the RMS of other mammals. These findings raise the unexpected
possibility that migration from the SVZ to the olfactory bulb does
not take place in adult humans or, if it does, precursors migrate as
individual cells.

We have described a subventricular organization in the adult
human brain that differs considerably from that of other vertebrates
that have been studied. This germinal region contains cells with
astrocytic characteristics that can function as neural stem cells and
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Figure 3 Human SVZ astrocytes as neural progenitors. a, Proliferation rates for SVZ and
cortical astrocytes were significantly different (P < 0.05). b, Single SVZ astrocytes
generated clonal neurospheres (inset) that differentiate into TuJ1-positive neurons (red),
GFAP-positive astrocytes (green) and 04-positive oligodendrocytes (blue). ¢, Single SVZ
astrocytes transfected with a GFAPp—GFP adenovirus fluoresced green and were placed
on a cortical astrocyte monolayer; inset shows superimposed differential interference
contrast and green fluorescence images. SVZ astrocyte progeny were traced with DAPI
(blue). The resultant DAPI-stained colony grows on GFAP-positive cortical astrocytes
(green) and yields a DAPI-positive cell colocalizing with the young neuronal marker TuJ1
(red), shown here at 10d in vitro. Scale bars, 80 pm (b); 100 um (b inset, ¢); 60 wm
(c inset).
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features a previously uncharacterized periventricular astrocyte
ribbon. Although the precise location of the stem cells cannot be
established, we know that astrocytes from this region are clonal
precursors of self-renewing, multipotent neurospheres and can give
rise to neurons in the absence of exogenous growth factors. Con-
sidering the size of the human lateral ventricular system, our work
suggests that a substantial number of neural stem cells exist in the
adult brain throughout life.

Despite such robust germinal capacity, there is no evidence of
cells migrating in chains along the SVZ or olfactory peduncle to the
bulb. This may be explained by the long distance that separates the
olfactory bulbs from the cerebrum in humans and/or our relatively
micro-osmatic capabilities. Our findings raise the question of the
fate of cells born in the human SVZ. The identification of a large,
anatomically discrete population of proliferating, multipotent
human astrocytes may also lead to a better understanding of the
role that human neural stem cells have in tumorigenesis, demyeli-
nation and neurodegeneration. This work highlights the import-
ance of studying stem cells in the human brain. O

Figure 4 The human SVZ—olfactory trigone connection: no evidence for neuronal chain
migration to the olfactory bulbs. a, Pathology specimen of the human brain region
corresponding to the location of the mammalian RMS (red). b, Nissl staining of the human
SVZ—olfactory trigone connection. Ependymal cavities (inset) suggest its embryonic
ventricular origins. ¢, GFAP-positive fibres converge from the ventral floor of the anterior
horn towards the olfactory trigone. d, Transverse section of the adult human olfactory
peduncle. The left-hand box is magnified in the left inset, showing myelinated axons and
oligodendrocytes; the right-hand box is magnified in the right inset, showing corpus
amylaceum bodies found in the core of the olfactory peduncle. e, TuJ1 (red) and DAPI
(blue) labelling of transverse olfactory peduncle, showing no evidence of chains of young
neurons migrating to the olfactory bulb. f, GFAP (green) and DAPI (blue) labelling of
transverse olfactory peduncle, showing abundant astrocytic processes, but no RMS. Scale
bars, 5mm (b); 500 pm (¢, d); 25 um (d insets); 400 um (e, f).
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Methods

Intraoperative and pathology specimens

Neurosurgical excisions of normal SVZ occurred as part of the planned margin of
resection surrounding a periventricular lesion (Supplementary Table 1). We recorded the
anatomical origin of each intraoperative specimen with stealth neuronavigation®.
Intraoperative specimens were histologically normal with no evidence of dysplasia, and
assessments were independently confirmed by a neuropathologist. For pathological
specimens, autopsied brains were cut coronally at the temporal horn tip and immersed in
3% paraformaldehyde (PFA) or formalin for 1-2 weeks, and then portions of their lateral
ventricular walls were excised (Supplementary Table 2). Autopsy specimens were obtained
within 12 h of death from individuals who lacked clinical or postmortem evidence of brain
pathology. All causes of death were non-neurological.

Expression of TuJ1 and PSA-NCAM was noted in different areas of brain parenchyma,
indicating that the antibodies used recognized human antigen and that the human brain’s
antigenicity was preserved (Supplementary Fig. 3a, b). The in vitro and in vivo
characteristics of human SVZ were observed in samples from individuals with different
lesions and of different ages and sexes, and in intraoperative and pathology specimens
alike, making it extremely unlikely that our results were due to specific diseases. Collection
of all specimens was done in accordance with the University of California San Francisco
Committee on Human Research.

Immunohistochemistry

All fixed specimens were rinsed in 0.1 M PBS and then cut on a vibratome (50 pm),
cryostat (10 pm) or microtome (6 pm). Tissue sections were incubated overnight at 4 °C in
blocking solution (PBS, 0.25% Triton X-100 and 10% normal donkey serum). Sections
were then incubated for 48 h at 4 °C in primary antibody diluted in blocking solution.
Primary antibodies dilutions were as follows: anti-GFAP (Chemicon), 1:500; anti-Tu]J1
(Covance), 1:500; anti-Ki-67 (clone MIB-1, Dako), 1:50; anti-vimentin (Developmental
Studies Hybridoma Bank), 1:1; anti-BrdU (Oxford Biotech), 1:10; and anti-PSA-NCAM
(a gift from G. Rougon), 1:3,000. The antibody against O4 (Chemicon) was diluted to
1:100 in blocking solution without Triton X-100. After primary antibody incubation,
sections were incubated for 18 h at 4 °C in secondary antibody (Jackson Laboratories)
diluted 1:200. We used DAPI (1:5,000) for counterstaining, and Aqua Polymount
(Polysciences) for mounting. In all experiments, omitting the primary antibody resulted
in no labelling. Positive controls of rodent SVZ and human cortical specimens were
analysed in parallel with experimental specimens.

Cell culture

Complete medium was a 0.2-pm filter-sterilized mixture of 44 ml of DMEM medium
(Gibco), 5ml of fetal calf serum, 0.5 ml of antibiotic or antimycotic and 0.5 ml of
L-glutamine. After resection, intraoperative specimens were minced into 50-300-pm
pieces, incubated in 0.25% trypsin and 0.02% versene for 10 min, triturated and plated
onto uncoated T-25 flasks with complete medium. At confluence, flasks were shaken for
16 h at 300 r.p.m. to remove neurons, oligodendrocytes and microglia. This method* has
been observed to yield cell cultures that are >98% GFAP positive*.

Organotypic explant

Intraoperative human SVZ specimens were dissected in ice-cold complete medium under
a microscope. Each 200-pm specimen was floated on a Millipore filter in a 35-mm dish
with complete medium plus BrdU (10 ngpl™"). After 36 h, specimens were immersed in
3% PFA for 24 h at 4°C and then sectioned by cryostat. Immunohistochemistry was done
as described above.

Neurosphere assay

Intraoperative specimens were dissociated as above and incubated in non-adherent
neurosphere conditions as described'’. Each 1-cm? well contained 1 ml of neurosphere
medium'” and a cell concentration of 50 cells per pl. Neurospheres were passaged at least
three times without a significant difference in plating efficiency. Conditioned neurosphere
medium was used only in clonal neurosphere assays, for which complete neurosphere
medium was exposed to mature neurospheres for 24 h before the cells were filtered out.
The resultant medium was combined in a 50:50 mixture with fresh complete neurosphere
medium to generate conditioned neurosphere medium.

Cell division and astrocyte growth curve
The quantification of human astrocyte proliferation is described in the Supplementary
Information.

Clonal monolayer assay

Single astrocytes, identified after 3 d of incubation with a GFAPp—GFP adenovirus'', were
incubated in DAPT (1:5,000) for 30 min at 37 °C and placed on a cortical astrocyte
monolayer in 16-well glass slides with Neurobasal/B27 medium (Life Technologies). On
the basis of immunohistochemistry, the specificity of the GFAPp—GFP adenovirus was
>98% in human astrocyte cultures. Neurobasal/B27 medium was a mixture of 44 ml of
DMEM-F12 medium, 5ml of B27 supplement, 0.5 ml of L-glutamine and 0.5 ml of
antibiotic or antimycotic. At 5-14 d in vitro, monolayers were fixed in PFA and processed
with immunohistochemistry.

Electron microscopy

Specimens fixed in 2% glutaraldehyde and 2% paraformaldehyde were cut into 200-pm
sections on a vibratome. Sections were post-fixed in 2% osmium, rinsed, dehydrated and
embedded in Araldite (Durcupan, Fluka). To study SVZ architecture, we cut serial 1-pm
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semithin sections and stained them with 1% toluidine blue. To identify individual cell
types, ultrathin (0.05-pm) sections were cut with a diamond knife, stained with lead
citrate and examined under a Jeol 100CX electron microscope.
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