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Abstract Since reports that precursor cells in the adult

subventricular zone (SVZ) contribute to regenerative neu-

ro- and gliogenesis in CA1, we wondered whether a similar

route of migration might also exist under physiological

conditions. Permanent labeling of SVZ precursor cells with

a lentiviral vector for green fluorescent protein did not

reveal any migration from the SVZ into CA1 in the intact

murine brain. However, in a nestin-GFP reporter mouse we

found proliferating cells within the corpus callosum/alveus

region expressing nestin and glial fibrillary acidic protein

similar to precursor cells in the neighboring neurogenic

region of the adult dentate gyrus. Within 3 weeks of BrdU

administration, BrdU-positive nestin-GFP-expressing pro-

toplasmic astrocytes emerged in CA1. Similar to precursor

cells isolated from the dentate gyrus and the SVZ, nestin-

GFP-expressing cells from corpus callosum/alveus were

self-renewing and multipotent in vitro, whereas cells iso-

lated from CA1 were not. Nestin-GFP-expressing cells in

CA1 differentiated into postmitotic astrocytes character-

ized by S100b expression. No new neurons were found in

CA1. The number of nestin-GFP-expressing astrocytes in

CA1 was increased by environmental enrichment. We

conclude that astrogenesis in CA1 is influenced by envi-

ronmental conditions. However, SVZ precursor cells do not

contribute to physiological cellular plasticity in CA1.
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Gliogenesis � Stem cell

Introduction

Except for olfactory bulb neurogenesis, little is known

about the role of neural precursor cells residing in the

subventricular zone (SVZ) of the ventricle walls (Altman

1969; Lois and Alvarez-Buylla 1993; Luskin 1993). Under

certain pathological conditions, a small number of these

cells have been shown to contribute to regenerative neu-

rogenesis outside the ‘‘classical’’ neurogenic regions of the

brain (Magavi et al. 2000; Arvidsson et al. 2002; Sund-

holm-Peters et al., 2005; Yamashita et al. 2006), that is the
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olfactory bulb and the hippocampal dentate gyrus. When

pyramidal neurons in the hippocampal area CA1 were

eliminated by focal ischemia, restorative neurogenesis

could be achieved by high-dose administration of fibroblast

growth factor 2 (FGF-2) and epidermal growth factor

(EGF) (Nakatomi et al. 2002). This regeneration originated

from cells migrating into CA1 from the ventricle wall, in

particular from the caudal subventricular zone (referred to

by the authors as the posterior periventricular area; Nak-

atomi et al. 2002). Prolonged status epilepticus has also

been reported to recruit SVZ glial progenitors to the CA1

and CA3 regions (Parent et al. 2006). These findings raise a

number of important questions, most notably whether cell

traffic from the SVZ to CA1 is primarily due to injury or a

combination of growth factor effects and neuronal damage,

or whether there is also a physiological counterpart in the

intact brain.

Precursor cells in the two neurogenic regions of the

adult brain express nestin (Filippov et al. 2003; Fukuda

et al. 2003; Mignone et al. 2004; Seri et al. 2004). Adult

olfactory neurogenesis originates from a cell type in the

SVZ that displays both stem cell and astrocytic properties

(B cell) (Doetsch et al. 1999; Laywell et al. 2000). This cell

gives rise to a transit-amplifying progenitor cell (C cell)

generating migrating neuroblasts (A cells), which continue

to divide while traveling along the rostral migratory stream

(RMS) to the olfactory bulb (Doetsch et al. 2002). Simi-

larly, in the adult hippocampus the putative stem cell

combines astrocytic features with precursor cell properties

and shows a radial glia-like morphology (Seri et al. 2001;

Filippov et al. 2003). The dividing astrocyte-like precursor

cells can be distinguished from other astrocytes by their

lack of S100b expression (Steiner et al. 2004). In both

systems the migratory intermediates express doublecortin

(Nacher et al. 2001; Brandt et al. 2003; Brown et al. 2003;

Rao and Shetty 2004; Steiner et al. 2006). We wondered

how physiological cell genesis in CA1, if it existed, might

fit into this scheme.

As before, we made use of a transgenic mouse expressing

the green fluorescent protein (GFP) under elements of the

nestin promoter that restrict reporter gene expression to

neural tissue (Yamaguchi et al. 2000; Kronenberg et al.

2003). Nestin is an intermediate filament expressed in

neural stem and progenitor cells (Lendahl et al. 1990).

Therefore, in these mice nestin-GFP-expressing progenitor

cells can be visualized in living tissue slices. We and others

have previously used this tool to characterize progenitor cell

heterogeneity in the adult hippocampus and in the ischemic

striatum after mild brain ischemia (Filippov et al. 2003;

Fukuda et al. 2003; Kronenberg et al. 2003, 2005; Mignone

et al. 2004; Steiner et al. 2006).

In a combined immunohistochemical and electrophysi-

ological approach, we here demonstrate astrocytic proper-

ties in proliferating nestin-GFP-expressing cells in the

corpus callosum/alveus and in postmitotic nestin-GFP-

expressing cells in CA1. We show that in the intact mouse

brain precursor cells from the SVZ do not contribute to

cellular plasticity in CA1. However, while cells with neu-

rogenic potential could not be isolated from CA1, resident

progenitors from the corpus callosum/alveus region retain

the capacity to self-renew and to give rise to neurons and

glia in vitro.

Materials and methods

Animals

Mice-expressing GFP under nestin gene regulatory regions

have been described in detail elsewhere (Filippov et al.

2003; Fukuda et al. 2003; Kronenberg et al. 2003). C57BL/

6 mice were used for stereotactic administration of len-

tiviral vectors. All animals used for the different experi-

ments were between 8–12 weeks old. All experimental

procedures conformed to institutional guidelines and were

approved by an official committee.

Environmental enrichment

Eight animals were housed in four standard laboratory

cages (Ctr); eight animals were placed into an enriched

environment (EE) as described previously (Kempermann

et al. 1997; Kempermann et al. 2002). All animals had free

access to food and water. Since male mice tend to show

territorial behavior associated with prolonged stress in

subordinate males, and psychological stress has been

demonstrated to affect cell proliferation and adult hippo-

campal neurogenesis, this experiment was conducted with

female mice. Animals had been living in their respective

experimental conditions for 4 weeks before they were

killed.

Lentiviral labeling

Lentiviral vector production and concentration has been

described in detail previously (Geraerts et al. 2005, 2006).

Briefly, high-titer human immunodeficiency virus type 1

(HIV-1)-derived lentiviral vector particles, pseudotyped

with the envelope of vesicular stomatitis virus (VSV-G),

were produced by transfecting 239T cells with a second-

generation packaging plasmid lacking vif, vpr, vpu, and nef

genes (pCMVDR8.91), a plasmid encoding the envelope of

vesicular stomatitis virus (pMDG), and a pHR¢-derived

transfer plasmid (pCH-eGFP-WS) encoding enhanced GFP

as a reporter gene. For biosafety reasons, the vector con-

tains the self-inactivating (SIN) deletion (Zufferey et al.
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1998). To increase transduction efficiency, a fragment

containing the central polypurine tract was inserted (Van

Maele et al. 2003). eGFP expression was driven by the

constitutive immediate–early enhancer/promoter of human

cytomegalovirus (CMV) and was enhanced by the wood-

chuck posttranscriptional regulatory element (Zufferey

et al. 1999; Baekelandt et al. 2003). A measure of 1 ml of

concentrated vector contains approximately 109 to 1011

RNA copies per milliliter.

Stereotactic operations

Stereotactic injections were essentially performed as de-

scribed previously (Geraerts et al. 2006). Briefly, for

surgery, animals were anesthetized with an i.p. injection

of 75 mg/kg body weight ketamine (Ketamine 1000;

CEVA Santé Animale, Libourne, France) and 1 mg/kg

body weight medetomidin (Domitor; Orion Pharma,

Espoo, Finland). Animals were mounted into a stereo-

tactic head holder (Stoelting, Wood Dale, IL, USA) in the

flat skull position. After verification of adequate anes-

thesia (absence of corneal reflex and absence of limb

withdrawal reflex), a linear skin incision was made under

sterile conditions over the bregma and a 1 mm burrhole

was drilled into the calvaria, approximately 0.2 mm pos-

terior and 1 mm lateral to the bregma. A 30-gauge gas-

tight Hamilton syringe (VWR International, Haasrode,

Belgium) was then used to inject 1 ll of highly concen-

trated vector supplemented with Polybrene (4 lg/ml) into

the left lateral ventricle at a depth of approximately 2 mm

from the dural surface. The injection was performed

slowly over several minutes. The needle was left in place

for another 5 min and then slowly withdrawn over an

additional 1 min. The burrhole was subsequently sealed

with bone wax (Ethicon, Somerville, NJ, USA) to prevent

leakage of cerebrospinal fluid, and the skin was sutured

with nonmagnetic sutures. Anesthesia was reversed with

i.p. atipamezol at a concentration of 0.5 mg/kg body

weight (Antisedan, Orion Pharma).

Tissue preparation

Mice were killed with an overdose of ketamine

(approximately 400 mg/kg) and perfused transcardially

with 0.9% saline followed by 4% paraformaldehyde in

0.1 M phosphate buffer. Brains were stored in the fixa-

tive for 48 h and then transferred into 30% sucrose in

0.1 M phosphate buffer for 24 h. Coronal sections of

40 lm thickness were cut from a dry ice-cooled block on

a sliding microtome (Leica, Bensheim, Germany). Sec-

tions were stored at –20�C in cryoprotectant solution

containing 25% ethylene glycol, 25% glycerol, and

0.05 M phosphate buffer.

Immunohistochemistry and immunofluorescence

BrdU (5-bromo-2-deoxyuridine; Sigma, St. Louis, MO,

USA) was administered at a dose of 50 mg BrdU/kg body

weight per injection. BrdU was dissolved at a concentration

of 10 mg/ml in sterile 0.9% NaCl solution.

BrdU immunohistochemistry and immunofluorescence

were performed as described previously (Kempermann

et al. 2003). All antibodies were diluted in Tris-buffered

saline containing 0.1% Triton X-100 and 3% donkey serum.

Primary antibodies were monoclonal rat anti-BrdU (Biozol,

Eching, Germany), 1 to 500; polyclonal goat anti-Double-

cortin (Santa Cruz Biotechnology, Heidelberg, Germany) 1

to 200; polyclonal guineapig anti-GFAP (AdvancedImmu-

noChemical, Long Beach, CA, USA) 1 to 100; polyclonal

rabbit anti-GFP (Abcam, Cambridgeshire, UK) 1 to 400;

polyclonal goat anti-GFP (DPC, Bad Nauheim, Germany)

1:1,000; polyclonal rabbit anti-Ki67 (Novocastra Labora-

tories Ltd., Newcastle upon Tyne, UK) 1 to 500; mono-

clonal mouse anti-NeuN (Chemicon, Temecula, CA, USA)

1 to 100; polyclonal rabbit anti-NG2 (Chemicon); poly-

clonal rabbit anti-phosphohistone H3 (New England Biol-

abs, Beverly, MA, USA) 1 to 200 and polyclonal rabbit anti-

S100b (SWant, Bellinzona, Switzerland) 1 to 2,000. FITC- ,

RhodX- or Cy5-conjugated secondary antibodies (all from

Jackson ImmunoResearch Laboratories, West Grove, PA,

USA) were all used at a concentration of 1:250.

For light microscopic quantification of protoplasmic

nestin-GFP-expressing astrocytes in CA1, a series of every

sixth 40 lm section was used. Immunohistochemistry fol-

lowed the peroxidase method with biotinylated donkey anti-

rabbit IgG (Jackson ImmunoResearch Laboratories), 1 to

500, ABC Elite reagent (Vector Laboratories, Burlingame,

CA, USA), and diaminobenzedine (Sigma) as chromogen.

To determine the absolute number of nestin-GFP-posi-

tive protoplasmic astrocytes in CA1, we again employed a

modified version of the fractionator principle, partly based

on a method devised by Williams and Rakic (1988). Nes-

tin-GFP-expressing protoplasmic astrocytes were counted

throughout the rostro-caudal extent of CA1. The stereolo-

gical procedure was modified to exclude the uppermost

focal plane only. The resulting number of nestin-GFP-

expressing protoplasmic cells was then multiplied by 6

because every sixth section had been sampled.

Electron microscopy

Preembedding labeling of formaldehyde-fixed cryosections

(see earlier) was performed with rabbit anti-GFP antibody

(Abcam, Cambridge, UK) at a dilution of 1 to 400. The

same procedure as described for fluorescence micoscopy

was followed up to the secondary antibody step. Thereaf-

ter, sections were incubated for 2 h at room temperature
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with donkey anti-rabbit antibody coupled to ultrasmall gold

particles (Aurion, Wageningen, Netherlands). Antibody

conjugates were diluted 1 to 40 in 20 mM Tris–HCl, pH

8.2, 130 mM NaCl, 0.05% Tween 20, 1% BSA (1% BSA–

Tris). Washing steps were carried out with 1% BSA–Tris

containing an additional 500 mM NaCl. Silver intensifi-

cation was done according to Hacker et al. (1990) for

40 min at 37�C. Postfixation was performed with 1% os-

mium tetroxide and 4% uranyl acetate for 30 min at room

temperature each. Sections were dehydrated in increasing

concentrations of ethanol and infiltrated with propylene

oxide and Poly/Bed 812 (Polysciences, Eppelheim, Ger-

many) according to standard procedures. After polymeri-

zation sections were glued to preformed Epon blocks and

resectioned to 60–70 nm thickness with an Ultracut S

ultramicrotome (Leica). Sections were stained with uranyl

acetate and lead citrate and analyzed with an EM910

electron microscope (LEO, Oberkochen, Germany).

Preparation of acute brain slices

Forebrain slices including hippocampus and corpus callo-

sum were acutely isolated from nestin-GFP transgenic

mice of different ages (6–32 weeks) as described previ-

ously (Filippov et al. 2003; Kronenberg et al. 2005).

Briefly, for acute brain slice preparation mice were

decapitated and the brain was quickly removed within

2 min and placed in ice-cold (4�C) bicarbonate-buffered

salt solution, which was constantly gassed with carbogene

(5% CO2 and 95% O2). This bath solution contained (in

mM): NaCl, 134; KCl, 2.5; MgCl2, 1.3; CaCl2, 2; K2HPO4,

1.25; NaHCO3, 26 and D-Glucose 10, which were equili-

brated with 95% O2 and 5% CO2 to a final pH of 7.4. The

forebrain was dissected from the brainstem and was glued

(cyanoacrylate glue) onto a glass block. The tissue was cut

into 150-lm-thick coronal slices (in bicarbonate-buffered

salt solution gassed with carbogene) using a Leica

VT1000S vibratome (Leica, Nussloch, Germany) and

stored at room temperature. After a recovery period of

60 min, slices were gently placed onto a coverslip and

fixed with a U-shaped platinum grid with nylon mesh in a

recording chamber. The chamber was mounted on an up-

right microscope (Axiovert FS, Zeiss, Oberkochen, Ger-

many) and was continuously perfused with carbogenated

bath solution composed of (in mM): 134 NaCl, 2.5 KCl,

1.3 MgCl2, 2 CaCl2, 1.25 K2HPO4, 26 NaHCO3, 10 D-

glucose, bubbled with 95% O2 and 5% CO2 at a rate of

1–2 ml/min with a flow rate of 4–6 ml/min.

Electrophysiology

Membrane currents were measured with the patch-clamp

technique in the whole cell voltage-clamp configuration

(Hamill et al. 1981). Current signals were amplified with

conventional electronics (EPC-9 amplifier, HEKA Elec-

tronics, Lambrecht, Germany) filtered at 3 kHz and sam-

pled at 5 kHz by an interface connected to an IBM

compatible PC, which controlled the amplifier output.

Acquisition and analysis of the data were performed with

WinTIDA software (HEKA, Germany). Capacitive cur-

rents and series resistance compensation (see below) were

performed. Recording pipettes were fabricated from boro-

silicate glass capillaries (Hilgenberg, Malsfeld, Germany).

Pipettes were filled with a salt solution, which contained

(in mM): KCl, 130; MgCl2, 2; CaCl2, 0.5; Na-ATP, 2;

EGTA, 5 and HEPES, 10. The pH was adjusted with KOH

to 7.4. Pipette resistance was 4–8 MW. Series resistances

were typically 16–33 MW and series compensation was set

to 80%. To obtain an estimate of the resting potential, we

noted the membrane potential at the time of establishing

the whole cell configuration.

Cellular identification

Cells located about 10–30 lm below the surface of the

slice were visible with water immersion optics using a 510/

20-nm band pass filter for GFP detection (excitation max.

490 nm) and photographed using a CCD camera (Watek

Instruments) for recording cell size, location and mor-

phology. To label the recorded cells, Alexa Fluor 594

(10 lg/ml, Molecular Probes) was added to the pipette

solution.

The CA1 region of the hippocampus or the corpus

callosum was identified by standard transmission optics

(Zeiss Axioskop, Zeiss, Oberkochen, Germany; 5· Zeiss

objective, numerical aperture 0.15), and images could be

recorded with a CCD camera and stored on a computer

(Variocam, PCO Computer Optics, Kelheim, Germany).

GFP-labeled cells were identified by fluorescence optics

(excitation at 488 nm using a monochromator, Polychrome

IV, Till Photonics, Martinsried, Germany). The emitted

light was collected at 530 ± 10 nm with a CCD camera

(QuantiCam Phase, Lübeck, Germany; 60· water immer-

sion Olympus objective, numerical aperture 0.8). After the

patch-clamp recording, the Alexa Fluor 594 fluorescence

was detected at an excitation wavelength of 589 nm and an

emission at 616 ± 4 nm.

Cell culture

Three areas were dissected from the hippocampus of adult

8–12 week old nestin-GFP transgenic animals (C57BL/6

background) and also from C57BL/6 mice. After an over-

dose of i.p. ketamine animals were decapitated and brains

dissected out and placed in buffer containing (in mM):

HBSS; HEPES, 10; D-glucose, 30; CaCl2, 1; MgSO4, 1;
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NaHCO3, 4. Brains were then placed on a vibratome (Le-

ica) and sliced at 300 lm thickness. The alveus region

(alveus and corpus callosum proper), CA1 with its subre-

gions and the dentate gyrus were microdissected under a

microscope fitted with a fluorescent lamp to delineate the

regions with the GFP-bearing cells (see Fig. 6e).

The microdissected tissue was digested in a solution of

papain (2.5 U/ml, Worthington, Freehold, NJ, USA), dis-

pase II (1 U/ml, Boehringer, Manheim, Germany) and

DNase (250 U/ml, Worthington). Cells and tissue debris

were washed three times with Dulbecco’s Phosphate Buf-

fered Saline (Pan Biotech GmbH, Aidenbach, Germany)

containing glucose. The cell suspension was passed through

a 40 lm sieve. The progenitor population was enriched by

density centrifugation with Percoll as described by Palmer

et al. (1999) with slight modifications. Briefly, the stock

isotonic Percoll (SIP) was prepared by dissolving the

undiluted Percoll (Amersham, Uppsala, Sweden) in 10X

concentrated PBS in 9:1 ratio. The cell suspension was

mixed with 35% Percoll (made by diluting the SIP in PBS)

and centrifuged at 1,300g for 10 min. Floating myelin and

tissue debris were discarded, and the pellet resuspended in

65% Percoll and centrifuged at 1,300g for 10 min. The

floating neural progenitors were then collected, washed free

of Percoll and plated onto tissue culture dishes in Neuro-

basal/B27 (Invitrogen, Karlsruhe, Germany), 2 mM Gluta-

max (Invitrogen), Penicillin-Streptomycin (Sigma), FGF-2

(R&D Systems, Wiesbaden, Germany) and EGF (R&D).

The dishes were coated with poly-D-lysine (10 lg/ml, Sig-

ma) and laminin (5 lg/ml, Harbor, Norwood, MA, USA).

Floating dead cells were washed off the next day and fresh

medium was added. Cells were fed every 3–4 days by

replacing 75% of the medium with fresh medium. Cells

were split 1:3 by subjecting them to trypsination.

For differentiation cells were plated at a density of

100,000 cells/cm2 in differentiation medium that consisted

of 1% fetal bovine serum (Sigma) and 1 lM retinoic acid.

For immunofluorescence stainings, cells were fixed in

4% paraformaldehyde, rinsed in TBS and blocked in TBS

containing 3% donkey serum and 0.3% Triton-X 100 for

1 h. Samples were incubated in primary antibodies (mouse

anti-TuJ1, Promega, 1:1,000; rabbit anti-NG2, 1:200,

Chemicon; rat anti-nestin, 1:200, Becton Dickinson; goat

anti-GFP, DPC) in blocking buffer overnight at 4�C. After

washing them in TBS samples were incubated in secondary

antibodies diluted in blocking buffer for 1 h at room tem-

perature. Samples were washed free of unbound antibodies

and mounted.

Statistical analyses

Statistical analyses were performed with Microsoft Excel

(Office 98) and Statview 5.0.1 for Macintosh. Analysis of

variance (ANOVA) or two-sided t tests were applied when

appropriate after testing for normal distribution. Values are

presented as mean ± SEM. All tests were performed at a

level of significance equal to 0.05.

Results

Precursors cells of the subventricular zone do not

migrate into the hippocampus under physiological

condition

Migration of endogeneous neural progenitors from the SVZ

into CA1 has been reported, albeit under pathological

conditions (transient forebrain ischemia; Nakatomi et al.

2002). It is unclear whether a similar migratory pathway is

also present in the intact brain. Here, we used a lentiviral

approach to stably label precursor cells in the adult SVZ.

After intraventricular injection of the vector, we detected

strong GFP-labeling of cells lining both the ipsilateral and

contralateral lateral ventricles (Fig. 1a). Importantly, we

observed newly generated neurons in the olfactory bulb as

early as 4 weeks after intraventricular injection also in the

contralateral hemisphere (Fig. 1b). Although labeling of

the walls of the lateral ventricles extended up toward the

lateral corpus callosum/alveus region, we did not observe

migration of SVZ cells further up or indeed into the hip-

pocampus (Fig. 1c). We did not detect any GFP-labeled

cells in CA1 at 1, 2 or 4 months after intraventricular

injection of the vector (analysis of three animals per time

point with successful labeling of periglomerular neurons in

the contralateral olfactory bulb).

To further elucidate the temporospatial distribution of

newly generated cells, we performed several BrdU pulse

chase experiments. First, to assess cell proliferation in

hippocampus, a single dose of BrdU was administered and

animals were killed 2 h later. In this paradigm, we observed

BrdU-positive cells in the entire corpus callosum/alveus as

well as in all subfields of CA1 (n = 4 animals). For an

additional BrdU pulse chase experiment, animals received

three injections of BrdU at 8 h intervals on a single day and

were killed after 24 h, 7 and 21 days, respectively (n = 4

animals per time point). For a more detailed analysis, at

bregma –2.1 mm the corpus callosum/alveus was arbitrarily

divided into three parts (i.e. medial, medio-lateral, lateral)

as illustrated in Fig. 1c, and the distribution of BrdU-posi-

tive cells in corpus callosum/alveus and in CA1 (pyramidal

cell layer, strata oriens, radiatum/lacunosum of CA1) was

analyzed (n = 4 animals per time point). The overall num-

ber of BrdU-labeled cells decreased strongly over time

(Table 1), possibly a result of dilution of the label following

repeated cell divisions. However, the number of newly

generated cells in subfields of CA1 remained relatively
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constant. The relative distribution of BrdU-positive cells in

different parts of the corpus callosum/alveus also did not

suggest latero-medial migration of newly generated cells in

corpus callosum/alveus.

Nestin-GFP-expressing cells are located in the

subventricular zone, in the corpus callosum/alveus

and in CA1

Nestin is expressed in neural precursor cells (Lendahl et al.

1990). Although most nestin-GFP-expressing cells in the

brain of nestin-GFP-transgenic animals are located in the

hippocampal dentate gyrus or the SVZ (Fig. 2a), GFP-

positive cells are also observed in other brain regions.

Strong nestin-GFP-immunoreactivity was found on both

the medial and lateral walls of the lateral ventricle. In

medial continuation of this intense nestin-GFP-immuno-

reactivity of the ventricular walls we found nestin-

GFP-expressing cells in and below the corpus callosum,

especially in a small infracallosal band of tissue referred to

as alveus (Fig. 2a, b). There were also nestin-GFP-positive

cells in the corpus callosum proper. In both of these areas

nestin-GFP-expressing cells tended to show a bipolar

morphology with two short processes on opposite sides of

the cell soma oriented parallel to the fiber tracts of the

corpus callosum.

Between the pyramidal layer of CA1 and the alveus, a

small number of bipolar nestin-GFP-positive cells with

long processes (>10 lm) were found, which were usually

oriented perpendicular to the corpus callosum and CA1

(Fig. 2d).

In all layers of CA1 we saw a highly characteristic

nestin-GFP-expressing cell type. These large cells had

intricate processes in all directions, giving them a spongi-

form- or dandelion-like appearance (Fig. 2b, c). They

seemed to occupy territories, because there was very little

overlap between neighboring cells. Their primary location

was the strata oriens, radiatum and lacunosum of CA1.

GFP-immunoreactivity was somewhat weaker in these

spongiform cells as compared to nestin-GFP-expressing

cells in the alveus region or the SVZ.

Astrocytic properties in nestin-GFP-expressing cells

in CA1 and alveus

Since nestin expression is observed in the putative astro-

cyte-like stem cells of the neurogenic zones (Doetsch et al.

1997; Filippov et al. 2003), we next studied potential glial

properties in nestin-GFP-positive cells in corpus callosum/

alveus and CA1.

Consistent with a recent report on GFAP expression in

dye-filled cells confirmed to be CA1 protoplasmic astro-

cytes based on morphological criteria (Bushong et al.

2002), all nestin-GFP-expressing spongiform cells located

in strata oriens, radiatum and lacunosum of CA1 (Fig. 2)

displayed GFAP-immunoreactivity (Fig. 3a, b). Not unex-

pectedly, GFAP-immunoreactivity was generally limited to

the cell soma and the primary and secondary processes,

whereas GFP-expression permitted a fuller spatial repre-

sentation of astrocytic morphology comparable to that

achieved by intracellular dye injection. Although GFAP is

increasingly considered to be associated also with more

immature and precursor cell types (Doetsch et al. 1999;

Malatesta et al. 2000), S100b is considered to be one of the

Fig. 1 Migration of cells from the subventricular zone does not

contribute toward gliogenesis or neurogenesis in the intact adult

hippocampus. a 4 weeks after intraventricular injection of the

lentiviral vector, immunohistochemical analysis demonstrates stable

long-term eGFP-expression in cells lining the whole ventricular

system. b Newly generated neurons in the contralateral olfactory bulb

were observed 1 month after intracerebroventricular injection of the

lentiviral vector and increased in number thereafter. c Despite

efficient labeling of the walls of the contralateral lateral ventricle we

did not observe migration of eGFP-positive cells further up into the

alveus or into the hippocampus. White bars illustrate tripartite

division of corpus callosum/alveus as used for analysis of BrdU pulse

chase experiments. Scale bar: a 270 lm, b 67 lm, c 540 lm
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most specific and reliable markers for astrocytes (Sav-

chenko et al. 2000) and at least in the dentate gyrus seems

to be associated with more mature astrocytes (Filippov

et al. 2003; Steiner et al. 2004). A sizeable subset of nestin-

GFP-expressing spongiform cells (66%) displayed S100b
co-staining (Fig. 3c) lending further support to the classi-

fication of these cells as protoplasmic astrocytes.

To relate these results to earlier studies on astrocytes in

CA1 (Bushong et al. 2002), we quantified the percentage of

nestin-GFP-expressing cells among CA1 astrocytes as de-

fined by either GFAP- or S100b-immunoreactivity. Of

more than 200 randomly selected GFAP-positive astrocytes

(from three different animals), 39% were nestin-GFP-po-

sitive protoplasmic astrocytes. Similarly, of 189 randomly

selected S100b-positive cells (from three different animals)

57 (30%) were nestin-GFP positive.

Of more than 500 spongiform nestin-GFP-expressing

cells analyzed, none expressed early neuronal marker DCX

(nor mature neuronal marker NeuN; not shown). Three-

dimensional reconstruction revealed that nestin-

GFP-expressing spongiform cells were not identical to

NG2-positive cells (Fig. 3d), which have been described in

the same region (Bergles et al. 2000). Although we found

extensive interdigitation between NG2-positive cells and

nestin-GFP-expressing spongiform cells, no territorial

interdigitation among the latter was detected.

Nestin-GFP-expressing cells in corpus callosum/alveus

and CA1 were further analyzed electronmicroscopically

(Fig. 4). Nestin-GFP-expressing spongiform cells in CA1

were characterized by a polymorphic nucleus with dis-

persed chromatin and strongly labeled thin processes

branching out from the perinuclear region into different

directions (arrow heads in Fig. 4d). Apart from free ribo-

somes many relatively large mitochondria were present in

the cytoplasm. Also, bundles of intermediate filaments

were observed in these cells characterizing them as pro-

toplasmic astrocytes (Fig. 4e).

Based on our previous experience that heterogeneity

among nestin-GFP-expressing hippocampal precursors

could be further corroborated by combining immunohis-

tochemistry with an electrophysiological approach, we

studied nestin-GFP-positive cells in CA1 and corpus

callosum/alveus with the patch-clamp technique. We

selected GFP-positive cells, which had the typical mor-

phology of spongiform cells: in the fluorescence image,

these cells were characterized by small somata and multi-

ple processes and were surrounded by a diffuse fluores-

cence halo emanating from the many fine processes. After

recording, the cells were filled with Alexa Fluor 594, which

yielded an even better image of their delicate morphology

(Fig. 5a–h).

After establishing the whole cell-recording configura-

tion, cells were clamped at a holding potential of –70 mV.

We selected for cells with a stable membrane potential,

which was between –50 and –75 mV (N = 86). The input

resistance was 89.8 ± 39 MW in nestin-GFP-expressing

protoplasmic astrocytes. In the voltage-clamp mode,

membrane currents were activated by clamping the mem-

brane from the holding potential to hyper- and depolarizing

potentials ranging from –140 to 20 mV (50 ms, 10 mV

increments). In the majority of cells (38 out of 40) the

currents did not show any time dependence at any voltage.

The resulting current voltage curve was linear with a

reversal potential at –74 mV (N = 40) and thus close to the

K+ equilibrium potential (–90 mV). This current pattern is

characteristic for the majority of astrocytes in the hippo-

campus (Steinhauser et al. 1994; D’Ambrosio et al. 1998).

The remaining two cells displayed an additional delayed

activating, inactivating current component that was super-

imposed on the large passive currents.

To test for the degree of coupling of nestin-GFP-positive

cells, one cell was selected and dialyzed with the gap

junction-permeable fluorescent dye Alexa 594. For these

experiments we only labeled one cell per slice. In only 4

out of 40 slices, the dye also labeled 1 to 8 neighboring

cells (mean of 4), indicating gap junctional coupling

(Fig. 5 f–h).

Nestin-GFP-expressing cells with large bipolar processes

oriented perpendicular to the corpus callosum/pyramidal

cell layer lack GFAP-immunoreactivity but are

characterized by passive membrane currents

A unique type of nestin-GFP-expressing cell in CA1 was

characterized by totally extended processes. This cell was

distinguished by its bipolar morphology with two long

Table 1 Quantitative analysis of BrdU pulse chase experiment

CC lateral CC medio-lateral CC medial Str. oriens Str. pyramidale Str. rad/lac.

24 h 29% (137) 47% (217) 18% (86) <3% (12) <1% (0) <3% (13)

7 days 30% (85) 44% (124) 15% (43) 7% (20) <1% (1) 4% (11)

21 days 15% (7) 21% (10) 21% (10) 19% (9) 2% (1) 23% (11)

Animals received 3 BrdU injections at 8 h intervals on a single day. Analysis of BrdU-positive cells (n = 4 animals) in hippocampus at

approximately bregma -2.1 mm (left hemisphere). Absolute cell numbers are given in brackets. Analysis of 465 cells (24 h), 284 cells (7 days),

48 cells (21 days)
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processes on opposite sides of the cell body (Figs. 2d, 3b).

Occasionally, when the soma of this cell was close to the

corpus callosum, one process remained in and was oriented

parallel to the corpus callosum, whereas the second process

which extended towards the CA1 pyramidal cell layer was

perpendicular to it (Fig. 5i). Importantly, these bipolar cells

consistently lacked expression of astrocytic markers

S100b, GFAP (Fig. 3b) and of early neuronal marker DCX.

Also, at 2 h after a single injection of BrdU, we did not

observe BrdU-labeled nestin-GFP-expressing cells with

large bipolar processes (analysis of 100 cells from at least

three different animals per staining).

Again, we studied the membrane currents of these large

bipolar cells with the patch-clamp technique using the same

paradigm as described above (Fig. 5i, k). All bipolar cells

(N = 12) displayed passive currents similar to those de-

scribed above. The input resistance of bipolar cells was

higher than that obtained for the nestin-GFP protoplasmic

astrocytes, namely 143.1 ± 82.7 MW. We also observed dye

coupling in one-third of the bipolar cells (N = 12), which

were each coupled to between 1 and 12 cells (mean of 4).

Properties of small nestin-GFP-expressing bipolar cells

in alveus and corpus callosum

Smaller nestin-GFP-expressing cells were located both in

the alveus and to a lesser extent in the corpus callosum

proper. These cells were characterized by their longish

morphology and by the absence of elongated processes. Of

more than 150 cells from three different animals analyzed

for each staining, 8% displayed co-localization with dou-

blecortin (DCX) (Fig. 3i), a marker commonly attributed to

the migration of neuroblasts which has previously been

described in the copus callosum (e.g. Yang et al. 2004). We

used cell cycle marker Ki67 to study the proliferative

activity of the nestin-GFP-positive cells: 29.3% of the

nestin-GFP-positive cells in the alveus were Ki67-immu-

noreactive (Fig. 3e). To further confirm that these cells

were completing the cell cycle we used antibodies against

phosphohistone H3, an M-phase marker: 1.8% of cells

were positive for phosphohistone H3 (Fig. 3f). Conversely,

of 169 Ki67 immunoreactive cells (from three different

animals) 98 (58%) were DCX-positive. However, not all

Fig. 2 GFP-immunoreactivity in mice expressing GFP under control

of the nestin promotor. a, b, d DAB stainings of nestin-GFP. a The

walls of the lateral ventricle show intense nestin-GFP immunoreac-

tivity. In medial extension to the SVZ, nestin-GFP-positive cells of

different morphologies can be found both in the alveus/corpus

callosum and in CA1. b In CA1 most nestin-GFP-expressing cells are

characterized by a spongiform appearance (horizontal arrows). The

intensity of GFP-immunoreactivity in these cells is weaker than in the

smaller bipolar cells in the corpus callosum (vertical arrows) above.

PL pyramidal cell layer, CC corpus callosum. c Three-dimensional

reconstruction of 15 lm image stack showing nestin-GFP-expressing

spongiform cells (green) above and below the pyramidal cell layer.

Red neuronal marker NeuN. d Apart from spongiform cells, bipolar

cells with long processes can also be found in CA1. Most of these

cells are oriented perpendicular to the pyramidal cell layer and corpus

callosum. Scale bars, 200 lm (a, b); 70 lm (c); 60 lm (d)
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DCX-positive cells displayed co-labeling with nestin-GFP:

of 132 DCX-immunoreactive cells (from three different

animals) 40 (30%) lacked immunoreaction for nestin-GFP.

GFAP co-staining was observed in 42% of nestin-GFP-

expressing cells in the alveus (Fig. 3g, h). Triple-labeling

for nestin-GFP, GFAP and S100b was seen in 27% of cells.

Importantly, we did not find cells that stained for S100b but

lacked GFAP-immunoreactivity. Two hours after a single

injection of thymidine analog bromodeoxyuridine (BrdU),

which is stably incorporated into the DNA during S-phase

of the cell cycle, we did not find any S100b-immunore-

active BrdU-labeled cells in the corpus callosum or alveus,

indicating that S100b is not expressed by proliferating cells

in this region. In contrast, GFAP is not a postmitotic

marker. Out of 158 cells (from three different animals)

analyzed, 34 (21.5%) showed triple-labeling for nestin-

GFP, Ki67 and GFAP. Only 4.8% of nestin-GFP cells in

the corpus callosum and alveus expressed NG2 (Fig. 3k).

Marker expression of small nestin-GFP-expressing bipolar

cells in alveus and corpus callosum as compared to nestin-

GFP-expressing protoplasmic astrocytes in CA1 is sum-

marized in Table 2.

Electron microscopic investigations of the corpus

callosum/alveus region revealed nestin-GFP-expressing

cells that were characterized by an oval or elongated nu-

cleus with patches of condensed chromatin and a thin rim

of cytoplasm extending into processes to one or both sides

of the nucleus (Fig. 3a). We found nestin-GFP-expressing

Fig. 3 Immunohistochemical analysis of nestin-GFP-expressing

cells. Immunohistochemically, nestin-GFP expressing cells with a

spongiform appearance can be classified as protoplasmic astrocytes.

In contrast to nestin-GFP-positive large bipolar cells, nestin-GFP-

immunoreactive spongiform cells consistently expressed astrocytic

marker GFAP and frequently also co-express mature astrocytic

marker S100b. a confocal image of nestin-GFP-expressing spongi-

form cells displaying immunoreactivity to nestin-GFP (green), S100b
(red) and GFAP (blue). b Three-dimensional reconstruction of nestin-

GFP-positive large bipolar and nestin-GFP-positive spongiform cells.

Green GFP, red GFAP. c Three-dimensional reconstruction of

nestin-GFP-expressing protoplasmic astrocyte displaying S100b
immunoreactivity. d Three-dimensional reconstruction reveals that

nestin-GFP-positive cells in CA1 are not identical with NG2-positive

progenitor cells (red), which have been described in the same region.

There is a marked interdigitation among these different cell types.

Whereas nestin-GFP-expressing protoplasmic astrocytes do not

divide, small bipolar nestin-GFP-expressing cells in the alveus and

corpus callosum are highly proliferative. e Expression of cell cycle

marker Ki67 (red) in nestin-GFP-positive small bipolar cells.

f Expression of M-phase marker phosphohistone H3 (red) in small

bipolar cells in the corpus callosum. g Confocal image demonstrating

co-expression of S100b (red) and GFAP (blue) in nestin-GFP-

expressing cells in corpus callosum/alveus. h Three-dimensional

reconstruction of 20 lm z-stack of nestin-GFP-expressing small

bipolar cells in the corpus callosum. These cells frequently display

GFAP (blue) or S100b immunoreactivity (red). i Few nestin-GFP-

positive small bipolar cells display DCX immunoreactivity (red).

k NG2-labeling of a nestin-GFP-expressing cell in the corpus

callosum. l BrdU-positive (red) protoplasmic nestin-GFP-positive

cell below the corpus callosum 3 weeks after a series of three daily

BrdU-injections. m No adult-generated neurons were found in CA1:

BrdU-positive cell (red) lacking NeuN immunoreactivity (blue)

4 weeks after a series of BrdU injections. Scale bars, 120 lm

(e), (f), (g), (i), (k); 80 lm (m); 60 lm (a), (b), (d); 30 lm (c), (h),

(l); 20 lm (k)
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cells making cell–cell contacts by junctions, which were

covered on both sides by dense material; thus presumably

representing adherens junctions (Fig. 4b). Occasionally in

these cells bundles of filaments were observed, which most

likely corresponded to bundles of GFAP filaments

(Fig. 4c).

For electrophysiological recordings in the corpus

callosum and alveus (Fig. 5l–p), we selected for GFP-po-

sitive cells in the ventral third of the corpus callosum and

in the alveus that were characterized by an oval soma in the

orientation of the fiber tract. In most cells, small processes

could be recognized which were also oriented along the

fiber tract. The majority of these cells (31 out of 34)

displayed currents similar to those described for the nestin-

GFP-expressing astrocytes. The three remaining cells dis-

played an additional delayed activating current component.

The input resistance of these cells was 99.5 ± 59 MW. We

also observed dye coupling in 3 out of 34 cells. These cells

were dye-coupled to one or two cells.

Nestin-GFP-expressing cells from SVZ, dentate gyrus,

and corpus callosum/alveus are proliferative and

multipotent in vitro, whereas those from CA1 are not

We investigated the ‘‘stemness’’ of nestin-GFP-expressing

precursor cells in SVZ, corpus callosum and alveus as well

as in CA1 and dentate gyrus by isolating adult neural

precursor cells from these regions according to standard

protocols (Palmer et al. 1995, 1999). We carefully micro-

dissected dentate gyrus, SVZ, corpus callosum plus alveus,

stratum oriens of CA1 and the CA1 pyramidal cell layer

(Fig. 6a). Cells from all regions were plated at 1,000 cells/

well of a 96 well plate. Well-separated cells were followed

for 2–3 weeks and assessed for their potential to prolifer-

ate. About 20% of the cells from dentate gyrus and corpus

callosum/alveus gave rise to colonies of cells (<50 cells),

whereas cells isolated from subregions of CA1 failed to

give rise to any colonies. The numbers for the corpus

callosum/alveus region are roughly the same as those

published previously (Palmer et al. 1999). Thus, cells from

corpus callosum/alveus proliferated in culture, similarly to

cells from the SVZ and dentate gyrus (not shown); whereas

cells isolated from CA1 (stratum oriens and pyramidal cell

layer) did not (Fig. 6b–d). Cultures from CA1 were fol-

lowed for 12 weeks. Cells from the different subregions of

Fig. 4 Electron micrographs of nestin-GFP-labeled cells in corpus

callosum (a–c) and in the CA1 region of the hippocampus (d, e). a
Overview showing two labeled cells and their extensions (arrow
heads). b Enlarged view of boxed area in (a) demonstrating cell–cell

contacts between neighboring cells (arrow). c Part of a morpholog-

ically similar cell demonstrating a bundle of intermediate filaments

(arrows). d Overview showing irregular profile of labeled cell (arrow
heads) in CA1. e Enlarged view of boxed area in (d) demonstrating a

bundle of intermediate filaments. N nucleus, M mitochodrium. Scale

bars: 2 lm (a, d), 0.2 lm (b, c, e)

Table 2 Summary of marker expression in nestin-GFP-expressing

small bipolar cells in corpus callosum and of spongiform nestin-GFP-

expressing protoplasmic astrocytes in CA1

GFAP

(%)

S100b
(%)

DCX

(%)

NG2

(%)

Ki67

(%)

Small bipolar

nestin-GFP + cells

42 27 8 4.8 29.3

‘‘Spongiform’’

nestin-GFP + cells

100 66 0 0 0
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CA1 derived from nestin-GFP-transgenic mice failed to

proliferate.

In order to assess multipotentiality we established cul-

tures from dentate gyrus and corpus callosum/alveus.

Clonal spheres were allowed to undergo differentiation.

These further differentiation studies were carried out in

wildtype C57BL/6 animals so as to prevent any interfer-

ence with the GFP signal from the nestin-GFP-transgenic

mice. When clonally proliferated cultures were subjected

to differentiating conditions (1% fetal bovine serum with

1 lM retinoic acid), cells from the dentate gyrus as well as

from corpus callosum/alveus gave rise to both neurons and

glia (20% TuJ1-positive neurons, 47% GFAP-positive as-

trocytes, 22% NG2-positive oligodendrocyte precursors;

Fig. 6). These data indicate that the precursor cells in the

dentate gyrus and the corpus callosum/alveus are capable

of giving rise to neurons.

Nestin-GFP-expressing protoplasmic astrocytes in CA1

are induced by environmental enrichment

One of the classical experimental paradigms to investigate

the influence of experience and activity on brain plasticity

is the enriched environment (Rosenzweig and Bennett

1996). Environmental enrichment over 4 weeks signifi-

cantly increased the number of nestin-GFP-expressing

protoplasmic astrocytes in CA1. On average, we found

1,621 ± 274 nestin-GFP-expressing protoplasmic astro-

cytes in control animals and 2,508 ± 458 nestin-GFP-

expressing protoplasmic astrocytes in animals that had

been living in an enriched environment during the last

4 weeks, a 1.6-fold increase (P < 0.005). However, we did

not observe any BrdU-positive nestin-GFP-expressing as-

trocytes at 2 h after a single BrdU injection in nestin-GFP

transgenic animals. Also, of more than 500 nestin-GFP-

expressing protoplasmic astrocytes analyzed in CA1, none

expressed cell cycle associated protein Ki67 or phospho-

histone H3. However, in another set of animals, 3 weeks

after a series of BrdU injections, we observed co-locali-

zation of nestin-GFP and BrdU in protoplasmic astrocytes

in CA1.

Taken together these data indicate that under physio-

logical conditions, resident nestin-GFP-expressing cells

display neural precursor cell properties in corpus callosum/

alveus. The ability to generate neurons ex vivo is lost in

nestin-GFP-expressing cells that reside in CA1. Under

normal conditions, migration of SVZ cells into CA1 does

not occur.

No new neurons in CA1

As one last question in this study we addressed the issue of

adult neurogenesis in CA1 in vivo. In general, only very

few BrdU-positive cells can be found in the pyramidal cell

layer of CA1 at 3 to 4 weeks after BrdU injections (com-

pare also Kempermann et al. 1997). Of 100 BrdU-positive

cells from five animals that had received a series of seven

daily BrdU-injections 4 weeks before being killed, none

co-expressed neuronal marker NeuN (Fig. 2m).

Discussion

This study has the following major findings. (1) In contrast

to studies of the injured brain showing migration of pre-

cursor cells from the caudal SVZ to the hippocampus

(Nakatomi et al. 2002; Parent et al. 2006), we demonstrate

by stereotactic intracerebroventricular lentiviral vector

administration that a similar migratory pathway into CA1

does not exist under physiological conditions. (2) However,

using animals expressing GFP under control of the pro-

moter of neural precursor antigen nestin we were able to

characterize different populations of nestin-expressing cells

in corpus callosum/alveus and CA1. Morphologically, two

major cell types were distinguishable: spongiform proto-

plasmic astrocytes in CA1 and small bipolar nestin-GFP-

expressing cells in the corpus callosum/alveus region.

Although the population of small bipolar nestin-GFP-

expressing cells proved more heterogeneous, glial charac-

teristics including GFAP-expression and predominantly

passive membrane properties could be detected in both cell

types. Additionally, a third population of large bipolar

nestin-GFP-positive cells with processes oriented perpen-

dicular to the corpus callosum/pyramidal cell layer lacking

astrocytic and early neuronal markers and characterized by

passive membrane currents was observed. (4) Nestin-GFP-

positive protoplasmic astrocytes in CA1 did not proliferate

in vivo, and cultures from CA1 failed to give rise to col-

onies in vitro. However, within 3 weeks after a series of

BrdU injections, newly generated nestin-GFP-expressing

astrocytes appeared in CA1. Conversely, nestin-GFP-

expressing cells in the corpus callosum/alveus region di-

vided at a considerable rate and cultures established from

microdissection of corpus callosum/alveus were self-

renewing and multipotent in vitro. (5) Environmental

enrichment led to an increase of postmitotic nestin-GFP-

expressing astrocytes in CA1.

It has long been speculated whether SVZ precursor cells

contribute to cellular plasticity outside of the olfactory

bulb. So far, most evidence for this has come from studies

of pathological conditions or studies that included the

administration of growth factors. Both ischemia and the

intraventricular injection or ventricular overexpression of

brain-derived neurotrophic factor (BDNF), for example,

result in increased neurogenesis in the striatum (Pencea

et al. 2001; Chmielnicki et al. 2004), where otherwise adult
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neurogenesis does not occur. The detailed contributions of

SVZ-derived precursor cells versus resident parenchymal

precursor cells in tissue repair are still under investigation

(e.g. Arvidsson et al. 2002; Buffo et al. 2005; Kronenberg

et al. 2005; Yamashita et al. 2006). On the whole, the

available data speak in favor of the idea that a combination

of local pathology (most notably ischemia) and increased

trophic support permits regenerative neurogenesis to occur

(Kokaia and Lindvall 2003). Although this is particularly

interesting in the context of restorative medicine, it also
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raises important questions about the physiological basis

and relevance of such a process. In particular, the recruit-

ment of cells from the posterior periventricular area to CA1

after ischemic or epileptic damage (Nakatomi et al. 2002;

Parent et al. 2006) to provide some form of regeneration

(cSVZ-corpus callosum/alveus-CA1 system) has suggested

a distinct new migratory pathway.

The lentiviral vector used here has been demonstrated to

mediate efficient and stable gene transfer in adult neural

stem cells in vivo. Importantly, while retroviral vectors

preferentially transduce fast proliferating cells (i.e. type A

and type C cells resulting in progressive loss of labeled

cells in the SVZ over time), intraventricular injection of

our lentiviral vector has previously been shown to also

potently transduce type B astroglia-like stem cells (Gera-

erts et al. 2006) in addition to transit-amplifying cells.

Using this powerful approach, we did not detect marker

gene expression further up in the corpus callosum/infrac-

allosal area or indeed in CA1 despite the presence of eGFP-

labeled cells in the olfactory bulb at 1, 2 and 4 months after

injection. In contrast to our results, two previous studies in

rats found cells with oligodendrocyte precursor morpho-

logies in the corpus callosum after retroviral reporter

injection into the caudal subventricular zone (Levison and

Goldman 1993; Parent et al. 2006). Differences may relate

to the injection site (SVZ vs. intracerebroventricular

injection) and the species used (rats vs. mice). However,

because only the contralateral hemisphere was analyzed

here, and successful gene transfer was verified through

observation of newly generated cells in the olfactory bulb

of the contralateral hemisphere, our rigorous approach

strongly argues against the migration of cells from the adult

SVZ further up into the corpus callosum/alveus and into

CA1.

As compared to migrating precursor cells in the neuro-

genic system SVZ—rostral migratory stream, olfactory

bulb—it is primarily astrocyte-like progenitors that reside

in the corpus callosum/alveus. This is underscored by the

electrophysiological features observed in small bipolar

nestin-GFP-positive cells. In distinction to migrating neu-

roblasts in the rostral migratory stream (Wang et al. 2003)

and type-2 neural progenitor cells in the subgranular zone

of the dentate gyrus (Steiner et al. 2006), the great majority

of small bipolar nestin-GFP-expressing cells (>90%) in the

corpus callosum/alveus region (as well as all nestin-GFP-

expressing cells with large bipolar processes) were char-

acterized by voltage- and time-independent activation and

inactivation currents characteristic of ‘‘classical’’ astro-

cytes in the hippocampus or astrocyte-like stem cells in the

dentate gyrus (Filippov et al. 2003). In the corpus callo-

sum/alveus, nestin-GFP-expressing small bipolar cells di-

vide at a considerable rate. Similarly, in the RMS the

migrating neuroblasts continue to divide (Luskin et al.

1997; Doetsch et al. 1999).

Fig. 5 Electrophysiological analysis of nestin-GFP expressing cells

in alveus/corpus callosum and CA1. a–h Nestin-GFP-expressing

spongiform cells display electrophysiological properties of astrocytes

in CA1. a Bright field image of an acutely prepared hippocampal slice

showing the position of the patch pipette in CA1 during patch-clamp

recording. a, b, d, e Identification and patch clamp recording from

nestin-GFP-positive cell showing co-labeling with Alexa Fluor 594 in

acute hippocampal slice. Fluorescent image of a nestin-GFP-

expressing cell (b), which was obtained at 488 nm excitation

wavelength. The same cell as in (b) filled with Alexa Fluor 594

through a recording pipette (d), which was obtained at 589 nm

excitation wavelength. The merged image is shown in (e). c Example

for a cell expressing voltage- and time-independent activation or

inactivation currents. The membrane currents were activated by

clamping the membrane from the holding potential of –70 mV to

hyper- and depolarizing potentials ranging from –140 to 20 mV in

50 ms (10 mV increments; protocol see insert in c). From the

recordings corresponding I/V-curves were obtained at the time points

indicated by black filled circle above the traces. I/V-curves were

characterized by a linear current–voltage relationship and a reversal

potential at –71 mV. f–h Intracellular Alexa Fluor 594 diffuses

between nestin-GFP-expressing protoplasmic astrocytes and neigh-

boring cells. f Nestin-GFP-expressing protoplasmic cell, which was

subsequently loaded with Alexa Fluor 594 (g). Note that the dye is

also detectable in a neighboring cell, which is also surrounded by a

diffuse fluorescence. h Merged image of f and g. i, k Nestin-GFP-

expressing large bipolar cells display electrophysiological properties

of astrocytes. i Nestin-GFP-expressing bipolar cell as visualized

before insertion of the patch pipette. Note that one process is still

located parallel to the fiber tracts of the corpus callosum, whereas the

other one has already turned toward the pyramidal cell layer of CA1.

k Example for a cell expressing voltage- and time-independent

activation or inactivation currents. The membrane currents were

activated by clamping the membrane from the holding potential of –

70 mV to hyper- and depolarizing potentials ranging from –140 to

20 mV in 50 ms (10 mV increments; the protocol see insert in c).

From the recordings corresponding I/V-curves were obtained at the

time points indicated by filled circle above the traces. I/V-curves were

characterized by a linear current–voltage relationship and a reversal

potential at –71 mV. l–p Nestin-GFP-expressing cells display

electrophysiological properties of astrocytes in the alveus/corpus

callosum region. l Bright field image of a hippocampal slice showing

the position of the patch pipette in corpus callosum during patch-

clamp recording. m–p Identification and patch clamp recording from

nestin-GFP-positive cell showing co-labeling with Alexa Fluor 594 in

acute hippocampal slice. Fluorescent micrograph of a nestin-GFP

expressing small bipolar cell (m), which was obtained at 488 nm

excitation wavelength. o The same cell as in (m) filled with Alexa

Fluor 594 through a recording pipette, which was obtained at 589 nm

excitation wavelength. The merged image of m and o is shown in p. n
Example for a cell expressing voltage- and time-independent

activation or inactivation currents. The membrane currents were

activated by clamping the membrane from the holding potential of –

70 mV to hyper- and depolarizing potentials ranging from –140 to

20 mV in 50 ms (10 mV increments; protocol see insert in c). From

the recordings corresponding I/V-curves were obtained at the time

points indicated by filled circle above the traces. I/V-curves were

characterized by a linear current–voltage relationship and a reversal

potential at –71 mV. Scale bars in c, k, n represent 10 ms and 0.5 nA.

Scale bar in a for microscopic images a and l 240 lm; 30 lm for all

others

b
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Here, we also show that the number of nestin-GFP-

expressing protoplasmic astrocytes is regulated in an

activity-dependent manner. Cell genesis in CA1 was

inducible by exposure to environmental complexity, the

same experimental condition that also potently induces

adult neurogenesis in the dentate gyrus (Kempermann et al.

1997) and cellular plastic changes elsewhere in the brain

(van Praag et al. 2000; Rosenzweig 2003). Although nestin

is generally considered to be a marker of stem and pro-

genitor cells, the otherwise ‘‘mature’’ appearing new as-

trocytes of CA1 still expressed nestin-GFP. Electron

microscopy and electrophysiological examination con-

firmed characteristic astrocytic properties of these cells.

Across the entire population of protoplasmic astrocytes in

CA1 a sizeable subset of roughly 30% expressed nestin-

GFP. The absence of BrdU immunoreactivity in nestin-

GFP-expressing cells at early time points after injection of

BrdU (e.g. 2 h) as well as the fact that we never observed

any nestin-GFP-positive protoplasmic astrocytes that co-

expressed cell-cycle associated protein Ki67 indicates that

nestin-GFP-expressing spongiform cells are postmitotic. In

line with this interpretation, cells isolated from CA1 failed

to proliferate in adult neurosphere culture. Obviously, it

cannot be excluded that in some hippocampal astrocytes,

the nestin-promoter might have been reactivated, espe-

cially in response to numerous environmental stimuli.

However, the fact that we found BrdU-labeled nestin-GFP-

expressing protoplasmic astrocytes in CA1 3 weeks after

BrdU administration indicates that at least a subset of

nestin-GFP-expressing protoplasmic astrocytes in CA1 are

newly generated. Our data do not permit a firm conclusion

as to whether nestin-GFP-expressing protoplasmic astro-

cytes in CA1, the large nestin-GFP-positive bipolar cells

with processes perpendicular to the corpus callosum and

the small bipolar cells in the corpus callosum/alveus region

are related. The morphology of nestin-GFP-expressing

cells with large bipolar processes might suggest some

migratory capacity. It is worth noting that apart from the

majority of bipolar cells with large processes oriented

perpendicular to the corpus callosum/CA1 pyramidal cell

layer we also observed some large bipolar cells with one

process located parallel to the corpus callosum, whereas the

other one had turned toward the pyramidal cell layer

(Fig. 5i). It is tempting to speculate that the horizontal

process might represent the trailing process and the vertical

process the leading process of these cells. On the other

hand, results of pulse chase experiments show that BrdU

counts in subfields of CA1 remain relatively stable over

time arguing against an important role of cell migration

into the hippocampus for cellular plasticity.

It is also worth noting that GFP-immunoreactivity in

postmitotic nestin-GFP-expressing protoplasmic astrocytes

Fig. 6 Nestin-GFP-expressing cells from SVZ and corpus callosum/

alveus are proliferative and multipotent in vitro, nestin-GFP-

expressing cells from subregions of CA1 are not. a The respective

brain regions corpus callosum plus alveus (CC) and subregions of

CA1 were microdissected and precursor cells isolated and cultured.

Adult stem cell culture according to standard protocol yielded

neurospheres from tissue dissected from CC (b) and from the SVZ (d)

whereas cells from CA1 subregions failed to proliferate (c). The hole

in the brain slice of a nestin-GFP transgenic mouse after microdis-

section is shown in e. Note strong GFP fluorescence in corpus

callosum/alveus and in progenitor cells in the dentate gyrus. f Cells in

adult neural stem cell culture immunoreactive to nestin (red) also

display GFP expression (green). g Precursor cells isolated from

corpus callosum/alveus (here: C57BL/6 mice) can be differentiated

into neurons in vitro. The staining shows cells that display

immunoreactivity to TuJ1, an early postmitotic neuronal marker

(red) and nestin-expressing cells (green)
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was weaker relative to the level seen in the highly prolif-

erative small bipolar cells in the corpus callosum/alveus or

cells lining the lateral ventricles. In our construct, cyto-

plasmic GFP will remain detectable in a cell for a certain

time even after the nestin promoter has been inactivated.

Thus GFP would still be visible in cells that have left the

precursor cell stage.

Nestin-GFP-expressing protoplasmic astrocytes consis-

tently displayed GFAP-immunoreactivity, whereas the same

level of S100b co-expression was not observed in nestin-

GFP-expressing protoplasmic astrocytes. This might also

argue for an intermediate stage of development of nestin-

GFP-expressing protoplasmic astrocytes between fully ma-

tured hippocampal astrocytes (presumably both GFAP- and

S100b-immunoreactive and lacking nestin-GFP) and more

immature progenitor cells. A much lower degree of dye

coupling between nestin-GFP-expressing CA1 astrocytes as

compared to an earlier report (D’Ambrosio et al. 1998)

might also point in this direction, although that study was

performed in rats and biocytin was used as the intracellular

label. The obvious idea to compare nestin-GFP expression

with that of the protein itself fails in the adult mouse hip-

pocampus in that nestin expression is extremely low. Also,

nestin immunoreactivity is not evenly distributed in the cell,

which makes it difficult to classify cells as definitively la-

beled. Furthermore, nestin antibodies have been demon-

strated to cross-react with an endothelial antigen, which

masks neural progenitor cell expression (Nacher et al. 2003).

What might be the function of the activity-dependent

generation of protoplasmic astrocytes in CA1? The intri-

cate morphology of these cells with their ramified pro-

cesses suggests that they interact with neuronal

connections in and around CA1. In fact, CA1 is a highly

plastic region (Rietze et al. 2000). It provides an important

contribution to memory formation in that the electrophys-

iological correlate of learning, long-term potentiation

(LTP), is here found in a way that can be most clearly

related to ‘‘learning’’ on a systems level (Tsien et al.

1996). Structural plasticity at synapses and of dendrites and

axons is excessive in CA1, and astrocytes play an impor-

tant role in this type of neuronal plasticity (Nishiyama et al.

2002; Huang et al. 2004). Astrocytes engulf synapses and

modulate synaptic activity (Spacek and Harris 1998). Thus,

in CA1, activity-dependent plasticity on the level of as-

trocytes is plausible, even if the details of the interaction

with the plastic neurons of the same region are far from

understood. Under physiologic conditions this cellular

plasticity in CA1 does not include neurogenesis. In the

dentate gyrus, in contrast, both new neurons and new as-

trocytes are generated in an activity-dependent way

(Kempermann et al. 1997; Van Praag et al. 1999; Steiner

et al. 2004). Also, the newly born astrocytes in the dentate

gyrus are characterized by a completely different mor-

phology as compared to the nestin-GFP-positive proto-

plasmic astrocytes in CA1.

It seems that knowledge about cellular plasticity in the

adult brain is just in its infancy. Here, we show that under

the conditions of the intact adult brain, environmental cues

exert an inducing effect on nestin-GFP-expressing proto-

plasmic astrocytes in CA1. Precursor cell migration from

the SVZ is not required to mediate this local plastic re-

sponse. The challenge of future research will be to further

elucidate and therapeutically modulate this plastic capacity

in the context of hippocampal injury or normal hippo-

campal function.
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