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A subpopulation of precursor cells in the mouse dentate gyrus receives

synaptic GABAergic input
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Fate choice decision and the initiation of neuronal development occur

in precursor cells of the adult dentate gyrus. We here show that the

earliest signs of neuronal function can be detected in a nestin-positive

progenitor cell population, which is morphologically distinct from the

putative radial glia-like stem cells. Whereas radial glia-like stem cells

had a glial physiological phenotype, this other cell population was more

heterogeneous including cells with the ability to generate action

potentials. These cells had only plump horizontal processes or lacked

processes. Some of these cells received spontaneous and evoked

synaptic input, which was sensitive to GABAA, but not to glutamate

receptor antagonists. In radial glia-like stem cells, such a response was

not observed. However, both types of precursor cells expressed

functional GABAA and glutamate receptors and glutamate trans-

porters. This early establishment of GABAergic innervation in adult

neurogenesis thus mimics the pattern described for brain development.

D 2005 Elsevier Inc. All rights reserved.

Introduction

It is now well established that stem cells in the adult

hippocampus generate neurons, which integrate into the existing

neuronal network. These newly generated granule cells are

produced in the dentate gyrus and project to the CA3 layer where

they form synapses (Markakis and Gage, 1999). Using a green

fluorescent protein (GFP)-expressing retrovirus as a marker of

dividing cells, van Praag et al. (2002) studied newly generated

granule cells in acutely isolated slices and demonstrated that these

cells receive synaptic input from the perforant path. Wang et al.

(2000) and Schmidt-Hieber et al. (2004) demonstrated that the

immature granule cells have a reduced threshold for long-term
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potentiation. When adult neural stem cells were isolated and

cocultured with primary neurons from hippocampus, they could

integrate into existing networks and exhibit both GABAergic and

glutamatergic postsynaptic responses (Song et al., 2002; Toda et

al., 2000). Similarly, embryonic stem cells, when grafted into brain

slices or intact brain, received both GABAergic and glutamatergic

input (Benninger et al., 2003; Englund et al., 2002). During

development, however, the establishment of synaptic connections

follows a defined sequential pattern: first, neurons receive

GABAergic input, which is excitatory due to a depolarizing action

of GABA at this stage. Subsequently, glutamatergic input is

established (Ben-Ari, 2002). A similar developmental sequence

was also reported for granule cells during development: post-

synaptic currents are first dominated by GABAergic neurotrans-

mission, and the contribution of glutamatergic neurotransmission

increases with neuronal maturation (Liu et al., 1996). The plexus of

inhibitory GABAergic axons is already well developed at a stage

when the granule cells are still being formed (Lubke et al., 1998).

In the present study, we aimed at identifying such sequential

establishment of synaptic input during adult neurogenesis.

We have previously shown that nestin-GFP-expressing precursor

cells in the adult subgranular zone (SGZ) of hippocampal dentate

gyrus could be divided into two distinct subpopulations based on

morphological criteria (Filippov et al., 2003). Type-1 cells expressed

glial fibrillary acidic protein (GFAP), and extension of a long radial

glia-like process spanning the entire granule cell layer. They showed

low proliferative activity, whereas type-2 cells had shorter horizontal

or no processes, lacked expression of GFAP and were highly

proliferative. Precursor cells were identified using a transgenic

animal in which the nestin promoter drives expression of the GFP

(Yamaguchi et al., 2000). The nestin-GFP-positive cell population

was also distinct by its membrane current pattern: we found (1) cells

with passive membrane properties similar to the classical astrocytes,

(2) cells with voltage-gated channels similar to glial precursor cells

or the newly described Freceptor_ astrocyte (Matthias et al., 2003),

and (3) cells with sodium currents like in neurons. In the present

study, we have focused on the type-2 cells since they are the first
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candidates to acquire neuronal properties based on our current

hypothesis of neuronal development in the adult dentate gyrus

(Kempermann et al., 2004). By stimulating in the molecular layer,

we tested for the first synaptic input into this cell population.
Results

The non-radial precursor cells can express neuronal properties

Using the transgenic nestin-GFP animals, precursor cells could

be recognized in acute slices of hippocampus based on their GFP

fluorescence. As previously reported, we could distinguish two

types of precursor cells based on morphological criteria and their

location in the subgranular zone. Type-1 cells had one thick

process extending into the granule cells layer and processes

branching extensively in the inner molecular layer. In contrast,

type-2 cells showed only plump horizontal processes or lacked

processes. We dialyzed cells with the hydrophilic fluorescent dye

Alexa Fluor (10 Ag/ml) via the patch pipette to document the

morphological features and to distinguish between type-1 and type-

2 cells (Figs. 1A–C, F–H, respectively). After establishing a

whole-cell recording configuration, the cell was clamped to a series

of de- and hyperpolarizing potentials from �210 mV to +80 mVor

from �140 mV to +20 mV at a holding potential of �70 mV.

Almost all type-1 cells were characterized by passive membrane

currents with no apparent time dependence and a linear current to

voltage curve (95%; 77 out of 81 cells) (Figs. 1D and E). The

remainder (4 out of 81) showed an outward rectification similar to

the recording obtained from type-2 cells shown in Figs. 1I and G.

The outward current slightly inactivated, but there was no apparent

time-dependent activation. Among the type-2 cells, half were

characterized by passive currents (51.5%; 35 out of a total of 68

cells); another population (12 cells, 17.6%) showed the outward

rectification (Figs. 1I, G) similar to the currents described for the

type-1 cells. Seven cells of the type-2 cells showed delayed

rectifying currents with depolarization and inward rectifying,

inactivating currents with hyperpolarization (Fig. 2A). Seven of

the type-2 cells (7.4%) exhibited small rapidly inactivating inward

currents with depolarization typical for voltage-gated Na2+

channels followed by delayed outward currents. With hyper-

polarization, no currents were activated (Fig. 2B). To test for the

ability of these cells to generate actions potentials, we injected

depolarizing current in the current clamp mode, but failed to record
Fig. 1. Morphology and current pattern of a type-1 (A–E) and type-2

precursor cell (F–J) in the dentate gyrus from adult nestin promoter-GFP

mice. (A) Fluorescence image of GFP-positive cells (excitation at 490 nm

and emission at 535 nm). A type-1 cell marked by arrow was recorded from

and dialyzed with Alexa Fluro 594 via the pipette solution. A type-2 cell is

marked by arrowhead demonstrating that the two types of cells can be

found in close proximity. B shows the Alexa Fluro 594 staining (excitation

at 590 nm and emission at 645 nm). (C) The merged image verifies that the

GFP and Alexa Fluro 594 labels correspond. (D) Membrane currents from

the cell shown in A–C were evoked by 50-ms voltage steps ranging from

�210 mV to +80 mV from holding potential of �70 mV (the recording

protocol see the inset in J). (E) The current to voltage curve was obtained

from D; current amplitudes at the beginning (open circle) and at the end of

the voltage pulse (black circle) were plotted against the holding potential.

(F–J) Similar as described for A–E, a type-2 cell was characterized. Note

the lack of processes particularly evident in G, and the outward rectification

of the current–voltage curve. Scale bar denotes 25 Am.
action potentials (Fig. 2D). These cells typically had a high input

resistance (range from 600 to 5100 MV). The last group (9 out of

68 cells, 13.2%) with type-2 morphology was characterized by the

presence of large inward currents typical for Na+ currents of

neurons. In the current clamp mode, action potentials could be

recorded after depolarizing current injection (Fig. 2E). We

conclude that the radial cells are predominantly characterized by

passive membrane conductance, while the type-2 cells are more

heterogeneous including cells with neuronal properties.



Fig. 2. Heterogeneous current pattern in the type-2 cells. In A–C, membrane

currents were activated similar as described in the legend to Fig. 1 and the

resulting current – voltage curves are depicted on the right. Current

amplitudes at the beginning (open circle) and at the end of the voltage pulse

(black circle) were plotted against the holding potential. In B and C, the

voltage jumps were restricted from �140 to +20 (the recording protocol see

the inset in B). Note the small transient inward current in B, the large ones in

C. (D) To test for the ability of the cell shown in B to generate action

potentials, current pulses (100 pA and 60 pA) were injected. The

depolarization did not trigger an action potential. The transient inward

currents were magnified in the inset. (E) Action potentials were recorded in

response to depolarizing current injection from the cell shown in C. (F)

Distribution of membrane current pattern in type-1 (left) and type-2 precursor

cells (right). The shading corresponds to the insets in the five examples

shown in Figs. 1D–G and I–J, and panels A–C here.
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Stimulation in the molecular layer of the dentate gyrus triggers

GABAergic synaptic currents in a small population of the

non-radial precursors

To test for synaptic input to nestin-GFP-expressing cells, we

placed an extracellular stimulation electrode in the molecular layer,

while recording membrane currents from type-2 cells. In six cells,

we recorded transient inward currents in response to a 0.2-ms

stimulation pulse. In all these cells, we recorded large Na+ inward

currents briefly after establishing the whole-cell recording config-

uration. These currents rapidly disappeared since in this set of

experiments, we used lidocaine in the patch pipette to block Na+

currents after dialysis of the cell (Figs. 3A–D). The stimulus-evoked

currents had amplitude from 108 to 863 pA and decayed in average

within 48 ms (range 15 to 110 ms). Clamping the membrane

potential to a series of de- and hyperpolarizing potentials allowed to

construct the current–voltage curve of the stimulus-evoked current.

The response was inward rectifying, bicuculline sensitive (Figs. 3E

and F), and reversed close to 0 mV (Figs. 3E–F). We also observed

spontaneous synaptic activity. The rise time of these spontaneous

currents was about 1.5 ms and the decay time constant (as

determined by monoexponetial fitting) ranged between 5 and 93

ms [20.1 T 1.99 (mean T SE), n = 63] with peak amplitudes ranging

from 30 to 140 pA. The spontaneous and the stimulation-induced

activity could be irreversibly blocked by tetrodotoxin (n = 4; 0.5 AM,

Figs. 4A and B) or reversibly by bicuculline (n = 4; 20 AM) (Figs.

5C–E), indicating that precursor cells receive neuronal GABAergic

input. In contrast, the kainate/AMPA receptor blocker CNQX (50

AM) and NMDA receptor blocker APV (n = 4; 50 AM) did not affect

the rate of spontaneous activity (Fig. 5F). Bicuculline, CNQX, and

APV were all tested on the same cells.

In an additional 13 cells, stimulation triggered an inward

current with amplitude ranging between 35 and 106 pA. 11 out of

13 cells were type-2 cells; 2 cells were type 1. When clamping the

membrane to a series of potential ranging from �100 to +20 mV,

the current amplitude was not affected. Application of tetrodotoxin

reversibly blocked this response and adding APV in concert with

CNQX reduced the amplitude of the currents. We did not analyze

this response further, but it could be due to an increase in

extracellular K+ concentration.

As a comparison, we have also recorded the synaptic currents

from the mature granule neurons (n = 4). The rates of spontaneous

synaptic currents in the mature granule neurons was 58 T 7 per 100

s (mean T SE) with peak amplitudes ranging from 27 to 710 pA.

The spontaneous synaptic currents were partly reduced by

bicuculline, and were completely blocked by additional application

of APV and CNQX (data not shown).

Both types of nestin-GFP-expressing cells respond to GABA

To study the functional expression of GABAA receptors, we

tested the effect of GABA and the GABAA receptor agonist

muscimol (100AM) on membrane currents of nestin-GFP-positive

cells. Bath application of GABA (0.5 mM, 30 s) while clamping the

membrane at�70 mV, elicited an inward current of 17 pA to 794 pA

(mean, 119 pA; n = 35, Fig. 6A), muscimol 49 pA to 65 pA (mean,

58 pA; n = 4). 68.5% of type-1 cells (24 out of 35) and 84.6% of

type-2 cells (11 out of 13) responded to GABA or muscimol

application. To determine the reversal potential of the GABA

response, the membrane was clamped to a series of de- and

hyperpolarizing potential ranging from �130 to 30 mV from a
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holding potential of �70 mV. These series of voltage jumps were

repetitively applied and allowed us to study the conductance

changes over time and construct current–voltage curves in 6-s

intervals. The current–voltage curve of GABA-induced currents

was obtained by subtracting the current measured before the

application of the GABA from that observed at the peak of the

GABA response. The current–voltage curve showed a slight inward

rectification at positive potentials indicating that outward K+

currents were blocked similar as described for granule cells of the

hippocampus (Labrakakis et al., 1997). The reversal potential was

close to 0 mV when determined by extrapolation from currents

between �130 and �50 mV thus close to the chloride equilibrium

potential (Fig. 6C). The GABAA receptor antagonist bicuculline (20

AM) reversibly blocked the GABA response (n = 4, data not shown).
Fig. 4. Spontaneous and evoked activity and its sensitivity to TTX. (A, B)

Membrane currents were recorded from a type-2 precursor cell at a holding

potential of �70 mV. Note the spontaneous transient inward currents. The

four traces are examples from ten subsequently recorded traces showing

those with the most activity. In B, TTX (0.5 AM) was washed in. (C) A

single spontaneous event outlined in A by square is shown in expanded

time scale. The monoexponetial fit is superimposed yielding a time constant

of 20 ms; (D) currents evoked by paired-pulse stimulation (0.2 ms with 50

ms interval) of the perforant path in the absence and presence of TTX (0.5

AM). Transients before the traces are stimulus artifacts. The membrane was

clamped at �70 mV.
Nestin-GFP-expressing cells respond to kainate and NMDA

To study the functional expression of AMPA/kainate glutamate

receptors, we tested the effect of kainate on membrane currents of
Fig. 3. Synaptic current recordings in a cell with large Na+ currents. (A)

Briefly after establishing the whole-cell recording mode, membrane

currents were activated as described in the legend to Fig. 2B from a

type-2 precursor cell. Note the large transient inward currents. (B) 1 min

after dialysis of the cell with pipette solution containing the Na+ channel

blocker lidocaine (2 mM), the transient inward current was no longer

recorded. To isolate the Na+ current trace B was subtracted from trace A

and the result is displayed in C. In D, current–voltage curves from currents

shown in A measured at a time point indicated by black circle and from C

by open circle are displayed. The current–voltage curve displayed in black

circles has the typical course as described for delayed rectifying K+

channels, the one displayed in open circles as described for voltage gated

Na+ channels. Scale bar for A–C is shown in C. (E) The membrane was

clamped at a series of potentials for 130 ms and after 50 ms, a brief

stimulation pulse was applied (arrow) (the stimulation protocol see the

inset). (F) The protocol described in E was repeated in the presence of

bicuculline. The evoked current was completely blocked. (G) To isolate the

bicuculline-sensitive current, trace in F was subtracted from trace in E and

the result is displayed. Scale bars for E–G are shown in G. In H, current–

voltage curves from currents shown in G measured at the time point

indicated by open circle are displayed. (I) A current trace in response to

stimulation is shown prior (control) in the presence (+ bicuculline) and after

washout (wash) of bicuculline to illustrate that the block is reversible. The

membrane was clamped at �70 mV.
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nestin-GFP-positive cells. To minimize the indirect effects from

neurons, 0.5 AM TTX and 0.1 mM CdCl2 were added to the bath

solution to block voltage-gated sodium and calcium channels,

respectively. Bath application of kainate (0.5 mM, 30 s) triggered an

inward current while clamping the membrane at �70 mV; the

current attitudes in type-1 cells averaged at 155.9 T 28.6 pA (mean T
SE, n = 32 responding cells out of 37 tested), and in type-2 cells at
257.9 T 53.6 pA (mean T SE, n = 19 responding cells out of 22

tested) (Fig. 7A). To distinguish between AMPA and kainate

receptors, we used cyclothiazide, which selectively promotes

currents through AMPA receptors by blocking receptor desensiti-

zation, while keeping kainate receptors unchanged (Partin et al.,

1993; Patneau et al., 1993; Yamada and Tang, 1993). The currents

induced by kainate were increased by 59% to 690%, when co-

applying cyclothiazide (100 AM, 30 s, n = 7 out of 7 tested) (Fig.

7B). To obtain the current–voltage curve of the kainate response,

the membrane was clamped to a series of de- and hyperpolarizing

potential ranging from �130 to 90 mV from a holding potential of

�70 mV. (We used the same paradigm as described above for

GABA currents.) The current–voltage curve was linear with a

reversal potential at +6.1 mV. A similar current–voltage curve, yet

with a larger conductance, was obtained in the presence of

cyclothiazide (reversal potential �3.5 mV) (Fig. 7D). We conclude

that both types of precursor cells express AMPA receptors.

To test for the presence of NMDA receptors, NMDA was

applied in the presence of 0.5 AM TTX, 0.1 mM CdCl2, 50 AM
CNQX, and 50 AM l-trans-Pyrrolidine-2, 4-dicarboxylic acid

(PDC). NMDA (0.5 mM) induced an inward current while

clamping the membrane at �70 mV; the current amplitude

averaged at 89.9 T 11.5 pA (mean T SE, n = 14 responding cells

out of 26 tested) thus being significantly smaller than kainate

responses (data not shown).

Nestin-expressing precursor cells express functional glutamate

transporters

Because nestin-expressing precursor cells share features with

astrocytes, we tested for the presence of glutamate transporter

currents by applying d-aspartate, a substrate of the glutamate

transporter, which does not activate glutamate receptors. 0.5 AM
TTX, 0.1 mM CdCl2, and 50 AM 6-cyano-7-nitro-quinoxaline-2,

3-dione (CNQX), the AMPA/kainate glutamate subtype recep-

tors blocker, were added to the bath solution to minimize

interfering effects from neurons or by kainate/AMPA receptor

activity. Similar as for analyzing GABA or kainate-induced

currents, we clamped the membrane to a series of potentials

between �130 and +90 mV. The resulting current to voltage

curve of d-aspartate-induced currents was characterized by

lacking reversal and prominent inward rectification (Fig. 8). In

type-1 cells, d-aspartate evoked an inward current of 72.3 T
12.3 pA (mean T SE, n = 20 responding cells out of 25 tested),

and in type-2 cells, an inward current of 65.7 T 13.0 pA (mean T
Fig. 5. Spontaneous activity is sensitive to bicuculline, but not to CNQX

and APV. (A) Similar as described in the legend to Fig. 1, the GFP (left) and

Alexa Fluro 594 fluorescence (right) is displayed in the two images from a

type-2 cell. Scale bar denotes 25 Am. (B) From the same cell, an action

potential was recorded in the current clamp mode in response to a current

injection (100 pA, 30 ms). (C–F) Spontaneous activity was recorded in

control conditions (C), after wash in of bicuculline (20 AM, D), after

washout of bicuculline (E), and after co-application of CNQX (50 AM) and

APV (50 AM). (G) A bicuculline-sensitive evoked current was recorded

from the same cell as shown in A–F. The experimental procedure was as

described in the legend to Fig. 3I. (H) The graphs give a mean of peak

amplitude, relative frequency, and time constant of spontaneous synaptic

currents under control conditions, in the presence (Bic) and after washout

(wash) of bicuculline and after application of APV in concert with CNQX.

The data are from at least four different cells, and for each cell recording of

100 s, data were analyzed for the four different paradigms.



Fig. 6. Functional expression of GABA receptors. (A) During recording of

membrane currents from a type-2 cell, GABA (1 mM, 30 s) was applied as

indicated. The membrane was clamped from a holding potential of �70 mV

to a series of de- and hyperpolarizing potentials ranging between �130 mV

and +30 mV with 20-mV increments. At this time resolution, the single

voltage steps cannot be resolved. (B) Two series of voltage steps from the

recording shown in (A) before (1) and at the peak of the GABA response (2)

are shown with higher time resolution and were used to construct a current–

voltage curve as shown. (C) The current–voltage curves were obtained by

subtracting current amplitudes at the corresponding membrane potentials

before and during the GABA application. The reversal potential was close to

0 mV when determined by extrapolation from currents between �130 and

�50 mV, thus close to the chloride equilibrium potential.

Fig. 7. Identification of AMPA/kainate receptor. (A) Similar as described in

the legend to Fig. 6, kainate (0.5 mM, 30 s) was applied while recording
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SE, n = 11 responding cells out of 16 tested) at a holding potential

of �70 mV.

membrane currents from a type-2 cell. (B) After wash, the same cell was

incubated with 100 AM CTZ (30 s) and then kainate was applied. Note the

increase in membrane currents as compared to the recording in A. (C) Two

series of voltage steps from the recording shown in A (top) and B (bottom)

before (1) and at the peak of the kainate response (2) are displayed in higher

time resolution and were used to construct a current–voltage curve as

shown. (D) The current–voltage curves were obtained by subtracting

current amplitudes at the corresponding membrane potentials before and

during the kainate application with (open circles) and without pre-

application of CTZ (black circles).
Discussion

The type-2 nestin-positive population contains the earliest signs of

neuronal differentiation during maturation

In the adult mouse dentate gyrus, nestin expression is low, so

that antibody stainings are cumbersome and show a misleading
cross-reaction with a vascular antigen. The use of the nestin-GFP

reporter mouse allows circumventing this problem. The cytoplas-

mic GFP diffuses through the entire cell and allows visualization of

their complete morphology. The use of the neural specific enhancer

element of the nestin regulatory region limits GFP expression to

neuroepithelial cells (Yamaguchi et al., 2000). When the progenitor

cells mature, the nestin promoter will shut down and GFP

fluorescence and nestin immunoreactivity will disappear. While

we have no information on the decay of the nestin protein level,

extrapolating results from the mouse LA-9 cell line, the half life of

GFP is about 26 h (Corish and Tyler-Smith, 1999) which is in line

with our earlier studies where we have seen marker overlaps not

much exceeding 2 or 3 days (Brandt et al., 2003; Kempermann et

al., 2004; Kronenberg et al., 2003; Steiner et al., 2004).

Histochemically, we have found a very small number of nestin-

GFP-positive cells that expressed the postmitotic neuronal markers

calretinin or NeuN. There is also an overlap with the expression of

transcription factor Prox1 (Kronenberg et al., 2003), which is

characteristic of granule cells. It is not yet known at which stage of

development Prox1 is switched on, but all postmitotic cells express

Prox1 during adult hippocampal neurogenesis. We therefore

assume that our small population of nestin-positive cells, which

can generate action potentials, represent the earliest form of

neurons during neurogenesis. It has previously been reported that

nestin-GFP-expressing precursor cells in the adult SGZ of hippo-

campal dentate gyrus can be divided into two distinct subpopula-



Fig. 8. Functional expression of glutamate transporter currents. (A) Similar

as described in the legend to Fig. 6, the current response to d-aspartate (0.5

mM, 30 s) was analyzed from a type-1 cell. (B) Two series of voltage steps

from the recording shown in (A) before (1) and at the peak of the d-

aspartate response (2) were used to construct a current–voltage curve as

shown. (C) The I –V curves of d-aspartate-evoked current were charac-

terized by lacking reversal and prominent inward rectification.
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tions based on morphological criteria (Filippov et al., 2003;

Fukuda et al., 2003). Fukuda et al. identified the type-2 nestin-

expressing cells by labeling with antibodies against polysialylated

neural cell adhesion molecule. They did not detected spontaneous

activity in any of their cells.

Adult-generated neurons first receive GABAergic input

In late embryonic, early postnatal development, the first

functional synapses are GABAergic. This seems to be a universal

rule found in different types of species and brain regions and

glutamatergic input develops subsequently (Ben-Ari, 2001, 2002).

At this developmental stage, GABA acts as an excitatory
transmitter due to an increased Cl� level and the resulting

depolarizing GABA action. GABA-mediated synaptic activity

can trigger action potentials and increases in cytoplasmic Ca2+

due to the opening of voltage-gated Ca2+ channels. This early

excitatory input generates a network activity dominated by giant

depolarizing potentials (Ben-Ari et al., 1989). Neuronal activity

early in development is an important feature controlling maturation

of neurons and synapse formation (Katz and Shatz, 1996; Penn and

Shatz, 1999).

In a study on newborn hippocampus, Tyzio et al. (1999)

described three types of neurons, Fsilent neurons_ which are devoid

of synaptic input and lack dendrites, FGABA-only neurons_ which
receive GABAergic input and have a only small apical dendrite,

and FGABA-and-glutamate neurons_ which receive both GABAer-

gic and glutamatergic input and a more elaborate dendritic

arborization. Tyzio et al. imply that this pattern represents a

developmental sequence and this is supported by studies from

primate neurons in utero (Khazipov et al., 2001). In analogy to this

developmental study, we found both Fsilent neurons_ and FGABA-
only neurons_ in our population of the type-2 nestin-positive cells

from the young adult hippocampus. In contrast to early develop-

ment, the adult FGABA-only neurons_ did not have an apical

dendrite. Interestingly, like in our study, the silent neurons in the

newborn hippocampus expressed functional GABAA and gluta-

mate receptors. The FGABA-and-glutamate neurons_ of the adult

neurogenesis have been described by Schmidt-Hieber et al. (2004)

as the population of PSA-NCAM-positive granule cells, which

express different properties than mature granule cells, but receive

glutamatergic input. This corresponds to the next step in adult

neurogenesis after the progenitor cell stage examined in the present

study. Moreover, the impact of the GABAergic innervation may

change during development: while in mature dentate granule

neurons long-term potentiation is suppressed by GABAergic input,

it is unaffected in putative young neurons (Wang et al., 2000). In

conclusion, neuronal maturation in adult neurogenesis also

involves three stages and thus mimics neuronal maturation during

development.

The expression of transmitter receptors for glutamate and

GABA occurs obviously prior to the innervation. We have

provided evidence for the expression of GABAA, AMPA, and

NMDA receptors. The slight apparent inward rectification of the

GABA-induced current can be explained by a blockade of outward

K+ conductance as previously reported for granule cells (Labraka-

kis et al., 1997).

We have previously found that, during adult neurogenesis, a 5-

to 6-fold expansion of precursor cells occurs, which leave the cell

cycle and show signs of early neuronal maturation. If we assume

that the nestin promoter has shut down at the latest, when the cells

leave the cell cycle, our present data indicate that, within a short

period, neurons mature to a stage where they receive GABAergic

input. At that stage, they have not yet developed an extensive

dendritic tree nor do they project axons. GABAergic input has

been demonstrated to stimulate neuronal development in the

hippocampus (Davies et al., 1998), but also other brain structures

such as the superior colliculus (Meier et al., 2003). GABA can

regulate neuronal precursor migration in the postnatal subven-

tricular zone (Bolteus and Bordey, 2004). The GABA-mediated

early network oscillations are necessary for the induction of

functional glutamatergic synapses during early development

(Hanse et al., 1997). This could also apply for the maturation of

adult immature neurons. The final maturation of new granule cells
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seems to take weeks (Cameron and Gould, 1996; Jessberger and

Kempermann, 2003; van Praag et al., 2002). After the cells have

become postmitotic, they extend dendrites and form axonal

projections to CA3. The present finding is consistent with the

idea of an early and swift maturation that allows selection of the

new neurons, whereas full maturation takes more time.
Experimental methods

Animals

The generation and use of mice expressing GFP under the

control of nestin gene regulatory regions has been described in

detail previously (Filippov et al., 2003; Fukuda et al., 2003;

Yamaguchi et al., 2000). The mice were bred at the animal facility

at the MDC. All applicable federal and local regulations of animal

welfare were followed. The mice lived in standard laboratory

housing conditions with a light/dark cycle of 12 h each and food

and water.

Preparation of brain slices

For acute brain slice preparations, nestin-GFP transgenic mice

of different ages (8–32 weeks) were decapitated and the brain was

immediately removed. Coronal sections of 150 Am were cut from

the forebrain using the Leica VT 1000S vibratome (Leica,

Heidelberg, Germany). Slice preparation was performed in ice-

cold bicarbonate-buffered bath solution gassed with carbogene (5%

CO2 and 95% O2). The extracellular solution contained: 134 mM

NaCl, 2.5 mM KCl, 1.3 mM MgCl2, 2 mM CaCl2, 1.25 mM

K2HPO4, 26 mM NaHCO3, 10 mM d-glucose. The brain slices

were gently transferred by pipette to a holding chamber and kept in

the bath solution at room temperature at least for 60 min until they

were used for recording.

Electrophysiological recordings

The subgranular zone of hippocampus was recognized using

transmission light (Zeiss Axioskop, Carl Zeiss, Jena, Germany; 5�
Zeiss objective, numerical aperture 0.15) and images were captured

with a high-sensitivity CCD camera Variocam (PCO Computer

Optics, Kelheim, Germany). Images of nestin-GFP fluorescent

cells were obtained by excitation at 480 nm using a monochro-

mator (Polychrome IV, Till Photonics, Martinsried, Germany). The

emitted light was collected at 530 T 10 nm with a CCD camera

QuantiCam (b/w VGA, Phase, L[beck, Germany; 60� water

immersion Olympus objective, numerical aperture 0.8). Images

were processed with Imaging Workbench (Axon Instruments,

Union City, USA). The selected cells were located about 10 to 20

Am below the surface of the slice.

Whole-cell voltage-clamped recordings were obtained from the

fluorescence-labeled cells using an EPC 9/2 double patch clamp

amplifier in combination with the TIDA software developed in our

laboratory. Patch electrodes with a resistance of 5–7 MV were

pulled from borosilicate capillaries (inner diameter 0.87 mm; outer

diameter 1.5 mm; Hilgenberg, Malsfeld, Germany) using a P-2000

laser-based pipette puller (Sutter Instrument, Novato, USA). The

pipette solution contained: 130 mM KCl, 2 mM MgCl2, 0.5 mM

CaCl2, 2 mM Na-ATP, 5 mM EGTA, 10 mM HEPES. The pH was

adjusted to 7.3 with KOH. All experiments were carried out at
room temperature 21–25-C. Chemicals were obtained from Sigma

(Deisenhofen, Germany) if not otherwise indicated. Slices were

superfused with gassed bicarbonate buffer and substances were

applied by changing the perfusate. To minimize the indirect

neuronal effects induced by the kainate application, 0.5 AM TTX

and 0.1 mM CdCl2 were added to the bath solution to block

voltage-gated sodium and calcium channels, respectively. During

d-aspartate application, 0.5 AM TTX, 0.1 mM CdCl2, and 50 AM
6-cyano-7-nitro-quinoxaline-2, 3-dione (CNQX), the AMPA/kai-

nate receptors blocker, were added to bath solution.

To test for evoked synaptic currents, we stimulated with glass-

insulated bipolar platinum wire electrodes (tip diameter 50 Am, tip

separation 100–200 Am) (intensity: 1–5 V; duration: 0.2 ms) in the

molecular layer. The stimulated pipette was at least 150 Am distant

from the recorded cell. For the stimulation experiments, 2 mM

lidocaine N-ethyl bromide (QX-314) was included in the pipette

solution. The analyses of the synaptic currents were performed

with PeakCount software (Version3.0.0) developed by Christian

Henneberger.
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