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There is extensive evidence indicating that new neurons are
generated in the dentate gyrus of the adult mammalian hippo-
campus, a region of the brain that is important for learning and
memory'~. However, it is not known whether these new neurons
become functional, as the methods used to study adult neurogen-
esis are limited to fixed tissue. We use here a retroviral vector
expressing green fluorescent protein that only labels dividing
cells, and that can be visualized in live hippocampal slices. We
report that newly generated cells in the adult mouse hippocampus
have neuronal morphology and can display passive membrane
properties, action potentials and functional synaptic inputs simi-
lar to those found in mature dentate granule cells. Our findings
demonstrate that newly generated cells mature into functional
neurons in the adult mammalian brain.

Hippocampal neurogenesis has been observed in adult animals
from birds to humans'™®. The newly generated cells may have a
function in cognition and brain repair. For example, manipulations
that increase neurogenesis, such as an enriched environment” and
exercise®, are associated with improved memory function and
enhanced synaptic plasticity’. In addition, new neurons are gener-
ated in the hippocampus after stroke'® and seizures', and in the
cortex after a selective lesion'?, suggesting that they may be involved
in recovery from injury. Stress, on the other hand, has been related
to decreased cell proliferation and memory impairment''*. How-
ever, the conclusions from all of these studies are based on correla-
tions. It is still unclear whether newly generated cells that express
neuronal markers become functional neurons.

Embryonic hippocampal progenitors can develop neuronal elec-
trophysiological properties and are able to form functional synapses
in culture”. Furthermore, adult hippocampal progenitors display
voltage-dependent currents in vitro'®”. It remains unknown
whether newly generated cells become functional neurons in vivo,
mainly owing to the methods currently available to study neuro-
genesis. Both tritiated thymidine"*® and 5-bromodeoxyuridine
(BrdU)*>"~ are used to label dividing cells in the adult brain;
however, both methods require processing of the tissue and only
label the soma. To overcome these limitations, we used a retroviral
vector expressing green fluorescent protein (GFP), which only labels
dividing cells'. GFP fills the soma as well as the processes, making
structural analysis possible. Moreover, GFP can be visualized under
fluorescence microscopy, allowing functional characterization of
newly generated cells in hippocampal slices. Using this methodol-
ogy, we have identified one-month-old neurons with functional
properties similar to those of mature dentate granule cells in the
adult hippocampus. We also show that newly generated neurons are
initially smaller and reach a more mature morphology after
4 months.

To label proliferating cells in the adult hippocampus, a highly
concentrated retroviral stock (1.5 ul of 5x 10® infectious units per
ml) carrying the GFP transgene was injected into the dentate gyrus.
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One group of mice was housed with a running wheel® to enhance cell
division before injection. Mice were killed after 48 h to assess cell
phenotype shortly after proliferation, or after 4 weeks to determine
cell fate. GFP-expressing (GFP") cells were found in the dentate
gyrus after both 48 h and 4 weeks. GFP" cell counts revealed that,
in contrast to BrdU, retroviral labelling is quite variable and,
therefore, unsuitable for absolute quantitative comparisons
between controls and experimental mice (hereafter referred to as
runners) (see Methods). In spite of this caveat, a relatively high
percentage of GFPcells expressed neuronal markers at 4 weeks in
runners, making a detailed morphological and electrophysiological
characterization of newly generated neurons possible (Table 1).

The phenotypes of the GFP'cells were examined by immuno-
fluorescent labelling for neuronal and glial markers. At 48h after
viral injection, GFP" cells were found to be immature neurons
(Tuj1-B), neural precursors (NG2) or glia (GFAP), but not mature
neurons (NeuN or calbindin; Fig. 1 and Table 1). About 50% of the
GFP" cells remained unidentified. A portion of these cells may be
associated with the vasculature'®. Most GFP” cells were located in the
inner granule cell layers of the dentate gyrus, suggesting that the new
cells arise from progenitors in the subgranular zone’.

Figure 1 Dividing cells in the adult mouse dentate gyrus express early neural markers at
48 h after virus injection. a, Confocal micrograph (a merged image of 15 1-wm optical
sections) of GFP expression in the dentate gyrus in a section that was labelled for the
neuronal marker NeuN (red). No co-labelling of GFP* cells with NeuN was observed.

b, Single confocal plane of a cluster of GFP™ cells labelled with the early neuronal marker
Tuj1-B (red). ¢, Single confocal plane of a GFP* cell with immunoreactivity for the
progenitor marker NG2 (red). In b and ¢, nuclei (DAPI) and GFAP are blue.
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Table 1 Number and phenotype of GFP* cells

Table 2 Morphological characteristics of GFP* newly generated granule
cells

Property of cells Control Running Control Running
48h 48h 4 weeks 4 weeks Morphological Four-week-old Four-month- Statistical
(n=25) (n=25) (n=25) (n=28) characteristic neurons old neurons significance (P)

GFP* cells 265 (66) 260 (45) 87 (22) 130 (38) Area of soma* (wm?) 80.0 (5.6) 138 (14) 0.002
Spread (mm) 1.54 (0.16) 1.58 (0.16) 1.82(0.28) 1.47 (0.21) Total dendritic length (um) 359 (45) 552 (49) 0.01
NeuN (%) 0 0 2.2(1.3 27.4 (9.9~ Number of branch points 4.1(0.7) 6.8 (0.6) 0.01
Calbindin (%) 0 0 2.0(1.2) 22.5 (9.9~ Spine densityt (wm™) 0.77 (0.04) 1.19 (0.07) 0.0002
Tuj1-B (%) 9.2(1.1) 28.4 (8.3)" 15.6 (6.9) 31.7 (3.6)" ) : A

0 * Data are presented as means, with s.e.m. in parentheses. The column on the right shows the
NG2 (%) 26.0(12.2) 350(2.3) 7.7(6.0) 13.7(3.8) statistical significance, calculated using a t-test. n = 8 for all characteristics, except spine density
GFAP (%) 4.1(1.9) 4.6 (3.6) 10.3 (4.2) 8.6 (1.5) ! ' ’

The total number of GFP* cells from the dentate gyrus is shown at indicated time points after viral
injection. At 48 h, runners had a greater percentage of GFP* cells labelled for Tuj1-g (P < 0.04) and
NG2 (P < 0.05) than controls. At 4 weeks, the percentage of GFP* cells co-labelling with neuronal
markers was significantly higher in runners than in controls (NeuN, P < 0.01; calbindin, P < 0.01;
Tuj1-B, P < 0.04). All data are presented as means, with s.e.m. in parentheses. Asterisk, P < 0.05;
double asterisk, P < 0.01.

GFP"cells expressing neuronal markers were found 4 weeks after
injection (Table 1). Moreover, as GFP is expressed throughout the
cytoplasm, dendritic processes extending towards and into the
molecular layer and an axon projecting into the hilar area were
observed (Fig. 2). Newly generated cells expressing neuronal mar-
kers were present throughout the granule cell layer (Figs 2a and 3a).
The percentage of GFP”cells that co-labelled with neuronal markers
was significantly higher in runners (approximately 25%) than in
controls (approximately 2%), supporting our previous observation
that exercise enhances neurogenesis®’. However, in both groups the
percentages of GFP" neurons were lower than in the previous BrdU
studies. This is probably due to differences in mechanisms of action
between retrovirus and BrdU, or to transgene downregulation and/
or shutdown of GFP expression. Downregulation may depend on
the viral integration site into the genome of the host cell”, and on
the degree of differentiation of the cells. Indeed, GFP fluorescence
was fainter in neuronal cells than in other cell types.

10 pm

Figure 2 GFP* cells in the dentate gyrus 4 weeks after virus injection express mature
neuronal markers. a, Overview of GFP expression in the dentate gyrus in a section (a
merged image of 27 1-m optical sections) that was labelled for the neuronal marker
NeuN (red). b, GFP* cell (a merged image of 18 1-wm optical sections) immunoreactive
for NeuN. ¢, Single confocal plane of the same cell, showing co-localization of GFP and
NeuN.
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for 4-month-old neurons, where n = 5.

*Maximal cross-sectional area obtained from stereological measurements.

T Measured over a total dendritic length of 607 wm in newly generated cells at 4 weeks and 638 pm
at 4 months after virus injection. The distances between the cell body and the beginning of the
measured dendritic segments were similar for the 4-week-old (71 =9 pm) and 4-month-old
(57 = 5 um) neurons (P = 0.2).

To determine whether newborn neurons receive synaptic input,
we carried out synaptophysin immunohistochemistry. Figure 3a
shows a GFP", calbindin-positive cell with synaptophysin staining,
consistent with previous studies”'. Additional evidence for synaptic
inputs is the presence of dendritic spines (Fig. 3b—e), suggesting
that glutamate-containing terminals contact these dendrites®.
Furthermore, ultrastructural analysis confirmed that newly gener-
ated granule cells do receive synaptic inputs’. The synapses of these
newly generated granule cells express mature features such as a pool
of presynaptic vesicles facing a postsynaptic density (Fig. 3f).

We have shown that newly generated cells can express mature
neuronal markers and display the distinct morphology of a dentate
granule neuron. To assess whether maturation continues, we com-
pared the morphological characteristics of newly generated neurons
at 4 weeks (Fig. 3d, e) and at 4 months (Fig. 3b, c) after retroviral
injection. All measured parameters (size of soma, total dendritic
length, dendritic branching and spine density) increased by about
60% over this period (Table 2). Thus, newly generated neurons in
the adult grow and mature over several months. These findings are
consistent with studies showing that spine density and dendritic
complexity of dentate granule cells increase from birth well into
adulthood®”. Spine counts at 4 months were similar to those
reported in the literature for mature neurons*. Thus, newborn
neurons acquire the morphological dimensions of mature granule
cells over several months. Of note, newly generated granule cells are
functionally integrated into the circuitry by 4 weeks (see below).

To investigate whether newly generated neurons are functional,
electrophysiological recordings of GFP" cells were made in acute
hippocampal slices. Several GFP" cells showed neuronal properties
(Table 3). In the example shown in Fig. 4, membrane potentials
recorded in response to depolarizing current steps displayed

Table 3 Electrophysiological properties of newly generated and mature
dentate granule cells

Electrophysiological Newly generated  n Mature granule n Statistical
property granule cells cells significance (P)
Resting potential —69.7 (1.7) 9 -74.8(1.1) 27 0.06
(mv)

Input resistance 350 (37) M 388 (37) 25 0.62
M)

Time constant (ms) 16.6 (4.0) 11 33.7 (3.7) 25 0.003
Membrane 42.3(10.2) 11 99.2 (12.7) 25 0.003
capacitance* (pF)

Spiking threshold -45.8 (2.9) 13 -39.6 (1.5) 27 0.07
(mV)

Firing ratet (Hz) 27.5(2.6) 10 29.9 (4.8) 14 0.65
Spontaneous 1.6(0.8 6 0.80(0.19) 9 0.33

activityf (Hz)

Experiments on newly generated neurons (GFP*) were carried out 4—-8 weeks after viral injection.
Data are presented as means, with s.e.m. in parentheses. The column on the right shows the
statistical significance, calculated using a t-test.

*Calculated from the input resistance and the time constant, as C,, = 7,,/R,,.

T Measured in response to a 100-pA depolarizing current step.

1 Spontaneous postsynaptic responses measured in voltage or current clamp.
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repetitive spiking with increasing frequency, reaching a plateau at
about 140 Hz (Fig. 4b, d). Action potentials displayed a threshold
(Vi) of =43 mV, conspicuous after hyperpolarization and frequency
adaptation (Fig. 4b—d), similar to mature dentate granule cells
under comparable recording conditions**® (Fig. 5 and Table 3). To
assess whether this cell had functional inputs, spontaneous post-
synaptic currents were recorded (Fig. 4e). Currents displayed fast
onset (less than 1 ms) and a slower exponential decay (greater than
5ms), typical of postsynaptic responses to fast neurotransmitters,
such as glutamate and 'y-aminobutyric acid (GABA). Similar results
were obtained in five additional experiments, where spontaneous
postsynaptic responses were observed at a frequency of 0.4-5Hz
and with peak amplitudes ranging from 0.5 to 1 mV (under current
clamp) and 10 to 20 pA (under voltage clamp; see Table 3). After
fixation of the slice, co-labelling for GFP, Alexa Fluor 594 and NeuN
showed that this cell had electrophysiological and morphological
properties of a functional granule cell (Fig. 4f, g).

The main excitatory input to dentate granule cells is the perforant
pathway. To assess whether newly generated neurons receive appro-
priate projections, postsynaptic currents were recorded in response
to extracellular stimulation of the perforant path. Figure 5 depicts

recordings from a GFP" cell and an adjacent mature granule cell
with similar spiking properties. In both cells, excitatory post-
synaptic currents were evoked in response to paired-pulse stimula-
tion (Fig. 5¢). Interestingly, although the same afferents were
stimulated, the mature neuron displayed paired-pulse facilitation
whereas the newly generated neuron showed depression, suggesting
differences in presynaptic release properties. The observation that
newly generated granule cells receive inputs from the perforant path
(n = 4) strongly suggests that they are functionally integrated in the
hippocampus.

A total of 13 GFP" cells with neuronal properties were character-
ized from 13 mice (Table 3). For comparison, recordings were
carried out from 27 mature dentate granule cells obtained from 23
mice (Fig. 5 and Table 3). Most properties (resting potential (V),
input resistance (R;,), threshold potential for spiking and firing
rate) were found to be similar between the two groups. In addition,
spontaneous postsynaptic responses (Fig. 4e and Table 3) displayed
similar characteristics. Together with the observation that newly
generated neurons receive inputs from the perforant path, these
findings show a remarkable functional similarity between newly
generated and mature granule cells.

Calbindin

Figure 3 Newly generated neurons receive synaptic inputs. a, Confocal photomicrograph
(a merged image of 10 0.5-m optical sections) of a GFP* cell, immunolabelled

for calbindin (blue) and synaptophysin (red). Adjacent panels (merged images of

4 0.5-p.m optical sections) show co-localization with calbindin and synaptophysin.
b—e, Visualization of spines in GFP* cells (merged images of 12—33 optical sections of
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0.5 wm). The boxed areas in the insets correspond to the enlarged images of the
dendrites. Cells were analysed 4 months (b, ¢) or 4 weeks (d, €) after virus injection.
f, Electron micrograph of synaptic terminals (arrows) on the soma of a GFP* neuron
(asterisk) in the granule cell layer.
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Figure 4 Newly generated cells display neuronal electrophysiological properties.

a, Fluorescent micrographs of a GFP™* cell filled with Alexa through a recording pipette.
b, Membrane potential in response to depolarizing currents (,; 500 ms, 20—400 pA)
recorded under current clamp at the resting potential (=73.5 mV). Numbers on the left
indicate stimulus size. Scale: 25 mV, 50 ms. ¢, Action potential recorded at 80 pA.

d, Firing rate versus current curve. e, Spontaneous postsynaptic currents recorded under
voltage clamp (=80 mV). Scale: 20 pA, 100 ms. f, Confocal micrographs taken from a
single plane (1 m) after fixation of the slice. g, Overview of the dorsal blade of the
granule cell layer (merged z-series of 23 planes).

The analysis of passive membrane properties (V;, Ri, and the time
constant 7,,,) revealed that newly generated neurons have a signifi-
cantly faster 7,,, compared with mature dentate granule cells (Table
3). The membrane capacitance (C,,), calculated as C,,, = 7,,/R;,, was
found to be smaller in newly generated than in mature granule
neurons, indicating that 4-week-old neurons are smaller than
mature dentate granule cells”” and confirming our own morpho-
logical observations (Fig. 5 and Table 2).

Recordings were performed from a total of 58 GFP" cells with
different morphology and location in the dentate gyrus. All cells
that displayed neuronal properties (n = 13) had a round soma
located in the granule cell layer, dendrites extending towards the
molecular layer, and, in general, low fluorescence intensity (Figs 4f
and 5a). The additional 45 cells were non-excitable, had a markedly
low Ry, (209 =31 MQ) and 7, (9.8 = 16 ms), and did not receive
functional inputs. Typically, these cells had a large and irregular
soma, multiple branches, and brighter fluorescence (data not
shown). It is likely that these non-spiking cells represent a mixed
population of neural precursors.

Our results demonstrate that the adult mammalian dentate
gyrus gives rise to new functional neurons that are integrated into
the hippocampal circuitry. It will be crucial to determine the
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Figure 5 Newly generated neurons are functionally similar to mature dentate granule
cells. Consecutive recordings of a GFP* neuron (right) and an adjacent granule cell (left)
are shown. The GFP* neuron (G, = 32 pF) was smaller and, therefore, younger than the
unlabelled neuron (C,, = 60 pF). a, Fluorescence micrographs of both cells filled with
Alexa (left panels). The right panel is a confocal micrograph taken after fixation, with GFP
(green), Alexa (red) and DAPI (blue) visualized. b, Membrane potential in response to
depolarizing current steps. Stimulus size is indicated on the left. Scale: 50 mV, 50 ms.
¢, Postsynaptic currents evoked by paired-pulse stimulation (100 A, 0.2 ms, with a
50-ms interval) of the perforant path. The position of the stimulating electrode was
identical for both neurons. Transients before the traces are stimulus artifacts. Scale:
100 pA, 25ms (left); 40 pA, 25 ms (right). d, Spiking rate versus current curve. Insets
show a single action potential.

functional significance of these newly generated cells in the adult
brain. One possible hypothesis is that new neurons may be required
to replace dying neurons®. Another possibility is that young
neurons provide a greater degree of plasticity to the mature brain.
This enhanced plasticity would become apparent from the integra-
tion of new functional units whose connectivity may be shaped by
experience.

Methods
Subjects and stereotaxic surgery

Female C57Bl/6 mice, 4—5 weeks old (Jackson Laboratories), were housed in standard
conditions (n = 10) or with a running wheel (1 = 80), four or five mice per cage. After one
week, mice were anaesthetized (100 pg ketamine, 10 pg xylazine in 10 pl saline per gram)
and virus (1.5 wl at 0.32 wlmin™") was infused into the right dentate gyrus (anteropos-
terior = —2 mm from bregma; lateral = 1.5 mm; ventral = 2 mm). For electrophysiology (n
= 53), another injection of virus (1.5 pl) was given in the same dentate gyrus (ante-
roposterior = —3 mm from bregma; lateral = 3 mm; ventral = 3 mm). Mice were killed 48 h,
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4 weeks or 4 months after surgery for morphological experiments, and 4—8 weeks after
injections for electrophysiology.

Immunocytochemistry

We carried out triple labelling on 40-p.m free-floating coronal sections as described®'**.
We applied antibodies in TBS with 3% donkey serum and 0.3% Triton X-100. Antibodies
for NeuN (mouse monoclonal, 1:10), NG2 (rabbit polyclonal, Chemicon, 1:500) and
GFAP (glialfibrillary acidic protein, guinea-pig polyclonal, Advanced Immunochemicals,
1:500) were combined. In additional series of sections, Tujl-B (mouse monoclonal,
BABCO, 1:500), calbindin (rabbit polyclonal, S Want, 1:500) and GFAP were pooled.
Synaptophysin (mouse monoclonal, Boehringer-Mannheim, 1:50), calbindin and GFAP
were also combined. Corresponding secondary antibodies (donkey anti-mouse Cy3,
donkey anti-rabbit Cy5 and donkey anti-guinea-pig AMCA, 1:250) were used. We
visualized nuclei with 4’-6-diaminodino-2-phenylindole (DAPI). For BrdU labelling,
mouse anti-BrdU (Boehringer-Mannheim, 1:400) was used with biotinylated donkey anti-
mouse (1:250) as a secondary antibody and diaminobenzadine as a chromagen (Vector
Laboratories).

Cell quantification

Cells were counted using a confocal microscope (Bio-Rad) for GFP and a brightfield
microscope (Leitz) for BrdU through a x40 objective throughout the rostral-caudal extent
of the granule cell layer in 1-in-6 series of 40-pm sections (240 pm apart). The total
number of cells in the dentate gyrus was calculated on the basis of the multiple of the
number of cells counted per hippocampus, and the sampling frequency.

Cell proliferation

To compare between effects of retrovirus and BrdU on cell proliferation, additional mice
were used (n = 5 for runners, n = 4 for controls). After one week mice were given an
intraperitoneal injection of BrdU (100 wgg™") and killed after 48 h. BrdU-positive cell
number differed significantly between controls (964 * 222) and runners (1,909 * 306)
(P < 0.05), suggesting that BrdU is preferable to retrovirus for cell quantification.

Spine density and soma measurements

Each GFP*neuron that we used for spine counts was imaged at x40 to obtain an overview.
Dendrites were imaged through a X100 objective with a digital zoom of 2. We merged
z-series of 12—33 optical sections of 0.5 wm for the spine counts. Spines were defined by a
visible neck and a spine head of at least 4 pixels. To quantify maximal cross-sectional
somatic area, the total number of pixels was obtained using Adobe Photoshop.
Measurements were carried out on merged z-series (12—18 1-wm optical sections) and
then converted to wm?®.

Electron microscopy

GFP" cells in 100-pm sections were injected under a fluorescence microscope with 0.4%
fluorescein-conjugated horseradish peroxidase (HRP, Sigma). Slices were processed for
HRP?, post-fixed in 1% osmium, and embedded in epoxy resin. Synapses were analysed
on 35-nm thick serial sections on a jeol 100cxII electron microscope at 60 Kv, at a
magnification of less than x10,000.

Viral vector production

A retroviral vector based on the Moloney murine leukaemia virus expressing GFP was
used. A stable NIT-GFP packaging cell line was generated as described previously™. Virus-
containing supernatant was collected from clone 293gp/NIT-GFPcl1 after transfection
(Superfect, Qiagen) with pVSVG, and concentrated as described. Final virus titres were
5x%10° neomycin-resistant (neo") colonies per ml of virus, as measured by G418-resistant
colony formation on NIH 3T3 cells.

Electrophysiology

Four to eight weeks after surgery, runner mice were anaesthetized and decapitated. Brains
were removed into a chilled solution containing (in mM): 110 choline CI', 2.5 KCl,

1.3 NaH,PO,, 25.0 NaHCOs, 0.5 CaCl,, 7 MgCl,, 20 dextrose, 1.3 Na™ ascorbate, 0.6 Na*
pyruvate, 5.5 kynurenic acid. Slices (200—400 p.m thick) were cut as described previously’,
transferred to a chamber containing artificial cerebrospinal fluid (in mM: 125.0 NaCl,
2.5KCl, 1.3 NaH,PO,, 25.0 NaHCOs3, 2 CaCl,, 1.3 MgCly, 1.3 Na™ ascorbate, 0.6 Na*
pyruvate, 10 dextrose), bubbled with 95% O,/5% CO, (pH 7.4, 320 mOsm), and stored at
30°C. Using fluorescein optics (Leica DMLFS), slices were scanned for GFP" cells in the
dentate gyrus. Microelectrodes (6—8 MQ) were pulled from borosilicate glass (KG-33,
Garner Glass) and filled with (in mM): 120.0 potassium gluconate, 20 KCI, 5 NaCl,
4MgCl,, 0.1 EGTA, 10.0 HEPES, 4.0 Tris-ATP, 0.3 Tris-GTP, 10 phosphocreatine (pH 7.4,
295 mOsm).

Whole-cell recordings (Axopatch 200B, Axon Instruments) were filtered at 2 kHz,
digitized and acquired onto a PC using Labview-based acquisition and analysis software
(L. Campbell, Salk Institute). Series resistance was typically 10—30 MQ. We delivered
stimuli at 5-s intervals. Criteria to include cells in the analysis were: (1) co-labelling with
Alexa Fluor 594 (10 u.g ml ™!, Molecular Probes) or visual confirmation of GFP in the
pipette tip; (2) resting potential less than —50 mV; and (3) leak current less than 300 pA.
Firing rate was calculated as the inverse of the inter-spike interval between the first 2 spikes
of the train. We calculated 7,,, by fitting a single exponential function to the membrane
potential traces. Extracellular stimulation was done using a concentric bipolar electrode
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(50-pm diameter; FHC) and a stimulus isolation amplifier (Getting Instruments). After
recording, slices were stored in 4% paraformaldehyde for over 24 h and processed for
NeuN, followed by confocal analysis. We used GFP-negative dentate granule cells of slices
from mice injected with virus as controls.
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