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Abstract

Adult neurogenesis, the birth and integration of new neurons from adult neural stem cells, represents
a striking form of structural plasticity and regenerative capacity of the adult mammalian brain,
including humans!=3. Accumulating evidence suggests that neuronal activity regulates adult
neurogenesis and new neurons contribute to specific brain functions!—8. The mechanism that
regulates the integration of newly generated neurons into the pre-existing functional circuitry in the
adult brain is unknown. Here we show that newborn granule cells in the dentate gyrus of the adult
hippocampus are tonically activated by ambient y-aminobutyric acid (GABA) before they are
sequentially innervated by GABAergic and glutamatergic synaptic inputs. GABA, the major
inhibitory neurotransmitter in the adult brain, initially exerts an excitatory action on newborn neurons
due to their high cytoplasmic chloride content?~12. Conversion of GABA-induced depolarisation/
excitation into hyperpolarisation/inhibition in newborn neurons leads to significant defects in their
synapse formation and dendritic development in vivo. Our study reveals an essential role of GABA
in the synaptic integration of newly generated neurons in the adult brain and suggests an unexpected
mechanism for activity-dependent regulation of adult neurogenesis where newborn neurons may
sense neuronal network activity through tonic and phasic GABA activation.

Using a retroviral strategy to express %reen fluorescent protein (GFP) specifically in
proliferating cells and their progeny >/ we examined the synaptic integration of newly
generated granule cells (DGCs) in the dentate gyrus of adult mice (Fig. 1). Retroviral labelling
provides adequate time resolution for birth dating and does not appear to affect the neuronal
development of the labelled cells (Fig. 1a; Supplementary Fig. 1; supplementary videos 1, 2
and supplementary Table 1). To monitor the integration process of new neurons in the adult
brain, we recorded from GFP* DGCs in slices acutely prepared from virus-infected animals
by whole-cell patch-clamp (See methods). At 3 days post viral injection (3 dpi), none of the
GFP* cells recorded under voltage-clamp (V,= —65 mV) exhibited any spontaneous synaptic
currents (SSCs), or any detectable evoked postsynaptic currents (PSCs) when the perforant
pathway was stimulated (n = 15; Fig. 1b—d). Interestingly, bath application of bicuculline (100
uM), a specific GABApR antagonistB’ 14 revealed the presence of a tonic current in all
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GFP* DGCs recorded from 3 dpi and onwards (n = 48; Fig. 1b). SR95531 (100 uM), another
GABAAR antagonist13’14, also abolished the tonic current (Supplementary Fig. 2a). On the
other hand, NO-711 (2.5 pM), a specific GABA transporter inhibit0r13’14, significantly
enhanced the tonic current (Supplementary Fig. 2b). Interestingly, stimulation of local
interneurons, such as basket cells15 , also enhanced the tonic currents in newborn DGCs
(Supplementary Fig. 2c¢). Thus, newborn DGCs in the adult brain are tonically activated by
ambient GABA before any detectable phasic/synaptic activation. Bicuculline (10 uM)-
sensitive GABAergic PSCs (Fig. 1¢) and CNQX (50 pM)-sensitive glutamatergic PSCs (Fig.
1d) were first detected in some GFP* DGCs at 7 dpi and 14 dpi, respectively. These results
demonstrate that newborn neurons in the adult brain, as in neonates, follow a stereotypical
integration process-receiving tonic GABA activation first, followed by GABAergic synaptic
inputs and finally glutamatergic synaptic inputsg’lo’1 -

To determine the nature of GABA activation, we made perforated whole-cell patch-clamp
recordings with gramicidin (25 pg/ml) to allow reliable recording of GABA-induced
currents2!. We found that the reversal potential for GABA-induced currents (Egaga) in GFP
+ DGCs gradually decreased during maturation (Fig. 2a; Supplementary Fig. 3a), indicating a
higher concentration of intracellular chloride ([CI ];) in younger neurons (Supplementary Fig.
4). The resting membrane potential (V .s), however, only decreased slightly over time (Fig.
2a; Supplementary Fig. 3b). Interestingly, V.5 Was significantly more negative than EGaga
during the first two weeks (Fig. 2a). Thus, GABA initially depolarises newborn DGCs in the
adult brain. The polarity of GABA action is largely determined by the neuronal [C] ];9-12.
Sequential expression of the Nat-K*-2CI™ transporter NKCC1 (a C1” importer) and the K*-
coupled CI™ transporter KCC2 (a CI™ exporter) is believed to underlie the conversion from
depolarisation to hyperpolarisation by GABA during neuronal maturation in the fetal brain?~
12 We found that newborn DGCs (DCX™) in the adult brain express high levels of NKCC1
and little KCC2 (Fig. 2b and supplementary Fig. 5b,c). We constructed several retroviruses
expressing specific short hairpin RNAs (shRNA) against different regions of mouse
NKCC122, We found that two different NKCC1-shRNAs, but not the control sShRNA, almost
completely knocked down the expression of NKCC1 as shown by Western blot analysis
(Supplementary Fig. 5a) and in newborn DGCs in vivo by immunostaining (Fig. 2b and
Supplementary Fig. 5b). None of these sShRNAs affected KCC2 expression in the infected cells
in vivo (Fig. 2b; Supplementary Fig. 5¢c). GFP* DGCs expressing ShARNA-NKCC1, but not the
control shRNA, exhibited significantly lower [CI ]; (Supplementary Fig. 4). In addition,
EGaABa Was more negative than Ve in the SIRNA-NKCC1* DGCs throughout their
development (Fig. 2¢). Under gramicidin perforated patch recording, tonic GABA activation
led to hyperpolarisation of these SiRNA-NKCC1* DGCs at 7 dpi, in contrast to depolarisation
of the control newborn DGCs (Fig. 2d). The amplitude of the tonic GABA currents under
whole-cell recording, however, was similar (Fig. 2d), suggesting that the expression levels of
functional GABA 4Rs that are responsible for the tonic activation was not significantly
affected.

We next examined the synaptic integration of new DGCs in the absence of GABA-induced
depolarisation in vivo. GABAergic synaptic transmission was examined in the presence of
kynurenic acid (Kyn, 5 mM) to block ionotropic glutamatergic currents (Fig. 3a—c). We could
not detect any PSCs in ShARNA-NKCC1* DGCs at 7 dpi (Fig. 3a,b). The mean amplitude of
the recorded PSCs at 14 and 28 dpi was only about 12% and 65% of those observed in control
GFP* DGCs, respectively (Fig. 3b). In addition, the frequency of SSCs recorded at 28 dpi, but
not the mean amplitude, was also significantly reduced (Fig. 3c), further indicating defects in
the GABAergic synaptogenesis of SIRNA-NKCC1* cells. We then examined glutamatergic
synaptic transmission in the presence of bicuculline (10 uM) to block ionotropic GABAergic
currents (Fig. 3d-f). We could not detect any PSCs or SSCs in sStRNA-NKCC1* DGCs at 14
dpi and the percentage of cells recorded with PSCs was greatly reduced at 28 dpi (Fig. 3d,e).
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Moreover, the mean peak amplitude of PSCs and frequency of SSCs at 28 dpi were only about
42% and 7% of those from control GFP* DGCs (Fig. 3e,f), respectively. The mean amplitude
of SSCs, however, was not significantly different (Fig. 3f), suggesting that there were no
general defects in the expression of receptors at the synapses. We also examined the synaptic
integration of newborn DGCs in NKCC1 germ-line knockout mice23. Despite the caveats of
defects and potential compensation during embryonic development1 1, we found similar
defects in the formation of GABAergic and glutamatergic synapses by newborn DGCs in the
adult NKCC1—/— mice (Supplementary Fig. 6). Taken together, these results suggest that
GABA-induced depolarisation is essential for the establishment of functional GABAergic and
glutamatergic synapses for newly generated DGCs in the adult brain.

To directly examine the functional role of GABA-induced depolarisation in the structural
plasticity of newborn neurons, we used confocal microscopy to reconstruct the dendritic
arborisation of GFP* DGCs at 14 dpi (Fig. 4a), when active synaptogenesis occurs for
GABAergic and glutamatergic inputs. Consistent with results from the electrophysiological
studies, we found that ShBRNA-NKCC1*" DGCs exhibited significant defects in their dendritic
arborisation (Fig. 4b, c). The total dendritic length and branch number of these new neurons,
as well as their dendritic complexity, were significantly reduced. In addition, we found that
injection of GABA R agonist (pentobarbital)20 appears to promote dendrite growth of
newborn DGCs in vivo (Supplementary Fig. 7). Thus, GABA-induced depolarisation/
excitation regulates the dendritic development of newborn neurons in the adult brain.

Combining electrophysiology with retrovirus-mediated birth-dating and labelling, we
delineated the sequential steps of the integration of newly generated neurons into the pre-
existing functional circuitry in the adult brain: from tonic GABA activation to GABAergic
synaptic innervation and finally glutamatergic synaptic innervation (Figs. 1 & 3). GABA exerts
adepolarising action during the initial development of new DGCs due to their high [C]™]; from
the expression of NKCC1 (Fig. 2). Using a retrovirus mediated “single-cell genetic” approach,
we showed that converting GABA-induced depolarisation into hyperpolarisation led to
significant defects in GABAergic and glutamatergic synaptogenesis as well as in the dendritic
development of newly generated neurons in the adult brain (Figs. 3 & 4). In the adult brain,
ambient GABA is known to regulate the excitability of certain mature neurons, notably in the
cerebellum and dentate gyrus1 —15.24.25 Here we showed that tonic GABA activation
depolarises newborn DGCs (Fig. 2; Supplementary Fig. 3¢), and more importantly, it
constitutes the majority of GABA-induced activation during the initial integration process
when the phasic GABA activation either does not exist or is weaker than the tonic activation
(Figs. 2d & 3b,c). The mechanism by which tonic GABA activation regulates neuronal
development and synaptic integration of new DGCs in the adult brain remains to be determined.
Both voltage—dependent8 and -independent Ca*-permeable channels20 could be involved.
Newborn DGCs in the adult brain express high levels of low-voltage activated T-type Ca*
channels that are activated below —57 mVS. Thus, tonic depolarisation by GABA may lead to
an activation of these Ca2* channels and subsequent Ca2* influx. Tonic activation may also
provide an initial depolarization that allows a small phasic GABA activation to reach the
threshold of these Ca2* channels.

Activity-dependent anatomical reorganization is widely regarded as a fundamental mechanism
of developmental and adult neural plasticity27’28. Within the dentate gyrus, principle neurons
and interneurons form extensive recurrent connections. The levels of ambient GABA, regulated
by interneuron activities (Supplementary Fig. 2c¢), may serve as a general indicator of the
dynamic neuronal network activity. Our study thus suggests an unexpected mechanism for
activity-dependent regulation of adult neurogenesis where newborn neurons, before receiving
any synaptic innervations, may sense neuronal network activities through local ambient GABA
levels. Many physiological and pathological stimulations, such as neurosteroids or epilepsy,
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affect GABA signalling15 25 , therefore they may potentially regulate the integration of new
neurons in the adult brain. Our study may also have significant implications in neuronal cell
replacement therapy for degenerative neurological diseases using various stem cells.

Methods

For detailed methods see Supplementary Information.

Construction, production and stereotaxic injection of engineered retroviruses

Engineered self-inactivating murine retroviruses were used to label and genetically manipulate
proliferating cells and their progeny6’7. GFP and shRNA were co-expressed under the control
of the EF1a and human U6 promoter<<, respectively. The following short hairpin sequences
were used: ACACACTTGTCCTGGGATT (shRNA-NKCCI1-1);
GGACAATATCTACCCAGCT (shRNA-NKCC1-2); AGTTCCAGTACGGCTCCAA
(shRNA-DsRed). The specificity and efficiency of the shRNAs were validated and high titers
of engineered retroviruses (1 x 10° unit/ml) were produced as previously described®.

Adult (7-8 weeks old) female C57B1/6 mice (Charles River) and NKCC1—/— mice?3 housed
under standard condition were anaesthetized and retroviruses were stereotaxically injected at
4 sites (0.5 pl per site at 0.25 pl/min) with the following coordinates (from bregma in mm) as
previously described®: anterioposterior = — 2, lateral = + 1.6, ventral = 2.5; anterioposterior =
— 3, lateral = + 2.6, ventral = 3.2. A total of 530 animals were used and all animal procedures
were in accordance with institutional guidelines.

Immunostaining, confocal imaging and analysis

Coronal brain sections (40 um thick) were prepared and processed for immunostaining using
the following antibodies as previously described®: goat anti-DCX (Santa Cruz, 1:500), mouse
anti-NeuN (Chemicon, 1:200), mouse anti-NKCCI1 (T4, Developmental Studies Hybridoma
Bank, 1:200), rabbit anti-KCC2 (Upstate, 1:200) and rabbit Ki67 (1:500; Novocastra). The
sections were also stained for 4°,6-diaminodino-2-phenylindole (DAPI, 1:5000). Images were
acquired on a Zeiss LSM 510 META multiphoton confocal system (Carl Zeiss) using a multi-
track configuration. For dendritic analysis, three-dimensional reconstructions of the dendritic
processes of each GFP* neuron were made from Z-series stacks of confocal images. The
projection images were semi-automatically traced with NIH ImageJ using NeuronJ plugin. The
total dendritic length and branch number of each individual GFP* neuron in the granule cell
layer were analyzed. Statistical significance (P < 0.01) was assessed using the Kolmogorov-
Smirnov test. The Sholl analysis for dendritic complexity was carried out by counting the
number of dendrites that cross a series of concentric circles at 5 pm intervals from the soma.
Statistical significance (P < 0.05) was assessed using the student t-test.

Electrophysiology

Mice housed under standard conditions were processed for slice preparation and
electrophysiology as previously described®. Electrophysiological recordings were obtained at
32°C - 34°C. GFP* DGCs were identified by their green fluorescence, location within the
subgranule or granule cell layer, neuronal morphology and capacity to generate Na*t spikes (7
dpi and onwards). We monitored V . based on the reversal potential of the K* current through
cell-attached patches (Supplementary Fig. 3b) to avoid an underestimation of V.4 due to a
shunt through the seal contact between the pipette and the membrane in perforated and whole-
cell recording18’29’3o. Microelectrodes (4—6 M ) were filled with the following (in mM): 120.0
potassium gluconate, 15 KCl, 4 MgCl,, 0.1 EGTA, 10.0 HEPES, 4 MgATP, 0.3 Na3GTP, 7
phosphocreatine (pH 7.4, 300 mOsm). For characterizing tonic GABA currents, potassium salt
was substituted by CsCl in the intracellular solution and TTX (0.5 uM) was added to the
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recording solution!4. Additional drugs were used with the following final concentrations:
bicuculline (100 uM, Sigma), SR95531 (100 uM, Tocris), NO-711 (2.5 uM, Sigma). Data were
collected using an Axon 200B amplifier and acquired via a DigiData 1322A (Axon
Instruments) at 10 kHz. The series and input resistances were monitored and only those with
changes less than 20% during experiments were analyzed. The series resistance ranged between
10— 30 M and was uncompensated. For perforated patch recordings, the gramicidin stock (10
mg/ml in DMSO) was diluted in the pipette solution (in mM: 135 CsCl, 4 MgCl,, 0.1 EGTA,
10 HEPES, pH 7.4, 300 mOsm) to a final concentration of 25 pg/ml just before experiments.
Perforated patch recordings with a series resistance of <80 M and without significant changes
(>25%) during recordings were used for data analysis. For measurement of Egapga, focal
pressure ejection of 10 uM GABA via a puffer pipette controlled by a Picrospitzer (5 ms puff
at 3 — 5 psi) was used to activate GABA zRs on the GFP* DGCs with gramicidin perforated
patch under voltage-clamp at different holding potentials (Supplementary Fig. 3a). The peak
amplitude and holding potential were plotted and the Egapa was determined for each cell.
Intracellular chloride concentrations were calculated with the following equation: [Cl"]; =
[CT]oe(EgaBAF/RT) ([Cl7], = 134.1 mM; Supplementary Fig. 4).

A bipolar electrode (World Precision Instruments) was used to stimulate (100 ps duration) the
perforant pathway input to the dentate gyrus. The stimulus intensity (~ 30 pA) were maintained
for all experiments. To examine the evoked synaptic transmission, a train of 20 stimuli were
delivered at 0.1 Hz. To confirm a lack of evoked synaptic transmission, the stimulation intensity
was then increased to 200 pA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Development of newborn DGCs in the adult mice. a, Confocal images of new DGCs (GFP™,
green) at different stages. Shown are projections (top) and confocal images of immunostaining
(bottom) for doublecortin (DCX, red) and NeuN (blue) with orthogonal views to confirm the
co-localization of GFP and DCX or NeuN. Scale bars: 20 um. b—-d, Synaptic integration of
newborn DGCs. Shown are sample recording traces from GFP* DGCs under whole-cell
voltage-clamp (V, = —65 mV). Tonic currents shown are continuous recordings before and
after adding bicuculline (100 uM, blue). Evoked PSCs shown are averaged responses from 5
consecutive stimuli before (black) and after (blue) adding bicuculline (10 uM) or CNQX (50
UM), as indicated. Scale bars: 20 pA and 25 s (b); 10 pA and 50 ms (c¢); 10 pA and 20 ms (d).
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Figure 2.

Nature of GABA-induced activation in newborn DGCs in the adult brain. a, Resting membrane
potentials (Ves) and GABA-reversal potentials (Egaga) of GFP* DGCs. Values represent
mean + s.e.m. Numbers associated with symbols refer to the number of cells examined. b,
Retrovirus mediated co-expression of GFP and shRNAs specific for NKCC1, but not a control
shRNA (shRNA-DsRed), reduced NKCC1 expression and had no effects on KCC2 expression
in newborn DGCs (7 dpi). Shown are confocal images of GFP (green) and immunostaining of
NKCCI or KCC2 (red), DCX (blue) and DAPI (gray), respectively. Arrows point to GFP*
DGCs. Scale bar: 20 um. ¢, Vo5 and Egaga in ShRNA-NKCCI1* newborn DGCs. Similar as
in (a). d, Tonic GABA currents in newborn DGCs (7dpi) recorded under gramicidin perforated
patch or break-in whole-cell recording (V,, = —65 mV). Blue lines indicate the addition of
bicuculline (100 pM). Scale bars: 10 pA and 10 s. Values in the bar graph represent mean +
sem. (n=6,*p <0.01, ANOVA).
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Figure 3.

Synaptic integration of newborn DGCs in the adult brain. a—¢, Formation of GABAergic
synaptic inputs by GFP* DGCs. Shown in (a) are sample traces of evoked PSCs recorded under
whole-cell voltage-clamp (V,,, = —65 mV, 5 mM Kyn) before and after the addition of
bicuculline (10 puM). Scale bars: 20 pA and 100 ms. Also shown are the percentages of
GFP* DGCs with detectable GABAergic PSCs, mean amplitude of GABAergic PSCs (b),
mean frequency and peak amplitude of GABAergic SSCs recorded at 28 dpi (¢). Numbers
associated with symbols refer to the number of cells examined. Values represent mean + s.e.m.
(* p<0.01, ANOVA). d—f, Formation of glutamatergic synaptic inputs by GFP* DGCs. Same
as in (a—c), except that the recordings were carried out in the presence of bicuculline (10 uM).
Blue lines indicate the addition of CNQX (50 pM). Scale bars: 10 pA and 40 ms.
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Figure 4.

Dendritic development of newborn DGC:s in the adult brain. a, Confocal three-dimensional
reconstruction of dendrites of control or shRNA-NKCCI1* DGCs (14 dpi). Scale bar: 20 pm.
b, Quantification of the total dendritic length and branch number of newborn DGCs. Each
symbol represents data from a single control (empty) or shRNA-NKCC1* (solid) DGC at 14
dpi. Dots along the X-axis represent mean values. (*: p < 0.01, Kolmogorov-Smirnov test).
¢, Sholl analysis of dendritic complexity of GFP* DGCs (14 dpi). Values represent mean +
s.em. (n=27; *: p <0.05, Student’s t-test).
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