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SUMMARY

How extrinsic stimuli and intrinsic factors interact to
regulate continuous neurogenesis in the postnatal
mammalian brain is unknown. Here we show that
regulation of dendritic development of newborn
neurons by Disrupted-in-Schizophrenia 1 (DISC1)
during adult hippocampal neurogenesis requires
neurotransmitter GABA-induced, NKCC1-depen-
dent depolarization through a convergence onto
the AKT-mTOR pathway. In contrast, DISC1 fails to
modulate early-postnatal hippocampal neurogene-
sis when conversion of GABA-induced depolariza-
tion to hyperpolarization is accelerated. Extending
the period of GABA-induced depolarization or
maternal deprivation stress restores DISC1-depen-
dent dendritic regulation through mTOR pathway
during early-postnatal hippocampal neurogenesis.
Furthermore, DISC1 andNKCC1 interact epistatically
to affect risk for schizophrenia in two independent
case control studies. Our study uncovers an interplay
between intrinsic DISC1 and extrinsic GABA sig-
naling, two schizophrenia susceptibility pathways,
in controlling neurogenesis and suggests critical
roles of developmental tempo and experience in
manifesting the impact of susceptibility genes on
neuronal development and risk for mental disorders.
INTRODUCTION

Proper brain function depends on correct formation of neuronal

circuits during development, which is well known to exhibit
temporal and spatial precision. During embryonic cortical devel-

opment, different neuronal subtypes are generated from neural

progenitors in a temporally defined and highly predictable

manner (Okano and Temple, 2009). Spatially, many neurons

migrate over a long distance to their final locations and project

axons to specific regions following guidance cues (Tessier-

Lavigne and Goodman, 1996). While the importance of spatial

precision in neuronal development is well appreciated, the sig-

nificance of strict temporal regulation is less understood. In the

hippocampus, dentate granule neurons are generated continu-

ously from neural stem cells throughout life and appear to exhibit

similar morphological, histological, and physiological properties

upon maturation, regardless of whether they are born during

embryonic, early-postnatal, or adult neurogenesis (Ming and

Song, 2011). One major difference is that neurons born in the

adult brain take a significantly longer time to develop (Over-

street-Wadiche et al., 2006; Zhao et al., 2006). Interestingly,

neuronal activity, such as seizures, accelerates development of

adult-born neurons (Ma et al., 2009; Overstreet-Wadiche et al.,

2006), and prolonged seizures lead to inappropriate integration

of these new neurons (Jessberger et al., 2007). What are funda-

mental mechanisms that govern the tempo of neurogenesis?

What intrinsic properties and extrinsic factors regulate this

tempo? These are critical questions not only for developmental

neurobiology, but also for the goal of realizing therapeutic cell

replacement in the adult nervous system.

The process of adult neurogenesis, ranging from proliferation

of neural stem cells to development of their neuronal progeny, is

governed by both extrinsic niche signals and intrinsic cellular

properties (Ihrie and Alvarez-Buylla, 2011; Ming and Song,

2011). Among extrinsic factors, neurotransmitter g-aminobutyric

acid (GABA) regulates the proliferation of neural progenitors and

new neuron development in the adult brain (Ge et al., 2007; Platel

et al., 2010). As a classic inhibitory neurotransmitter, GABA

hyperpolarizes mature neurons, which maintain low intracellular
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chloride content ([Cl–]i) through high-level expression of a

neuronal K+-Cl– cotransporter (KCC2, a Cl– exporter) (Owens

and Kriegstein, 2002). In contrast, immature neurons are depo-

larized by GABA due to their high [Cl–]i as a result of high-level

expression of a Na+-K+-2Cl– cotransporter (NKCC1, a Cl–

importer). Downregulation of NKCC1 or upregulation of KCC2

in immature neurons abolishes GABA-induced depolarization,

resulting in defects in dendritic growth and synapse formation

during both embryonic and adult neurogenesis (Ge et al., 2007;

Platel et al., 2010). Among intrinsic regulators of adult neurogen-

esis, Disrupted-in-Schizophrenia 1 (DISC1) controls multiple

aspects of neuronal development (Ming and Song, 2009).

DISC1 knockdown (KD) by short-hairpin RNA (shRNA) acceler-

ates the tempo of adult hippocampal neurogenesis, resulting in

premature cell-cycle exit of neural progenitors (Mao et al.,

2009) and precocious dendritic development of newborn

neurons (Duan et al., 2007). Adult-born neurons with DISC1 KD

also exhibit soma hypertrophy, ectopic primary dendrites, and

aberrant positioning (Duan et al., 2007). It is unclear whether

the role of DISC1 is conserved in early-postnatal hippocampal

neurogenesis.

Aberrant neuronal development is believed to contribute to

the pathogenesis of mental disorders such as schizophrenia

and autism (Geschwind and Levitt, 2007; Lewis and Levitt,

2002; Weinberger, 1987). GABA signaling and DISC1 have

both been implicated in schizophrenia and other major mental

disorders (Balu and Coyle, 2011). There is strong evidence

implicating deficits of GABA signaling in the pathophysiology

of schizophrenia (Hyde et al., 2011; Lewis et al., 2005; Perry

et al., 1979). Several GABAAR subunits and GAD67 have

been linked to increased risk for schizophrenia and related

disorders in genetic association studies and many of them

exhibit abnormal expression in postmortem patient tissues

(Charych et al., 2009; Straub et al., 2007). DISC1 was initially

identified at the break point of a balanced chromosomal trans-

location (1;11)(q42; q14) that cosegregates with schizophrenia

and other major mental illness in a large Scottish family (Millar

et al., 2000). Further genetic association studies support an

expanded role of DISC1 in influencing risks for schizophrenia,

bipolar disorders, major depression, and autism (Chubb et al.,

2008). To understand how DISC1 dysfunction contributes to

a broad spectrum of mental disorders, it is important to clarify

biological function and signaling mechanisms of DISC1 in the

normal brain. While recent studies have begun to delineate

DISC1 intracellular signaling mechanisms (Chubb et al., 2008),

very little is known about how DISC1 interacts with specific

extracellular signaling to control different aspects of neuronal

development in vivo.

A central question in stem cell biology is how dynamic interac-

tions between extrinsic niche signaling and intrinsic factors

influence stem cell behavior and their development in vivo.

Despite recent progress in identifying individual molecular

players (Duan et al., 2008), little is known about the relationship

between intrinsic and extrinsic signaling in regulating adult

neurogenesis. Recent findings that reveal common processes

of adult neurogenesis affected by DISC1 and GABA raise a

tantalizing possibility that intrinsic factor DISC1 may regulate

extrinsic GABA signaling. Here we employed a ‘‘single-cell’’
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genetic approach to investigate the interaction between DISC1

and GABA signaling in regulating development of newborn

dentate granule neurons during adult and early-postnatal neuro-

genesis in vivo. We further explored whether these molecular

interactions might contribute to mental illness by testing genetic

interactions between single-nucleotide polymorphisms (SNPs)

in DISC1 and SLC12A2 (which encodes human NKCC1) on risk

for schizophrenia in three independent case control samples.

Our study reveals a surprising role of developmental temporal

dynamics and animal experience in determining the impact

of genetic factors associated with schizophrenia and has

important implications for understanding the pathogenesis of

mental disorders.

RESULTS

Depolarizing GABA Signaling Is Required for DISC1
KD-Induced Acceleration of Dendritic Development
during Adult Neurogenesis
To examine whether DISC1 and GABA signaling interacts during

adult neurogenesis, we first characterized the time course of

neuronal development regulated by these two pathways. For

knockdown of DISC1 specifically in adult-born new neurons,

engineered retroviruses coexpressing GFP and a previously

characterized shRNA against mouse disc1 (shRNA-DISC1#1;

shRNA-D1) were stereotaxically injected into the dentate gyrus

at postnatal day 42 (P42; see the Experimental Procedures)

(Duan et al., 2007). shRNA-D1/GFP+ neurons exhibited acceler-

ated dendritic growth compared with those expressing a control

shRNA (shRNA-C1) at 14 days post-viral injection (dpi; Fig-

ure 1A), as well as soma hypertrophy, ectopic primary

dendrites, and aberrant positioning as previously reported

(Figures S1A–S1C available online) (Duan et al., 2007). Interest-

ingly, the effect of DISC1 KD on newborn neurons, including

increased dendritic length and complexity, manifested only after

7 dpi (Figures 1B and S1D). We previously showed that expres-

sion of a specific shRNA against mouse nkcc1 (shRNA-NK1)

abolishes GABA-induced depolarization of newborn neurons

in the adult hippocampus (Ge et al., 2006). Consistent with a

critical role of depolarizing GABA signaling in adult neurogene-

sis, shRNA-NK1+/GFP+ new neurons exhibited significant

decreases in total dendritic length and complexity at 14 dpi

(Figures 1A, 1B, and S1D). There was no apparent effect of

shRNA-NK1 expression on soma size, number of primary

dendrites, or positioning of new neurons at all time points exam-

ined (Figures S1A–S1C). Notably, the major effect of depolariz-

ing GABA signaling and DISC1 KD on dendritic growth of new

neurons exhibited a similar time course, but in the opposite

direction (Figure 1B).

To directly examine whether intrinsic DISC1 interacts with

extrinsic GABA signaling in regulating new neuron development,

we used a double-knockdown strategy with two retroviruses:

one coexpressing shRNA-NK1 and GFP and the other coex-

pressing shRNA-D1 and DsRed (Figure 1C). GFP+DsRed+ new

neurons exhibited similar dendritic growth as those expressing

shRNA-C1 at 14 dpi (Figures 1D and S1D). In contrast, other

defects from DISC1 KD were not rescued by shRNA-NK1

expression (Figures S1A–S1C). To ensure that GABA, but not
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Figure 1. DISC1 KD-Induced Precocious Dendritic Growth of Newborn Neurons in the Adult Dentate Gyrus Requires GABA-Induced

Depolarization

(A) A schematic diagram of the experimental design and sample projected confocal images of newborn neurons with retrovirus-mediated coexpression of

GFP and a control shRNA (C1), shRNA-DISC1 (D1), or shRNA-NKCC1 (NK1) in the adult mouse dentate gyrus at 14 dpi. The scale bar represents 50 mm.

(B) Summary of total dendritic length of GFP+ neurons under different conditions. Values represent mean ± SEM (n = 4 animals with a total of 29–36 neurons for

each condition; *p < 0.05; ANOVA).

(C–F) Effect of retrovirus-mediated double NKCC1 and DISC1 KD on dendritic development and AKT/mTOR signaling in newborn neurons in the adult dentate

gyrus. Shown in (C) are schematic diagrams of retroviral vectors and experimental design, and sample projected confocal images of a newborn neuron with

double KD at 14 dpi. Shown are summaries of total dendritic length (D) and quantifications of pAKT (E) and pS6 (F) levels in the cytosol of new neurons at 14 dpi.

Numbers associated with the bar graph represent total numbers of neurons examined under each condition. Values represent mean ± SEM (n = 4 animals for

each condition; *p < 0.05; ANOVA).

See also Figure S1.
Cl– signaling, is required for DISC1-dependent regulation of

newborn neurons, we developed specific shRNA against the

g2 subunit of GABAARs (shRNA-g2; Figures S1E and S1F),

a critical subunit involved in GABA signaling. Expression of

shRNA-g2 in newborn neurons rescued the DISC1 KD-induced

acceleration of dendritic growth (Figures 1D and S1D), but not

other defects (Figures S1A–S1C). To identify the mechanistic

link between GABA and DISC1 signaling, we examined AKT,
a DISC1 target, and subsequent mTOR activation in newborn

neurons (Kang et al., 2011; Kim et al., 2009). Interestingly,

DISC1 KD-induced increases of pAKT and pS6 levels were

significantly attenuated by shRNA-NK1 or shRNA-g2 expres-

sion (Figures 1E and 1F). Together, these results suggest a

specific requirement of depolarizing GABA signaling in DISC1-

dependent regulation of AKT/mTOR signaling and dendritic

growth during adult neurogenesis.
Cell 148, 1051–1064, March 2, 2012 ª2012 Elsevier Inc. 1053
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Figure 2. DISC1 KD-Induced Precocious Dendritic Development of Newborn Neurons in the Adult Dentate Gyrus Is Enhanced by Activation

of GABA Signaling

(A–D) Effect of vigabatrin (VGA) on dendritic development and AKT/mTOR signaling in newborn neurons in the adult hippocampus with or without DISC1 KD.

Shown in (A) are the schematic diagram of the experimental design and sample projected confocal images of new neuronswith retrovirus-mediated coexpression

of GFP and a control shRNA (C1) or shRNA-DISC1 (D1), with or without VGA injection (25 mg/g body weight per day from 3 to 6 dpi, i.p.) and examined at 7 dpi. The

scale bar represents 50 mm. Shown are summaries of total dendritic length (B) and quantifications of pAKT (C) and pS6 (D) levels in the cytosol of newborn neurons

at 7 dpi. Values represent mean ± SEM (n = 4 animals; *p < 0.05; n.s., p > 0.1; ANOVA).

(E–H) Same as in (A)–(D), except that pentobarbital (25 mg/g body weight per day from 6 to 10 dpi; i.p.) was injected and analysis was performed at 11 dpi.

(H–K) Same as in (B)–(D), except that newborn neurons expressing shRNA-control (C1), KIAA1212 (K1), shRNA-NK1 (NK1), or both K1 and NK1 were analyzed at

14 dpi.

(L) A model of interaction between depolarizing GABA and DISC1 signaling in regulating dendritic growth of newborn neurons in the adult dentate gyrus.

See also Figure S2.
Increasing GABA Signaling Enhances DISC1
KD-Induced Acceleration of Dendritic Development
during Adult Neurogenesis
To further assess the functional interaction between DISC1 and

GABA signaling during adult neurogenesis, we examined the

effect of enhancing GABA signaling on DISC1-dependent

regulation of dendritic development in vivo. Our previous time-

course analysis of different modes of GABA signaling showed

that new neurons are initially activated tonically by ambient

GABA followed by both tonic and phasic/synaptic GABA

activation starting from 7 dpi in the adult brain (Ge et al., 2006).

Importantly, both tonic and synaptic activation by GABA remain
1054 Cell 148, 1051–1064, March 2, 2012 ª2012 Elsevier Inc.
depolarizing until at least 14 dpi (Ge et al., 2006). In the first

experiment, we injected the GABA transaminase inhibitor viga-

batrin (25 mg/g body weight per day from 3 to 6 dpi, intraperito-

neally [i.p.]) (Wu et al., 2003) to increase tonic GABA signaling in

newborn neurons (Figure 2A). shRNA-D1/GFP+ neurons with

vigabatrin treatment exhibited a significant increase in total

dendritic length at 7 dpi, whereas vigabatrin by itself or expres-

sion of shRNA-D1 alone had no effect (Figures 2A and 2B).

Comanipulation also significantly increased pAKT and pS6

levels in newborn neurons more than either manipulation alone

(Figures 2C and 2D and Table S1). Thus, there is a synergistic

interaction between DISC1 and GABA signaling in regulating
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Figure 3. DISC1 KD Fails to Affect Development of Newborn Dentate Granule Neurons during Early-Postnatal Hippocampal Neurogenesis

(A) A schematic diagram of the experimental design and sample projected confocal images of newborn neurons with retrovirus-mediated coexpression of

GFP and a control shRNA (C1), or shRNA-DISC1 (D1), in the dentate gyrus of neonatal mouse hippocampus. The scale bar represents 50 mm.

(B–D) Summary of the mean total dendritic length (B), soma size (C), primary dendrite number (D) of GFP+ neurons under different conditions. The same data on

the time course of dendritic development of shRNA-C1/GFP+ neurons in the adult hippocampus (P42) as in Figure 1B are replotted in (B) for direct comparison.

Values represent mean ± SEM (n = 4–6 animals with a total of 36–45 neurons for each condition; p > 0.05; ANOVA).

(E) Positioning of newborn neurons in the dentate gyrus under different conditions. Shown is the summary of the distribution of soma of GFP+ neurons within

the four domains in the dentate gyrus (as defined in Figure S1C). The same group of neurons as in (B)–(D) was used.

See also Figure S3.
AKT/mTOR signaling and dendritic growth of newborn neurons

in the adult brain. Other aspects of new neuron development

appeared to be normal (Figures S2A–S2C), supporting the

specificity of the synergistic interaction.

In the second experiment, we injected the GABAAR agonist

pentobarbital (25 mg/g per day from 6 to 10 dpi, i.p.) to enhance

synaptic GABA signaling in new neurons (Figure 2E). While

there was little effect on shRNA-C1/GFP+ neurons, pentobar-

bital treatment further enhanced DISC1 knockdown-induced

dendritic growth and pAKT and pS6 levels at 11 dpi (Figures

2E–2H), again suggesting a synergistic interaction between

DISC1 and GABA signaling. The effect of pentobarbital treat-

ment is also specific for dendritic growth because other defects

from DISC1 knockdown were not affected (Figures S2D–S2F).

To further establish a mechanistic link between depolarizing

GABA and DISC1 signaling, we comanipulated NKCC1 and

KIAA1212/Girdin, which binds directly to both DISC1 and AKT

(Enomoto et al., 2009; Kim et al., 2009). KIAA1212 promotes

AKT activation and is phosphorylated by AKT. shRNA-NK1

expression abolished KIAA1212-induced acceleration of

dendritic growth and significantly attenuated pAKT and pS6 level

increases in new neurons at 14 dpi (Figures 2I–2K), whereas

other defects were not significantly affected (Figures S2G–S2I).

Taken together, these results demonstrate that DISC1 KD-

induced acceleration of dendritic development of adult-born
neurons not only requires, but also synergistically acts with,

depolarizing GABA signaling. These results support a model

that intrinsic factor DISC1 functionally gates extrinsic GABA

signaling through the AKT/mTOR pathway during adult hippo-

campal neurogenesis (Figure 2L).

DISC1 KD Fails to Affect New Neuron Development
during Early-Postnatal Hippocampal Neurogenesis
Generation of dentate granule neurons in the hippocampus

peaks during the early-postnatal period and continues

throughout life (Angevine, 1965). DISC1 expression in the den-

tate gyrus starts from embryonic stages and is maintained

in adulthood (Austin et al., 2004). To assess whether DISC1

also regulates early-postnatal hippocampal neurogenesis, we

stereotaxically injected retroviruses expressing shRNA-D1 or

shRNA-C1 into the dentate gyrus at postnatal day 10 (P10;

Figure 3A). Consistent with previous results (Zhao et al., 2006),

time-course analysis showed that shRNA-C1/GFP+ newborn

neurons in the early-postnatal hippocampus exhibited signifi-

cantly accelerated dendritic development compared to those

in the adult brain (Figure 3B). Notably, shRNA-D1/GFP+ neurons

in the early-postnatal hippocampus did not exhibit any acceler-

ated dendritic growth when compared to those expressing

shRNA-C1 (Figures 3A, 3B, and S3A). Furthermore, there was

no significant difference in the soma size, primary dendrite
Cell 148, 1051–1064, March 2, 2012 ª2012 Elsevier Inc. 1055



number, or neuronal positioning at time points examined

(Figures 3C–3E). Expression of shRNA-C1 or shRNA-D1 also

did not affect neuronal subtype differentiation of neural progen-

itors into Prox1+ dentate granule neurons (Figure S3B). Taken

together, these results show that development of the same

neuronal subtype exhibits differential DISC1 dependency during

early-postnatal and adult hippocampal neurogenesis.

Early-Postnatal and Adult Hippocampal Neurogenesis
Exhibit Differential Tempo in Shifting the Polarity
of GABA Responses
Could properties of GABA signaling in newborn neurons explain

the differential dependence on DISC1 between early-postnatal

and adult hippocampal neurogenesis? A much prolonged time

course of neuronal maturation in the adult brain represents the

major difference between early-postnatal and adult neurogene-

sis (Zhao et al., 2006). One physiological hallmark of neuronal

maturation is the polarity switch of GABAergic responses from

depolarization to hyperpolarization due to NKCC1 downregula-

tion and KCC2 upregulation (Owens and Kriegstein, 2002). Our

previous electrophysiological analysis demonstrated a complete

polarity switch of GABAergic responses in newborn neurons

after 14 dpi during adult hippocampal neurogenesis (Ge et al.,

2006). Consistent with this result, Ca2+ live-imaging analysis of

newborn neurons in slices acutely prepared from animals with

retroviral injection at P42 showed a significant Ca2+ rise in

response to the GABAAR agonist muscimol (10 mM) from 3 to

14 dpi (Figure 4A). To control for Ca2+ dye loading efficacy, we

normalized all responses to those of Ca2+ ionophore ionomycin

(10 mM) for each cell. No significant decrease in the peak

amplitude of muscimol-induced Ca2+ responses was observed

up to 11 dpi (Figure 4B). Furthermore, muscimol-induced Ca2+

rise was absent in shRNA-NK1+ neurons at 7 dpi (Figures 4A to

4B). These results provide additional evidence that GABA depo-

larizes newborn neurons up to 14 dpi in an NKCC1-dependent

fashion during adult hippocampal neurogenesis.

We then performed Ca2+ imaging analysis of new neurons

during early-postnatal neurogenesis after retroviral labeling at

P10 (Figure 4C). While muscimol induced a large Ca2+ rise in

new neurons at 3 dpi, the peak Ca2+ responseswere significantly

decreased by 7 dpi and largely diminished by 11 dpi (Figure 4D).

Thus, there is an accelerated tempo in the polarity shift of

GABAergic responses by new neurons during early-postnatal

neurogenesis when compared to adult neurogenesis. Consistent

with our model that DISC1 functions downstream of Ca2+

signaling (Figure 2L), DISC1 KD did not significantly affect

muscimol-induced Ca2+ responses in new neurons during

early-postnatal or adult neurogenesis (Figures 4B and 4D). These

results raise the possibility that newborn neurons during

early-postnatal neurogenesis escape the DISC1 control of

GABAergic responses due to a reduced time-window of depola-

rizing GABA action.

Extending Period of Depolarizing GABA Signaling
Restores DISC1-Dependent Regulation of
Early-Postnatal Hippocampal Neurogenesis
To directly test our hypothesis, we developed a genetic means

to extend the period of GABA-induced depolarization specifi-
1056 Cell 148, 1051–1064, March 2, 2012 ª2012 Elsevier Inc.
cally in newborn neurons during early-postnatal neurogenesis.

Previous studies have shown that KCC2 upregulation is a

primary factor underlying the functional switch of GABAergic

responses from depolarization to hyperpolarization during

neuronal maturation (Rivera et al., 1999). We designed several

shRNAs against mouse kcc2 (shRNA-K2) and identified effec-

tive ones with in vitro analysis (Figure S4). To test the shRNA

efficacy in vivo, we injected retroviruses into the dentate

gyrus of P10 animals. Ca2+ imaging analysis showed that

shRNA-K2+ new neurons at 7 dpi exhibited a significantly larger

Ca2+ rise compared to those expressing shRNA-C1 (Figures 4C

and 4D). Functionally, expression of shRNA-K2 itself led to

increased total dendritic length and complexity of new neurons

at 7 dpi in the early-postnatal hippocampus (Figures 5A–5C),

supporting a conserved role of depolarizing GABA signaling

in promoting dendritic growth of immature neurons during

neuronal development.

We next examined the effect of DISC1 KD on newborn

neurons with an extended period of GABA-induced depolariza-

tion during early-postnatal neurogenesis. Interestingly, coex-

pression of shRNA-D1/DsRed and shRNA-K2/GFP led to a

significant further increase of dendritic growth of new neurons

than shRNA-K2 expression alone at 7 dpi (Figures 5A–5C and

S5A). Importantly, the increased dendritic growth from shRNA-

K2 expression with or without shRNA-D1 was abolished by

mTOR inhibition with rapamycin (Figures 5D and S5E), similar

to what occurs during adult neurogenesis with DISC1 KD

(Kim et al., 2009), suggesting a shared molecular mechanism.

On the other hand, there were no apparent effects on soma

size, number of primary dendrites, or positioning of newborn

neurons under any conditions (Figure S5).

Taken together, these results demonstrate that extending the

duration of GABA-induced depolarization specifically elicits

DISC1-dependent regulation of dendritic development of new

neurons through the mTOR pathway during early-postnatal

neurogenesis and provide further evidence on the requirement

of concomitant depolarizing GABA signaling over an extended

period for DISC1-dependent regulation of dendritic growth

(Figures 5E and 5F and Table S1).

Maternal Deprivation Stress Synergizes with DISC1 in
Regulating Early-Postnatal Hippocampal Neurogenesis
Recent studies have shown that stress affects neuronal matura-

tion (Tamura et al., 2011), as well as KCC2 expression and

function in neurons (Hewitt et al., 2009; Wake et al., 2007).

Therefore, we explored whether behavioral manipulations also

modulate the impact of DISC1 function during early-postnatal

neurogenesis using a well-established maternal deprivation

stress paradigm (Figure 6A) (Meaney et al., 1996). Ca2+ imaging

analysis showed a significant muscimol-induced Ca2+ rise of

new neurons at 7 dpi after stress (Figure S6A), suggesting a

delayed polarity shifting of GABA responses. Importantly,

shRNA-D1/GFP+ neurons at 7 dpi exhibited accelerated den-

dritic growth after maternal deprivation stress, but not after

the sham treatment (Figures 6B–6D). Interestingly, after

maternal deprivation stress, shRNA-D1/GFP+ neurons, but not

shRNA-C1/GFP+ neurons, also exhibited soma hypertrophy,

ectopic primary dendrites, and aberrant neuronal positioning
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(A) A schematic diagram of the experimental design and sample Ca2+ imaging analysis of new neurons expressing RFP and shRNA-C1 in P42 animals.

Sample confocal images of RFP and Ca2+ dye Fluo4-AM, as well as Ca2+ responses were shown at the basal level, followed by application of GABAAR agonist

muscimol (musc.; 10 mM), and then Ca2+ ionophore ionomycin (iono.; 10 mM). White arrowheads point to RFP+Fluo4+ newborn cells. The scale bar represents

20 mm.

(B) Summary of mean peak Ca2+ responses to muscimol for newborn neurons expressing shRNA-C1 (C1), shRNA-NKCC1 (NK1), or shRNA-D1 (D1) in the adult

dentate gyrus. The values of Ca2+ responses are normalized to the mean fluorescence intensity measured at the baseline condition (set as 0%) and after the

ionomycin treatment (set as 100%) in the same cell. Values represent mean ± SEM (n = 6–7 cells; *p < 0.01; ANOVA).

(C and D) Same as (A) and (B), except that retroviruses coexpressing RFP and shRNA-C1 (C1), shRNA-KCC2 (K2), or shRNA-D1 (D1) were injected into P10

animals.

See also Figure S4.
at 7 dpi (Figures S6B–S6D), resembling the full array of neuro-

development defects observed during adult neurogenesis.

Given the lack of effects from either maternal deprivation

stress or DISC1 KD alone, our result provides a striking

example of a synergistic interaction between environmental
contributions and genetic susceptibility in regulating neuronal

development.

We next examined whether neurodevelopmental defects

from a synergistic interaction between stress and DISC1 KD

also requires depolarizing GABA signaling during early-postnatal
Cell 148, 1051–1064, March 2, 2012 ª2012 Elsevier Inc. 1057
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Figure 5. DISC1 KD Induces Precocious

Dendritic Development during Early-Post-
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(A) A schematic diagram of the experimental

design.

(B) Sample confocal images of newborn neurons

after stereotaxic injection of a mixture of retrovi-

ruses coexpressing shRNA-DISC1 (D1)/DsRed

and those coexpressing shRNA-KCC2 (K2)/GFP

into the dentate gyrus of the P10 animal and

analyzed at 7 dpi. The scale bar represents 20 mm.

(C and D) Summary of the mean total dendritic

length of newborn neurons at 7 dpi under different

conditions. Rapamycin (20 mg/kg body weight) or

saline was i.p. injected daily after viral injection in

(D). Values represent mean ± SEM (n = 6–8

animals with a total of 31–50 neurons for each

condition; *p < 0.05; ANOVA).

(E and F) Summary models of interaction between

DISC1 and depolarizing GABA in regulating

dendritic development in a context-dependent

fashion. Shown in (E) is a schematic diagram

of interaction between depolarizing GABA and

DISC1 signaling in regulating dendritic develop-

ment. Shown in (F) is a model of DISC1 signaling in

regulating neuronal development during early-

postnatal and adult hippocampal neurogenesis

and its temporal constraints.

See also Figure S5.
neurogenesis. Expression of shRNA-NK1 completely sup-

pressed DISC1 KD-induced dendritic growth after maternal

deprivation stress (Figures 6C and 6D). Interestingly, coexpres-

sion of shRNA-NK1 also largely suppressed soma hypertrophy

and ectopic primary dendrite formation from shRNA-D1 expres-

sion at 7 dpi (Figures S6B and S6C), whereas aberrant neuronal

positioning was not rescued (Figure S6D). Furthermore, treat-

ment of rapamycin rescued DISC1 KD-induced defects of

newborn neurons during early-postnatal neurogenesis after

maternal deprivation (Figures 6E, 6F, and S6E–S6H and Table
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S1), suggesting a conserved mechanism

underlying DISC1-dependent regulation

of neuronal development between early-

postnatal neurogenesis after stress and

during normal adult neurogenesis.

DISC1 and NKCC1 Interact
Epistatically to Affect Risk for
Schizophrenia
The molecular interactions of DISC1 and

NKCC1-dependent GABA depolarization

have potential implications for under-

standing the mechanism of DISC1-asso-

ciated genetic risk for mental illnesses.

We tested this possibility directly in a

clinical genetic study of variations in

DISC1 and in SLC12A2 (the gene encod-

ing human NKCC1) and risk for schizo-
phrenia. Three independent case control datasets of patients

with schizophrenia and healthy controls, all of European

ancestry, were studied (n = 2,961 individuals). Common haplo-

type tagging SNPs in DISC1 and in SLC12A2 were identified

and genotyped (Figures 7A to 7B); allele and genotype frequen-

cies between cases and controls were compared independently

and in a combined data set (Table S2). A SNP (rs1000731) in

DISC1 and a SNP (rs10089) in SLC12A2 showed significant

epistatic effects in the two larger datasets (Scottish, p = 0.032;

German, p = 0.0294; Figure 7C and Table S2). Importantly, these
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(A) A diagram of the experimental design.

(B) Sample confocal images of new neurons at 7 dpi after retrovirus-mediated expression of control shRNA (C1), shRNA-DISC1 (D1), shRNA-NKCC1 (NK1), or

coexpression of D1 and NK1, in P10 dentate gyrus with or without maternal deprivation stress. The scale bar represents 50 mm.

(C–F)Summaries ofmean total dendritic length (CandE) andSholl analysis (DandF) of newneuronsat 7dpi in theearly-postnatal dentate gyrus.Rapamycin (Rapa;

20mg/kg bodyweight) was i.p. injected daily after viral injection for some animals as indicated. Values representmean ±SEM (n = 4–8 animals; *p < 0.01; ANOVA).

See also Figure S6.
same SNPs interacted significantly on risk for schizophrenia in

the combined, three-sample data set (p = 0.0017). Individuals

who were minor allele carriers at both rs10089 in SLC12A2 and

rs1000731 in DISC1 were positively associated with risk for

schizophrenia compared with all other genotypes (OR = 1.42,

p = 0.001, LRT p = 0.0037; Table S2). None of these SNPs
showed main association effects with schizophrenia on their

own (Table S2). These results suggest that DISC1 and NKCC1

may interact to affect clinical risk for the development of

schizophrenia.

The DISC1 SNP maps close to the translocation breakpoint in

the Scottish family (Millar et al., 2000) and may affect or be in
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Figure 7. DISC1 and NKCC1 Interact Epistatically

to Affect Risk for Schizophrenia

(A) Haploview LD plot (R-squared; based on the Scottish

sample) of SNPs on the Illumina chip in DISC1 showing

interactions with SNPs in NKCC1.

(B) Linkage disequilibrium (R-squared measure) of SNPs in

NKCC1 (HapMAP CEU data) showing two SNPs on the

Illumina chip that were used for the interaction analysis

with DISC1.

(C) Interaction between rs10089 (NKCC1) and rs1000731

(DISC1) and risk for schizophrenia in three independent

case-control samples of European ancestry.
linkage disequilibrium with SNPs that affect splicing of short

DISC1 transcripts that are upregulated in postmortem brains

from patients with schizophrenia (Nakata et al., 2009). The SNP

in NKCC1 is in the 30 untranslated region where microRNA regu-

lation of gene function occurs and it is predicted in silico to affect

microRNA mechanisms (Friedman et al., 2009). In an effort to

uncover other evidence that these SNPs proxy variants impact

on the function of these two genes, we interrogated a public

database for genetic regulation of transcript expression in

human brains, which includes SNP genotype statistical associa-

tions with the expression of specific exons (Heinzen et al., 2008).

Interestingly, rs1000731 predicts the expression of a probe of

exon 3 in the DISC1 gene (p < 0.006), and rs10089 predicts the

expression of an expressed sequence in the 50 region of the

NKCC1 gene (p < 0.02). Thus, each of these SNPs, which interact

to affect risk for schizophrenia, is associated with variable

expression of their respective transcripts in the human brain.
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These data add to the evidence that these

SNPs are marking functional domains within

the gene that impact gene function.

DISCUSSION

Neurogenesis in the developing and adult

nervous system is dynamically regulated by

both intrinsic factors and extrinsic niche cues.

While a number of molecular pathways, in isola-

tion, have been shown to impact specific

processes of adult neurogenesis (Duan et al.,

2008), we are just beginning to unravel how

some of these signaling complexes may interact

to orchestrate the dynamic interaction of neuro-

genesis-related events. Our study reveals a

critical interaction between extrinsic GABA and

intrinsic DISC1 signaling in regulating dendritic

growth of newborn neurons and how the func-

tional impact of this interaction is dictated by

developmental tempo and experience. Interest-

ingly, DISC1 and depolarizing GABA signaling

also interact synergistically to affect risk for

schizophrenia. There are a number of important

implications from our results.

First, our study represents one of the first

attempts to dissect the molecular interaction
between extrinsic niche signaling and intrinsic regulators of

neurogenesis in the mammalian brain. Since its initial discovery

as a prominent susceptibility gene for schizophrenia and

other major mental illnesses, DISC1 has been shown to regulate

multiple neurodevelopmental processes in animal models

(Chubb et al., 2008). During adult neurogenesis, DISC1 is

thought to function as an intrinsic modulator to constrain

stimulating effects of unknown extrinsic mechanisms in main-

taining proper neurogenesis. Here we showed that DISC1

gates signaling from GABA-induced depolarization in regulating

dendritic growth during adult neurogenesis. During early-

postnatal neurogenesis, extending the period of GABAergic

depolarization through KCC2 KD leads to further enhancement

of dendritic growth with concurrent DISC1 KD, whereas DISC1

KD alone has minimal effect. Therefore, DISC1 appears to be

specifically recruited during periods of neuronal development

driven by prolonged GABA-mediated depolarization. Multiple



neurotransmitters, including GABA, have been shown to activate

the AKT pathway through Ca2+ signaling (Yano et al., 1998).

Using a series of genetic, pharmacological and immunohistolog-

ical approaches, we provided evidence supporting the model

that AKT serves as a point of convergence and DISC1 gates

depolarizing GABA-induced AKT/mTOR signaling to regulate

dendritic growth of newborn neurons in a context-dependent

fashion (Figures 5E and 5F). Given DISC1 interacts with many

partners, it is possible that DISC1 also gates other signaling

pathways in regulating different aspects of neuronal develop-

ment and function.

Second, our study demonstrates that a singlemolecular player

has a dramatically different effect on development during early-

postnatal and adult neurogenesis. Previous studies have largely

found conserved roles of extrinsic morphogens, growth factors

and neurotransmitters, and intrinsic transcriptional factors and

cytoplasmic signaling molecules (Ming and Song, 2011). Here

we show that DISC1 keeps the tempo of neuronal maturation

in check during adult neurogenesis to prevent runaway signaling

from a positive feed-back loop that functions to promote

dendritic growth of new neurons: increased depolarizing

GABAergic signaling leads to increased dendritic growth and

potentially more GABAergic inputs, which in turn drive more

dendritic growth. This gating role of DISC1 is diminished during

early-postnatal neurogenesis when GABA-induced depolariza-

tion is transient (Figure 5F). These results support the notion

that DISC1 serves as an important determinant, instead of direct

mediator, of extrinsic stimulation in regulating neuronal develop-

ment. Our findings provide molecular insights into the differential

regulation of early-postnatal and adult neurogenesis and indi-

cate that adult neurogenesis is not simply a continuation of

ongoing neuronal development into adulthood.

Third, our study supports the importance of tempo regulation

as a key contextual element in neuronal development and

gene-gene interactions. Previous studies have revealed a

defined temporal sequence in generating different neuronal

subtypes and glia cells during embryonic cortical neurogenesis

(Okano and Temple, 2009). Neuronal maturation is also tempo-

rally controlled during both early development and adult

neurogenesis. We show that this temporal control is essential

for the proper neuronal development and dictates DISC1 func-

tion in vivo.

Fourth, our study links two important susceptibility factors for

schizophrenia, DISC1 and GABA signaling, within a common

pathway that regulates neuronal development. These results

therefore support the emerging theme that many risk genes

converge to regulate common neurotransmitter systems and

signaling pathways (Balu and Coyle, 2011). Previous studies

have implicated GABA and GABAARs in risk for schizophrenia

and emphasized the inhibitory GABAergic action in the patho-

physiology of schizophrenia (Lewis et al., 2005; Perry et al.,

1979). Our results specifically point to a critical role for depolariz-

ing GABA action, involving two Cl– transporters, NKCC1 and

KCC2, in DISC1-dependent regulation of neuronal development.

The NKCC1 (SLC12A2) locus has been linked to schizophrenia

in a meta-analysis (Lewis et al., 2003) and resides within the

chromosome 5 region that has been implicated repeatedly in

schizophrenia (Almasy et al., 2008). A genome-wide association
study also identified NKCC1 as a potential susceptibility gene for

schizophrenia (Potkin et al., 2009). Furthermore, NKCC1 expres-

sion in the dorsolateral prefrontal cortex of some schizophrenia

patients was over seven times higher (Dean et al., 2007) and

the ratio of NKCC1/KCC2 is increased in the hippocampus of

patients with schizophrenia and related to genetic variation in

GAD1 (Hyde et al., 2011). Our hypothesis-driven genetic associ-

ation study of schizophrenia showed genetic epistasis between

DISC1 and NKCC1, which, though relatively weak on a statistical

level in individual samples, was replicated in two larger datasets

with the same SNPs and combinations of genotypes. Impor-

tantly, the epistatic interaction remained significant in the

combined analysis of three clinical case control data sets from

three different countries. These typed SNPs tag common haplo-

types that may contain functional variants and are proxies for

untyped functional alleles. Indeed, these two specific SNPs

appear to mark functional domains within the gene that impact

gene function and show association with expression of specific

exons within their respective genes in a brain mRNA expression

data set. In the context of the molecular data and given the

consistency of the same genotypes showing predicted interac-

tions across diverse clinical datasets, the convergent results

support a role for interaction between DISC1 and NKCC1 in

affecting risk for mental illness.

Fifth, our study may provide new insight into the relationship

between developmental stress and schizophrenia. Both genetic

predisposition and environmental factors, as well as interactions

and correlations between them, are thought to contribute to the

etiology of psychiatric disorders (Caspi and Moffitt, 2006;

Tsuang et al., 2004). We present an example of how a genetic

risk factor and an environmental stimulus, each relatively

innocuous by itself, can have profound effects on neuronal

development when combined. These results may provide one

mechanistic explanation for how genetic risk alone can remain

causally insufficient for disease manifestation, even in the

Scottish family with the chromosomal translocation that disrup-

ted DISC1 (Millar et al., 2000). Analogous gene-environment

interactions on risk for schizophrenia have recently been re-

ported in the context of obstetric complications (Nicodemus

et al., 2008). Importantly, interaction between DISC1 and depo-

larizing GABA signaling operates both during normal adult

neurogenesis and early-postnatal neurogenesis after stress

and converge on the downstream mTOR pathway. Our results

suggest that adult hippocampal neurogenesis may be more

sensitive to dysfunction of susceptibility genes for mental

disorders and support the possibility that defects in adult

neurogenesis may contribute to the adult onset manifestations

of schizophrenia (Ming and Song, 2009).

In summary, we have identified the extrinsic neurotransmitter

GABA-induced depolarizing signaling as a key target of the

intrinsic factor DISC1 in regulating distinct aspects of neuronal

development during adult neurogenesis and early-postnatal

neurogenesis after stress. A synergistic interaction between

DISC1 and depolarizing GABA signaling also appears to

affect risk for schizophrenia. Our results suggest a context-

dependent role for a prominent schizophrenia susceptibility

gene in neuronal development. Thus, elucidation of specific

contextual conditions that can trigger the deleterious effects
Cell 148, 1051–1064, March 2, 2012 ª2012 Elsevier Inc. 1061



of susceptibility genes in neuronal development may be critical

for understanding the pathogenesis of mental disorders.

EXPERIMENTAL PROCEDURES

In VivoBirthDating, GeneticManipulation of Neural Progenitorswith

Engineered Retroviruses

Engineered murine oncoretroviruses were used to coexpress shRNA and

a fluorescent marker in proliferating cells and their progeny as previously

described (Ge et al., 2006). Specific shRNAs against mouse disc1 (shRNA-

DISC1#1) (Duan et al., 2007; Faulkner et al., 2008; Kang et al., 2011; Kim

et al., 2009) and mouse nkcc1 (shRNA-NKCC1) (Ge et al., 2006) have been

characterized previously. Three shRNAs against mouse kcc2, two shRNAs

against mouse g2 subunit of GABAARs, and one control shRNA were also

examined.

Adult female C57BL/6 mice (P42) housed under standard conditions were

anaesthetized and concentrated retroviruses were stereotaxically injected

into the dentate gyrus as previously described (Duan et al., 2007). P10 pups

(C57BL/6 or CD1) were anaesthetized and retroviruses were stereotaxically

injected at two sites (from Bregma): anterioposterior = –1.8 mm, lateral = ±

1.8 mm, and ventral = 1.5 mm. All animal procedures were performed in

accordance with the protocol approved by the Institutional Animal Care and

Use Committee.

Pharmacological Manipulations and Maternal Deprivation Stress

For pharmacological manipulations, vigabatrin (Sigma, 25 mg/g body weight)

(Wu et al., 2003), pentobarbital (25 mg/g body weight), rapamycin (LC

Laboratories; 20 mg/kg body weight) (Kim et al., 2009) or corresponding

vehicle control was i.p. delivered once daily for a defined period of time as

indicated. Maternal deprivation stress was carried out in a similar manner

as previously described (Meaney et al., 1996). Different groups of pups

were stereotaxically injected with retroviruses expressing shRNA-C1 or

shRNA-D1 at P10 after the maternal separation procedures were finished.

Tissue samples were processed and the same set of cellular phenotypes

was analyzed in a double-blind manner.

Immunohistology, Confocal Imaging, and Analysis

Coronal brain sections (40 mm thick) were prepared from injected mice and

processed for immunostaining as described (Ge et al., 2006). Images were

acquired on a META multiphoton confocal system (Zeiss LSM 510) with a

multitrack configuration. Analysis of neuronal development and pAKT/pS6

were performed as previously described (Duan et al., 2007; Kim et al.,

2009). All experiments were carried out in a blind fashion to experimental

conditions. Statistic significance was determined by ANOVA or student

t test as indicated.

Ca2+ Imaging Analysis

Brain slices (275 mm) were acutely prepared from retroviral-injected animals

and focally loaded with 5 ml of 1 mM Fluo4-AM (Invitrogen). Ca2+ imaging

was performed as previously described (Shim et al., 2009). Different groups

of cells were treated with muscimol (10 mM), followed by ionomycin (10 mM).

Cells were excited at 488 nm, and Fluo-4 signal was collected at 505–

550 nm. Images were acquired every 5 s and analyzed with the National

Institutes of Health’s (NIH’s) Image J software. The Ca2+ signal change was

determined by DF/F [DF/F = [(F1 – B1) – (F0 – B0)] / (F0 – B0)], which was normal-

ized to the mean fluorescence intensity measured at the baseline condition

(set as 0%) and after the ionomycin treatment (set as 100%).

Human Genetic and Gene Expression Analysis

Genetic interaction analysis of NKCC1 and DISC1 included three indepen-

dent sample cohorts of cases with schizophrenia and healthy controls

collected from Scotland, Germany, and the United States (Table S2). The

Scottish and German samples were genotyped using the Illumina 330K plat-

forms. All SNPs in these two genes contained on this SNP platform were

used in our genetic analyses. Pair-wise interaction analyses were carried

out between SNPs in NKCC1 (rs10067555 and rs10089) and the SNPs in
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DISC1 (Table S2, part B) first in the Scottish sample, and the other two

sample cohorts were used as replication samples to control for false-positive

findings. Logistic regression based on an additive model was used to assess

the two-SNP interactions in each sample separately (Table S2, part C). The

combined sample of all three cohorts together was also analyzed while

controlling for sex and sample cohorts (Table S2, part A). To gain maximal

power for interaction analysis, we combined genotypes at both SNPs into

binary variables. Odds ratios were calculated for interaction at minor allele

carriers of the two SNPs verse all other genotypes, and a likelihood ratio

test was performed for assessing the significance of the interaction. We

also interrogated genotype associations with brain transcript expression in

a public database about genetic regulation of transcript expression in the

human brain for rs1000731 in DISC1 and rs10089 in SLC12A2 (Heinzen

et al., 2008).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures,
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