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Attention-deficit/hyperactivity disorder (ADHD) is a prevalent psychiatric disorder in children. Although an imbalance of
excitatory and inhibitory inputs has been proposed as contributing to this disorder, the mechanisms underlying this highly
heterogeneous disease remain largely unknown. Here, we show that N-myc downstream-regulated gene 2 (NDRG2)
deficiency is involved in the development of ADHD in both mice and humans. Ndrg2-knockout (Ndrg2–/–) mice exhibited
ADHD-like symptoms characterized by attention deficits, hyperactivity, impulsivity, and impaired memory. Furthermore,
interstitial glutamate levels and excitatory transmission were markedly increased in the brains of Ndrg2–/– mice due to
reduced astroglial glutamate clearance. We developed an NDRG2 peptide that rescued astroglial glutamate clearance
and reduced excitatory glutamate transmission in NDRG2-deficient astrocytes. Additionally, NDRG2 peptide treatment
rescued ADHD-like hyperactivity in the Ndrg2–/– mice, while routine methylphenidate treatment had no effect on
hyperactivity in these animals. Finally, children who were heterozygous for rs1998848, a SNP in NDRG2, had a higher
risk of ADHD than children who were homozygous for rs1998848. Our results indicate that NDRG2 deficiency leads to
ADHD phenotypes and that impaired astroglial glutamate clearance, a mechanism distinct from the well-established
dopamine deficit hypothesis for ADHD, underlies the resultant behavioral abnormalities.
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Introduction
Attention-deficit/hyperactivity disorder (ADHD) is a heteroge-
neous disorder that affects 1 in 20 children and results in poor life-
time outcomes (1, 2). Males are approximately 3 to 4 times more 
likely to be diagnosed with ADHD than females (2, 3). This disorder 
is defined and characterized by inattention, hyperactivity, impulsiv-
ity, and cognitive dysfunction (3, 4). ADHD is commonly associated 
with dysfunctions in the dopaminergic neurotransmitter system (5, 
6). However, ADHD susceptibility cannot be completely explained 
by the hypodopaminergic hypothesis (7, 8). These studies and the 
clinical heterogeneity reflect the existence of diverse neuropatho-
logical mechanisms underlying the development of ADHD.

Shared genetic architectures have been revealed in schizophre-
nia, autism, and ADHD (9–11), which could explain the overlap of 
abnormal behaviors in these psychiatric disorders. Recent studies 
have identified 14q11.2 as a potential psychiatric phenotype sus-
ceptibility locus (12–15). Human N-myc downstream-regulated 
gene 2 (NDRG2), a gene located at the 14q11.2 locus (16, 17), was 
first discovered and cloned from brain tissues (18). The functions 
of NDRG2 in the central nervous system are still largely unknown, 
although NDRG2 has been well studied as a tumor suppressor.

NDRG2 is primarily expressed in astrocytes in various brain 
areas, but not in neurons or microglia (19). There is growing evi-
dence that NDRG2 is an early stage stress-response gene whose 
expression is upregulated under excitotoxic conditions in the 
brain, including ischemia (20), trauma (21), and Alzheimer’s dis-
ease (22). Ndrg2-knockout (Ndrg2–/–) mice were generated to eval-
uate the potential physiological and pathological roles of NDRG2.

We found that Ndrg2–/– mice exhibited typical ADHD-like behav-
iors, including hyperactivity, impulsivity, and inattention, as well 
as other abnormalities, such as impaired memory and enhanced θ 
electroencephalogram (EEG) rhythms. However, hyperactivity was 
not alleviated by methylphenidate, which is routinely prescribed for 
children with ADHD. In addition, increased excitatory transmission 
and dysfunctional astroglial glutamate clearance were observed in 
the Ndrg2–/– mice. Based on these findings, we hypothesized that 
NDRG2 deficiency is associated with the development of ADHD 
through a nondopaminergic mechanism.

Here, we provide evidence strongly suggesting that rs1998848, 
a SNP in NDRG2, is associated with levels of NDRG2 expression 
and ADHD susceptibility. In addition, we show that impaired 
astroglial glutamate clearance, rather than dopaminergic deficits, 
underlies the NDRG2 deficiency–induced ADHD phenotype.

Results
Hyperactivity in Ndrg2–/– mice. We generated Ndrg2–/– mice by tar-
geting exons 2–6 (Supplemental Figures 1 and 2; supplemental 
material available online with this article; https://doi.org/10.1172/
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one at 1 hour and 24 hours after training, whereas the Ndrg2–/– mice 
did not exhibit a preference for the novel object (Figure 1, H–J). 
The total amount of time spent exploring the identical objects in 
the familiar process was similar between the WT and Ndrg2–/– mice 
(Supplemental Figure 8B). Therefore, the Ndrg2–/– mice exhibited 
impairments in both short- and long-term memory.

Ndrg2–/– mice with hyperactivity do not respond to methylphe-
nidate. Canonical ADHD-associated hyperactivity should be 
alleviated by methylphenidate, a psychostimulant that increases 
dopamine release and is routinely used to treat ADHD (32, 33). 
Surprisingly, the hyperactivity of the Ndrg2–/– mice was not effec-
tively suppressed by methylphenidate treatment (Supplemental 
Figure 9), suggesting that a unique neurobiological mechanism 
mediates NDRG2 deficiency–induced hyperactivity. Interesting-
ly, approximately 35% of patients with ADHD do not respond to 
methylphenidate-like compounds (34, 35).

Enhanced θ EEG rhythms in the Ndrg2–/– mice. Children with 
ADHD and animal models of ADHD show increased θ-band power 
in EEG (28, 36). Therefore, we recorded EEGs in WT and Ndrg2–/–  
mice. The θ rhythms were further analyzed in the range of 4 to 8 
Hz. The Ndrg2–/– mice showed a substantially higher θ rhythm per-
centage in the total EEG in the frontal cortex than the WT mice 
(Figure 2, A and B).

Increased interstitial glutamate levels and excitatory transmis-
sion at Ndrg2–/– excitatory synapses. We analyzed the levels of neu-
rotransmitters known to be associated with ADHD in the medial 
prefrontal cortex (mPFC), hippocampus, and striatum to charac-
terize the pathophysiological mechanisms underlying NDRG2 
deletion–induced ADHD-like behaviors. Notably, the concen-
trations of interstitial glutamate and aspartate were significantly  
higher in the mPFC, hippocampus, or striatum of the Ndrg2–/–  
mice than in the WT mice (Figure 2, C–E, and Supplemental 
Figure 10). However, the levels of dopamine, which are strongly  
associated with ADHD, as well as the levels of GABA, norepi-
nephrine, and serotonin, were similar in the WT and Ndrg2–/– mice 
(Figure 2, C–E, and Supplemental Figure 10). These results may 
explain the failure of the methylphenidate treatment to reduce 
the hyperactivity of the Ndrg2–/– mice.

Because glutamate is an important neurotransmitter in excit-
atory synaptic transmission, we investigated synaptic transmission 
in the mouse hippocampus. Spontaneous excitatory postsynaptic 
currents (sEPSCs) from CA1 pyramidal neurons of Ndrg2–/– and WT 
mice were recorded. The Ndrg2–/– glutamatergic neurons exhibited  
a substantial increase in sEPSC amplitude compared with WT 
neurons. However, there were no differences in EPSC frequency 
between WT and KO neurons (Figure 2F). This enhancement of 
excitatory synaptic transmission is consistent with the increased 
interstitial glutamate levels in the Ndrg2–/– mice.

Next, we determined whether glutamate receptor sensitivity 
to exogenous glutamate or glutamate receptor subtype expression 
was altered in the Ndrg2–/– mice. First, we recorded the evoked 
glutamate receptor-mediated excitatory postsynaptic currents 
(EPSCs) in the pyramidal neurons of striatum, hippocampus, 
and mPFC with exogenous glutamate (25 μM) stimulation (Sup-
plemental Figure 11, A, D, and G). Compared with baseline, glu-
tamate treatment markedly enhanced EPSC amplitude in the 
striatum and hippocampus (Supplemental Figure 11, B, C, E, and 

JCI94455DS1) to determine the potential physiological or patho-
logical roles of NDRG2 in the brain. Two-month-old Ndrg2–/– mice 
exhibited significantly increased locomotor activity in their indi-
vidual home cages compared with their WT littermates over the 
course of 24 hours (Supplemental Figure 3). Ndrg2–/– mice had 
much higher locomotor activity at night than during the day, 
which is consistent with their nocturnal nature (23, 24). We then 
examined mouse locomotor activities with the open-field test 
and found that the Ndrg2–/– mice showed a significant increase in 
total distance traveled (approximately 2-fold) and number of lines 
crossed (Figure 1, A and B). Similarly, the mean moving velocity 
of the Ndrg2–/– mice was increased approximately 2-fold compared 
with that of the WT mice (Figure 1C). However, the Ndrg2–/– and 
WT mice spent similar amounts of time in the center region of the 
open field (Figure 1D), indicating that the Ndrg2–/– mice displayed 
a hyperactivity phenotype without altered baseline anxiety. The 
specificity of this NDRG2 deficiency–induced hyperactivity was 
supported by its independence from other behaviors, including 
gait pattern (Supplemental Figure 4, A and B) and muscle strength 
in the hanging wire test (Supplemental Figure 4C). Interestingly, 
heterozygous (Ndrg2+/–) mice exhibited normal locomotor activity 
in the open-field test (Supplemental Figure 5).

In addition, the hyperactive behavior of the Ndrg2–/– mice was 
reduced with age. The Ndrg2–/– mice did not show significant dif-
ferences from WT mice in locomotor activity at 8 or 12 months 
(Supplemental Figure 6), suggesting that the NDRG2 deficiency 
may be related to self-curing psychiatric diseases, such as ADHD.

Ndrg2–/– mice display altered attention and impulsivity. We first 
investigated the attention and impulsivity of the Ndrg2–/– mice 
with the 5-choice serial reaction time task (5-CSRTT) to evaluate 
whether the NDRG2-deficient mice exhibited ADHD-like symp-
toms (25, 26). The animals were trained on a visual detection task 
that required attentional engagement (Figure 1E). A response to the 
illuminated hole reflects attention (accurate response), whereas  
a premature response before a light appears suggests impulsivity 
(premature response). The Ndrg2–/– mice exhibited fewer correct 
responses and a greater number of premature responses than their 
WT littermates (Figure 1, F and G).

The baseline performances of the Ndrg2–/– and WT mice in the 
5-CSRTT differed. The animals were subjected to a 6-step train-
ing schedule defined by specific criteria (Supplemental Table 1) 
to allow them to fully learn the task before the formal 5-CSRTT 
experiments occurred. However, only the WT mice met the target 
criteria in the subsequent challenges. The Ndrg2–/– mice exhibited  
more incorrect and premature responses during the training 
process (Supplemental Figure 7, A and B) than the WT mice did, 
whereas the number of omitted responses was similar between 
the Ndrg2–/– and WT mice (Supplemental Figure 7C).

Ndrg2–/– mice exhibit impaired memory. Several animal mod-
els of ADHD exhibit cognitive deficits, such as impaired memory 
(27–29), which are consistent with the clinical symptoms of the 
multiple behavioral abnormalities in children with ADHD (30, 31). 
Thus, we investigated both short- and long-term memory in the 
Ndrg2–/– mice. In a novel object recognition test, when 1 of 2 iden-
tical objects (familiar objects) was replaced with a new, differently 
shaped object (novel object) (Supplemental Figure 8A), the WT 
mice spent more time exploring the novel object than the familiar 
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NR2B (subunits of NMDARs) and GluR1/GluR2/GluR3 (subunits 
of AMPARs) were similar between the Ndrg2–/– and WT mice 
(Supplemental Figure 12). Together, these data suggest that the 
increased interstitial glutamate levels induced by NDRG2 defi-
ciency caused no changes in glutamate receptor subtype expres-
sion or receptor sensitivity to exogenous ligand stimulation. Note 
that, compared with the WT mice, the Ndrg2–/– mice exhibited an 
approximately 4-fold to 5-fold increase in interstitial glutamate 
(Figure 2, C–E). We speculate that the increased interstitial glu-

F). However, there were no differences in enhancement of EPSC 
amplitude between WT and KO mice. In addition, the EPSC 
amplitude was consistent with or without glutamate stimulation in 
the mPFC in both the WT and KO mice (Supplemental Figure 11, 
H and I). Second, we investigated the expression levels of 2 major 
ionotropic glutamate receptors, NMDA receptors (NMDARs) and 
α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid recep-
tors (AMPARs), in the synaptosomes of the hippocampus in the 
Ndrg2–/– and WT mice. The surface and total levels of NR1/NR2A/

Figure 1. Ndrg2–/– mice display ADHD-like symptoms. (A–D) The locomotor activity of 2-month-old WT and Ndrg2–/– mice in an open field is presented 
as the total distance traveled (A), number of lines crossed (B), velocity (C), and locomotion in the center of the field (D). n = 10 KO; n = 9 WT. **P < 0.01, 
Student’s t test. (E–G) Attention and impulsivity were detected in the WT and Ndrg2–/– mice with a visual 5-CSRTT (E) and are represented by the accuracy 
percentage (F) and premature response percentage (G), respectively. n = 9 KO; n = 9 WT. *P < 0.05; **P < 0.01, Wilcoxon’s rank sum test. (H–J) The short-
term (H) and long-term (I) memory of the WT and Ndrg2–/– mice were examined with the novel object recognition test. (J) Heatmaps show the time spent 
exploring both familiar and novel objects. The circles represent the objects’ locations. n = 9 KO; n = 9 WT. *P < 0.05; **P < 0.01, Wilcoxon’s rank sum test. 
Error bars indicate mean ± SEM (A–D). Horizontal bars indicate medians (F–I).
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icant decrease in NMDARs and AMPARs on the synaptic surface in 
the Ndrg2–/– hippocampus compared with those in the WT hippocam-
pus at 8 months (Supplemental Figure 13, D and E). These results sug-
gest that the spontaneous reduction with age in hyperactivity in the 
Ndrg2–/– mice depends on the decreased glutamate receptor expres-
sion rather than on an alteration in interstitial glutamate levels.

Astroglial NDRG2 is required for interstitial glutamate clearance. 
NDRG2 is mainly expressed in astrocytes, but not in neurons or 
microglia (Supplemental Figure 14), and astrocytes are the predom-
inant cell type contributing to the clearance of glutamate from the 

tamate activated glutamatergic neurons, but not to an extent that 
was sufficient to alter glutamate receptor expression or receptor 
sensitivity in the Ndrg2–/– mice.

Given that the hyperactive behavior of the Ndrg2–/– mice was 
reduced with age (Supplemental Figure 6), we further investigated  
the levels of interstitial glutamate and glutamate receptor subtype 
expression in the Ndrg2–/– mice at 8 months. Unexpectedly, the levels 
of interstitial glutamate were still notably higher in the mPFC, hippo-
campus, and striatum of the Ndrg2–/– mice than in the WT mice at 8 
months (Supplemental Figure 13, A–C). However, we found a signif-

Figure 2. Enhanced excitatory transmission in the Ndrg2–/– brain. (A) Representative traces and spectrogram of θ EEG rhythms in WT and Ndrg2–/– mice. 
(B) Quantitative θ rhythm percentage of the total EEG in the frontal cortex of the WT and Ndrg2–/– mice. n = 6 KO; n = 6 WT. *P < 0.05, Wilcoxon’s rank 
sum test. (C–E) Measurements of interstitial glutamate and dopamine concentrations in the mPFC (C), hippocampus (Hip.) (D), or striatum (E) of WT and 
Ndrg2–/– mice. n = 6 per group. **P < 0.01, Student’s t test. (F) Representative sEPSC recordings in the WT and Ndrg2–/– hippocampal CA1 pyramidal neu-
rons (upper trace). Amplitudes and frequencies of the sEPSCs (lower histogram, left and right, respectively) were quantified. n = 12 per group. **P < 0.01, 
Student’s t test. Error bars indicate mean ± SEM.
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and EAAT2 are driven by the transmembrane Na+ gradient. 
The ion pump Na+/K+-ATPase maintains the Na+ gradient by 
exporting 3 Na+ and importing 2 K+ ions (38). We examined the 
expression levels of the molecules that participate in this pro-
cess to determine the mechanism by which NDRG2 regulates 
interstitial glutamate clearance. Immunoblot analysis revealed 
that the levels of the EAAT1, EAAT2, and Na+/K+-ATPase β1 
proteins, but not Na+/K+-ATPase α1, were notably decreased 
in the cultured Ndrg2–/– astrocytes (Figure 3B). We also found 

synaptic space. To further explore the accumulation of interstitial 
glutamate at the Ndrg2–/– excitatory synapses, we investigated the 
glutamate clearance ability of the Ndrg2–/– astrocytes. We isolated 
astrocytes from mouse brains and found that the rate and amount 
of glutamate uptake were significantly lower in the Ndrg2–/– astro-
cytes than in the WT astrocytes at various time intervals (Figure 3A).

Interstitial glutamate in the brain is largely taken up by excit-
atory amino acid transporter 1 (EAAT1) and EAAT2, which are 
mainly expressed in astrocytes (37). The functions of EAAT1 

Figure 3. Astroglial glutamate uptake is suppressed in Ndrg2–/– mice. (A) Glutamate concentrations in the media from cultured astrocytes isolated 
from WT or Ndrg2–/– mice were measured at various time intervals. Data were obtained from 3 independent measurements, and each experiment was 
performed in quadruplicate. **P < 0.01, repeated-measures ANOVA. (B) Levels of the glutamate uptake-associated proteins NDRG2, EAAT1, EAAT2, Na+/
K+-ATPase α1 (ATPase α1), and Na+/K+-ATPase β1 (ATPase β1) in WT and Ndrg2–/– astrocytes were analyzed by densitometry of immunoblots of whole-cell 
lysates and normalized to β-tubulin. Representative immunoblots from 3 independent experiments are shown. **P < 0.01, Student’s t test. Error bars 
indicate mean ± SEM. (C–F) Analysis of the coimmunoprecipitation of the NDRG2, EAAT1/EAAT2, and Na+/K+-ATPase β1 proteins in the WT astrocytes 
using antibodies specific to Na+/K+-ATPase β1 (C), NDRG2 (D), EAAT1 (E), or EAAT2 (F) as the precipitation antibody. Representative immunoblots from 3 
independent experiments are shown. (G) Levels of NDRG2, EAAT1, EAAT2, Na+/K+-ATPase α1 (ATPase α1), and Na+/K+-ATPase β1 (ATPase β1) in the Ndrg2–/– 
astrocytes infected with control lentivirus (LV-control) or Na+/K+-ATPase β1 lentivirus (LV-ATPase β1). Representative immunoblots from 3 independent 
experiments are shown. **P < 0.01, Student’s t test. Error bars indicate mean ± SEM. (H) Glutamate concentrations in the media from cultured Ndrg2–/– 
astrocytes infected with control lentivirus or Na+/K+-ATPase β1 lentivirus were measured at various time intervals. Data were obtained from 3 independent 
measurements, and each experiment was performed in quadruplicate. **P < 0.01, repeated-measures ANOVA.
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decreased EAAT1, EAAT2, and Na+/K+-ATPase β1 expres-
sion in the mPFC, hippocampus, and striatum in the Ndrg2–/–  
mice (Supplemental Figure 15). Thus, the stability of Na+/K+- 
ATPase β1 requires NDRG2 expression, which is consistent with 
our previous report showing that NDRG2 inhibited the ubiquiti-
nation and degradation of Na+/K+-ATPase β1 (39).

Na+/K+-ATPase and EAAT1/2 are physically associated with a 
single macromolecular complex in the plasma membrane (40, 41). 
Therefore, we speculated that a dynamic NDRG2-Na+/K+-ATPase 
β1–EAAT1/2 complex is required for the normal expression and 
function of EAAT1/2 in astrocytes. Using an anti-Na+/K+-ATPase 
β1–specific antibody, NDRG2, EAAT1, or EAAT2 proteins were 

Figure 4. An NDRG2 peptide increases Na+/K+-ATPase β1 stability and rescues the suppression of glutamate uptake in Ndrg2–/– astrocytes. (A–C) Coim-
munoprecipitation of Flag-tagged full-length NDRG2 (aa 1–371) and its different truncation mutants (aa 1–272, 1–140, 141–239, 240–371, and 141–371) with 
Myc-tagged full-length Na+/K+-ATPase β1 in HEK293 cell lysates using Flag (A) or Myc (B) as the precipitation antibody. Representative immunoblots from 
3 independent experiments are shown. (C) Schematic and results of the interactions. (D) NDRG2 peptides TAT-NDRG2(aa 141–160), TAT-NDRG2(aa 161–180), 
TAT-NDRG2(aa 181–200), TAT-NDRG2(aa 201–220), TAT-NDRG2(aa 221–239), and the TAT-control peptide with a scrambled sequence. (E) Na+/K+-ATPase β1 
expression kinetics in the Ndrg2–/– astrocytes following the administration of the TAT-control or TAT-NDRG2(aa 141–160) peptide with emetine (a protein 
synthesis inhibitor). Representative immunoblots (left) from 3 independent experiments are shown. Relative Na+/K+-ATPase β1 levels normalized to the 
β-tubulin levels were quantified by densitometry at various time intervals (right). **P < 0.01, repeated-measures ANOVA. (F) Glutamate levels in the media 
of cultured Ndrg2–/– astrocytes were measured at various time intervals following the administration of the TAT-control or TAT-NDRG2(aa 141–160) peptide. 
Data were obtained from 3 independent measurements, and each experiment was performed in quadruplicate. **P < 0.01, repeated-measures ANOVA. 
(G) Representative sEPSCs in hippocampal CA1 pyramidal neurons from the Ndrg2–/– mice treated with the TAT-control or TAT-NDRG2(aa 141–160) peptide 
(upper trace). The amplitudes and frequencies of the sEPSCs (bottom histogram, left and right, respectively) were quantified. n = 12 per group; **P < 0.01, 
Student’s t test. Error bars indicate mean ± SEM (E–G).
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precipitated (Figure 3C). In addition, proteins associated with Na+/
K+-ATPase β1, EAAT1, or EAAT2 were individually precipitated  
with an anti-NDRG2 antibody (Figure 3D). Interactions among 
NDRG2, Na+/K+-ATPase β1, and EAAT1/2 were also detected in 
the EAAT1 or EAAT2 antibody–precipitated complex (Figure 3, E 
and F). Thus, we speculated that Na+/K+-ATPase β1 is required for 
the normal expression and function of EAAT1/2. To confirm the 

function of Na+/K+-ATPase β1 in astroglial EAAT1/2 expression 
and glutamate uptake, we used a lentivirus system to overexpress 
Na+/K+-ATPase β1 in cultured Ndrg2–/– astrocytes. The expression 
levels of EAAT1 and EAAT2 were recovered by restoring the Na+/
K+-ATPase β1 protein levels (Figure 3G). Glutamate clearance was 
also markedly rescued after the overexpression of exogenous Na+/
K+-ATPase β1 in the Ndrg2–/– astrocytes (Figure 3H).

Figure 5. NDRG2 peptide corrects ADHD-like behaviors in Ndrg2–/– mice. (A, B) The locomotor activity of Ndrg2–/–mice that were intravenously injected with 
TAT-control or TAT-NDRG2(aa 141–160) is presented as the total distance traveled (A) and number of lines crossed (B). n = 9 TAT-control; n = 9 TAT-NDRG2(aa 
141–160); **P < 0.01; Student’s t test. (C–D) Attention and impulsivity were detected in Ndrg2–/– mice following TAT-control or TAT-NDRG2(aa 141–160) injec-
tions and are presented as accuracy percentages (C) and premature response percentages (D), respectively. n = 9 TAT-control; n = 9 TAT-NDRG2(aa 141–160). 
*P < 0.05, Wilcoxon’s rank sum test. (E–G) Short-term (E) and long-term memory (F) of the Ndrg2–/– mice was assessed using the novel object recognition 
task after the administration of the TAT-control or TAT-NDRG2(aa 141–160) peptide. (G) Heatmaps of the results of the novel object recognition test. n = 9 per 
group. Wilcoxon’s rank sum test. (H) Representative traces and spectrogram of θ EEG rhythms in Ndrg2–/– mice. (I) Quantitative θ rhythm percentage of total 
EEG in the frontal cortex of Ndrg2–/– mice following TAT-control or TAT-NDRG2(aa 141–160) injections. n = 6 per group. *P < 0.05, Wilcoxon’s rank sum test. 
Horizontal bars indicate medians (C–F). Error bars indicate mean ± SEM (A, B, I).



The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

4 2 7 7jci.org      Volume 127      Number 12      December 2017

An NDRG2 peptide corrects ADHD-like behaviors in Ndrg2–/– 
mice. We constructed different NDRG2 deletion mutations to iden-
tify the region in NDRG2 that is required for binding and stabilizing 
Na+/K+-ATPase β1. We found that a region encompassing aa resi-
dues 141–239 was critical for the interaction between NDRG2 and 
Na+/K+-ATPase β1 (Figure 4, A–C). Next, we subdivided NDRG2 aa 
residues 141–239 into 5 fragments (Figure 4D) and synthesized 5 
peptides containing human immunodeficiency virus-type 1 trans-

In addition, there were no differences in the expression lev-
els of EAAT1/2 and Na+/K+-ATPase α1/β1 between day and night 
(Supplemental Figure 16). There is substantial evidence that gluta-
mate release peaks at night in the mouse brain, which is consistent 
with mouse behavioral rhythms (23, 24). These results suggest 
that the increase in glutamate release during the night underlies 
the significantly enhanced locomotor activity in the Ndrg2–/– mice 
at night (Supplemental Figure 3).

Figure 6. SNP rs1998848 in NDRG2 exon 2 is associated with susceptibility to ADHD and suppression of NDRG2 expression. (A) Fourteen polymorphic 
SNPs in a 10-kb region containing the NDRG2 gene. The rs1998848 SNP in exon 2 (star) is the only SNP associated with ADHD susceptibility. The numbers 
indicate the exon sequence. The open reading frame is located in exon 3. (B) The NDRG2 promoter, exon 1, and exon 2 with the major allele C (pGL3-C) or 
minor allele T (pGL3-T) of rs1998848 were inserted upstream of the luciferase reporter gene. The pGL3-basic vector (pGL3) was used as a negative control. 
(C) The relative luciferase activity (firefly luciferase/Renilla luciferase) of pGL3-C, pGL3-T, or pGL3 was analyzed in HEK293 cells. Luciferase activity exper-
iments were performed in triplicate, and data were obtained from 3 independent measurements. *P < 0.05; **P < 0.01, 1-way ANOVA with Tukey-Kramer 
post hoc test. Error bars indicate mean ± SEM. (D) Relative levels of NDRG2 mRNA in the peripheral blood cells of the heterozygous (CT) patients (5 cases), 
homozygous (CC) patients (5 cases), and homozygous controls (5 cases). The values were normalized to β-actin, and control 1 was designated 1. Data were 
obtained from 3 independent measurements, and each experiment was performed in quadruplicate. **P < 0.01, 1-way ANOVA with the Tukey-Kramer post 
hoc test. Error bars indicate mean ± SEM.
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cued the rate and amount of glutamate 
clearance compared with the treat-
ment with TAT-control peptide in the 
Ndrg2–/– astrocytes (Figure 4F). In the 
WT astrocytes, neither the protein half-
life of Na+/K+-ATPase β1 (Supplemental  
Figure 20A) nor astroglial glutamate 
clearance (Supplemental Figure 20B)  
was significantly enhanced after 20 μM  
TAT-NDRG2(aa 141–160) treatment. 
These results suggest that endogenous 
NDRG2 sufficiently bound and sta-
bilized Na+/K+-ATPase β1 in the WT 
astrocytes, while 20 μM TAT-NDRG2 
(aa 141–160) peptide lacked compet-
itive binding with Na+/K+-ATPase β1. 
However, the TAT-NDRG2(aa 141–160) 
peptide exhibited strong binding ability 
with Na+/K+-ATPase β1 under NDRG2  
deficiency conditions.

Next, we tested whether TAT-
NDRG2(aa 141–160) could attenuate 
the increased excitation in the Ndrg2–/– 
mice. TAT-NDRG2(aa 141–160)-FITC 
was injected into Ndrg2–/– mice through 
the subclavian vein. Peptide accumula-
tion was detectable in the Ndrg2–/– brains 
within 30 minutes of application, peaked 
at 2 hours, and remained detectable for 
8 hours after injection (Supplemental 
Figure 21A). TAT-NDRG2(aa 141–160)-
FITC could enter astrocytes (Supple-
mental Figure 21B) in different mouse 
brain regions. The protein levels of 

EAAT1/2 and Na+/K+-ATPase β1 were notably rescued in the mPFC, 
hippocampus, and striatum in the Ndrg2–/– mice 2 hours after TAT-
NDRG2(aa 141–160) injection (Supplemental Figure 19B). Consis-
tent with the increase in glutamate clearance in vitro, interstitial 
glutamate levels were remarkably reduced in the Ndrg2–/– mPFC, 
hippocampus, and striatum following TAT-NDRG2(aa 141–160) 
injection (Supplemental Figure 22). In addition, TAT-NDRG2(aa 
141–160) treatment effectively reduced sEPSC amplitude in the 
Ndrg2–/– glutamatergic neurons (Figure 4G). These results further 
support the suppression of astroglial glutamate clearance as a 
mechanism for elevated excitation in the Ndrg2–/– brain.

Finally, we sought to determine whether the NDRG2  
peptide–induced enhancement of astroglial glutamate clearance 
could rescue ADHD-like behaviors in the Ndrg2–/– mice. As a 
result, TAT-NDRG2(aa 141–160) injection substantially mitigated  
the hyperactivity of the Ndrg2–/– mice (Figure 5, A and B, and Sup-
plemental Figure 23). Furthermore, TAT-NDRG2(aa 141–160) 
injection reversed the distractibility and impulsivity of the Ndrg2–/–  
mice (Figure 5, C and D). However, we did not observe an ame-
lioration of the memory impairment in the Ndrg2–/– mice after 
treatment with the NDRG2 peptide (Figure 5, E–G). Similar to the 
NDRG2 peptide–induced reductions in behavioral abnormalities, 
the administration of the TAT-NDRG2(aa 141–160) peptide sig-

activator of transcription (TAT), a tool that can deliver target pep-
tides through the blood-brain barrier and cell membranes (42, 43).

Astrocytes treated with TAT-NDRG2(aa 141–160)-FITC (20 μM) 
exhibited green fluorescence in their cytoplasm and processes, indi-
cating intracellular peptide uptake (Supplemental Figure 17). TAT 
peptides can potentially cross the cellular membrane immediately, 
and TAT-NDRG2(aa 141–160)-FITC accumulation was detectable 
in astrocytes within 5 minutes of application (Supplemental Fig-
ure 17). We then examined the stability of the Na+/K+-ATPase β1 
protein after treating the Ndrg2–/– astrocytes with the NDRG2 pep-
tides. TAT-control or TAT-NDRG2 peptides and emetine (a protein 
synthesis inhibitor) were simultaneously added to Ndrg2–/– astro-
cytes, and cells were harvested at various time intervals. The half-
life of Na+/K+-ATPase β1 was much longer in the presence of TAT-
NDRG2(aa 141–160) than with the TAT-control, TAT-NDRG2(aa 
161–180), TAT-NDRG2(aa 181–200), TAT-NDRG2(aa 201–220), 
or TAT-NDRG2(aa 221–239) (Figure 4E and Supplemental Fig-
ure 18), indicating that aa residues 141–160 of NDRG2 are critical 
for the interaction with and stabilization of endogenous Na+/K+- 
ATPase β1. The protein levels of EAAT1/2 and Na+/K+-ATPase β1 were 
also notably rescued after TAT-NDRG2(aa 141–160) treatment of  
Ndrg2–/– astrocytes (Supplemental Figure 19A). In addition, the 
administration of the TAT-NDRG2(aa 141–160) significantly res-

Figure 7. Schematic representation of the dopaminergic deficit and astroglial glutamate clearance defi-
cit hypotheses of ADHD. Left panel, dopaminergic deficit hypothesis. Most ADHD animal models favor 
the dopaminergic deficit hypothesis. The proposed impairments of the dopaminergic system include 
reduced dopamine synthesis, deficient formation and release of dopaminergic synaptic vesicles, dys-
function of inhibitory dopamine receptors, increased dopamine reuptake through dopamine transporters, 
and increased dopamine degradation by monoamine oxidase. Right panel, astroglial glutamate clearance 
deficit hypothesis. Here, we propose a new mechanism underlying the shift in the balance between 
excitation and inhibition in ADHD. In astrocytes, NDRG2 deficiency attenuates its interaction with Na+/
K+-ATPase β1. The stability of Na+/K+-ATPase β1 is decreased without the control of NDRG2. Subsequent-
ly, the unstable Na+/K+-ATPase β1 fails to effectively generate a transmembrane Na+ gradient together 
with Na+/K+-ATPase α1. The glutamate cleared by EAATs is cotransported with Na+ into astrocytes. 
Therefore, the impaired transmembrane Na+ gradient leads to reduced astroglial glutamate clearance and 
enhanced synaptic glutamate excitation. DOPA, dihydroxyphenylalanine; MAO, monoamine oxidase; DAT, 
dopamine transporter; DR, dopamine receptor.
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(Figure 6D). These results suggest that NDRG2 expression is 
affected by rs1998848, with the ADHD susceptibility-associated 
minor allele contributing to a reduction in NDRG2 expression.

Discussion
This study is the first, to our knowledge, to demonstrate that a 
deficiency of NDRG2, a known tumor suppressor (16, 17), leads 
to a canonical ADHD-like phenotype, including hyperactivity, 
impulsivity, attention deficits, and impaired memory, which meet 
the face validity criteria for ADHD animal models (28, 29, 44, 
45). Increased interstitial glutamate levels and excitatory trans-
mission underlie the behavioral abnormalities in Ndrg2–/– mice. In 
addition, an NDRG2 SNP, rs1998848, is associated with the risk of 
ADHD in children.

The dopamine deficit theory of ADHD (29, 46–50) (Figure 7) 
has been studied extensively in patients with ADHD (51, 52) and 
is consistent with hypodopaminergic rodent models of ADHD (6). 
Methylphenidate, which exerts its effects by increasing synaptic 
dopamine levels through inhibition of dopamine transporter–
mediated dopamine reuptake (53), has been used to treat ADHD 
in children and adults for many years (54). Unexpectedly, we did 
not observe a rescuing effect of methylphenidate on the hyperac-
tivity of the Ndrg2–/– mice. Thus, we speculate that a dopamine- 
independent mechanism is responsible for the behavioral abnor-
malities of the Ndrg2–/– mice.

Alterations in the excitation-inhibition balance have been 
suggested to be core mechanisms of ADHD (28, 55). The levels 
of the inhibitory neurotransmitter GABA and biogenic amines, 
including dopamine, norepinephrine, and serotonin in the inter-
stitial fluid, were similar between the WT and Ndrg2–/– brains, 
whereas the interstitial levels of 2 excitatory neurotransmitters, 
glutamate and aspartate, exhibited a substantial increase in the 
Ndrg2–/– mice. A current view of the dopamine/glutamate relation-
ship is that increased extrasynaptic dopamine is required to sup-
press glutamate release by activating dopamine receptors in the 
striatum (56). However, our data suggest that enhanced interstitial 
glutamate and excitatory responses are independent of dopamine 
in Ndrg2–/– mice.

Glutamate is the primary neurotransmitter involved in regulat-
ing excitatory synapses (57). We further detected increased sEPSC 
amplitude in the Ndrg2–/– CA1 pyramidal neurons, suggesting that 
elevated interstitial glutamate levels underlie the enhanced exci-
tation. Excitatory glutamatergic system dysfunction plays an import-
ant role in the pathogenesis of neuropsychiatric disorders (58–62). A 
few studies have investigated the role of glutamate in the context of 
ADHD (63, 64), although their conclusions are not completely con-
sistent. A recent study observed a notable increase in regional gluta-
mate levels in a spontaneously hyperactive rat model of ADHD (65). 
However, the key molecules and precise mechanism underlying the 
involvement of glutamate in ADHD are largely unknown.

We previously found that Na+/K+-ATPase β1 interacted with 
NDRG2 in a yeast 2-hybrid system (39). Na+/K+-ATPase β1, a 
regulatory subunit of Na+/K+-ATPase, is critical for sodium- 
dependent glutamate uptake into astrocytes (66). Here, we found 
that NDRG2 was required for astroglial glutamate clearance by 
regulating glutamate transporters (EAATs) through an interaction 
with Na+/K+-ATPase β1. Therefore, NDRG2 deficiency impairs 

nificantly reduced the aberrant θ EEG rhythms in the Ndrg2–/– mice 
(Figure 5, H and I). These results indicate that the TAT-NDRG2 
(aa 141–160) peptide is an effective treatment for ADHD-like 
symptoms in the Ndrg2–/– mice.

A SNP in the NDRG2 gene is associated with ADHD in children. 
To determine whether NDRG2 deficiency is associated with the 
development of ADHD in humans, we genotyped the NDRG2 
gene on chromosome 14q11.2 in 2 independent cohorts of Chi-
nese children (a total of 151 patients with sporadic ADHD and 162 
controls). The subjects with ADHD and the controls were age- and 
sex-matched (Table 1). We verified that 14 SNPs located in NDRG2 
from the dbSNP database were indeed polymorphic (Figure 6A). 
However, only one of these SNPs, rs1998848, was associated with 
ADHD susceptibility after Bonferroni’s correction. Compared 
with the homozygous genotype (CC), the heterozygous genotype 
(CT) was more strongly associated with increased risk of ADHD 
(cohort 1: 6.3-fold; cohort 2: 8.1-fold) (Table 1).

Because rs1998848 is located in exon 2 of NDRG2, immediate-
ly before the open reading frame located in exon 3, we speculated 
that rs1998848 plays a functional role in NDRG2 expression. To 
test this hypothesis, we constructed a luciferase reporter plasmid 
by inserting the 1,168-bp promoter, exon 1, and exon 2 sequenc-
es of the NDRG2 gene carrying the C or T residue of rs1998848 
upstream of the luciferase gene (Figure 6B). We observed a 
greater than 6-fold increase in luciferase activity in cells express-
ing the major allele (C) sequence and an approximately 2-fold 
increase in luciferase activity in cells expressing the minor 
allele (T) sequence compared with the levels of the empty  
control (Figure 6C). In addition, compared with homozygous  
genotype (CC) patients and homozygous genotype (CC) controls, 
the mRNA levels of NDRG2 in the peripheral blood cells of het-
erozygous genotype (CT) patients were significantly decreased 

Table 1. Association between NDRG2 rs1998848 allele 
frequencies and ADHD susceptibility

Variable Control 
group 

ADHD 
group 

OR 
(95% CI)

P value

Cohort 1 n = 82 n = 70
     Age, mean ± SD, yr  9.0 ± 1.9  9.3 ± 1.9 0.572A

     Sex
         Male 62 (75.6%) 53 (75.7%) 0.994 (0.473–2.091) 0.988B

         Female 20 (24.4%) 17 (24.3%)
     Genotype
         CT  4 (4.9%) 17 (24.3%) 6.255 (1.993–19.630) 0.001C

         CC 78 (95.1%) 53 (75.7%)
Cohort 2 n = 80 n = 81
     Age, mean ± SD, yr  8.2 ± 1.7  8.4 ± 1.8 0.470A

     Sex
         Male 61 (76.2%) 68 (84.0%) 0.614 (0.280–1.346) 0.242B

         Female 19 (23.8%) 13 (16.0%)
     Genotype
         CT 2 (2.5%) 14 (17.3%) 8.149 (1.787–37.154) 0.003C

         CC 78 (97.5%) 67 (82.7%)
AStudent’s t test. Bχ2 test. CLogistic regression analysis after adjusting for 
sex. OR, odds ratio.
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Open-field test. The open-field test involved a plastic square box 
measuring 40 cm × 40 cm × 45 cm, and the center zone line was 
located 6.5 cm away from the edge. The mice were transferred to the 
behavioral experiment room 1 hour before the test. We recorded mouse 
movements using a video tracking system (ANY-maze, Stoelting Co.) 
for 30 minutes and evaluated the total distance traveled, number of 
lines crossed, and moving velocity of the mice during the 30 minutes. 
The amount of time that mice spent in the center region of the open 
field was calculated in the initial 5 minutes of the test. After the com-
pletion of each trial, the mouse was returned to its home cage, and the 
field was cleaned with 30% ethanol. All behavioral procedures were 
performed between 1800 and 2000 hours.

5-CSRTT. Mice were restricted to 1 g of food per 10 g body weight 
until they reached 85%–90% of their free-feeding weight. Mice were 
trained in a test box to build the conditioned reflex between correct 
responses following the nose-poke stimulation and reward (a 15% 
sucrose solution). The experimental procedures were performed using 
previously described methods (25, 26), with a slight modification to the 
training sessions (Supplemental Table 1). The percentages of accurate, 
premature, and omission responses were determined as follows: per-
centage of accurate responses = number of correct responses/(num-
ber of correct responses + number of incorrect responses + number of 
premature responses + number of trials with no responses); percentage 
of premature responses = number of premature responses/(number of 
correct responses + number of incorrect responses + number of pre-
mature responses + number of trials with no responses); percentage of 
omission responses = number of trials with no responses/(number of 
correct responses + number of incorrect responses + number of prema-
ture responses + number of trials with no responses).

Novel object recognition. Object memory was measured in an 
open-field apparatus (40 × 40 × 45 cm). All mice were transferred to 
the behavioral room 1 hour before the test. On day 1, the mice were 
allowed to acclimate to the empty chamber for 10 minutes. On day 2, 
the mice were introduced to 2 identical objects in the chamber and 
allowed to explore freely, familiarizing themselves with the objects 
for 10 minutes; the mice were then returned to their home cages. The 
time the mice spent exploring each object was measured. During test 1 
(1 hour later) and test 2 (24 hours later), 1 of the 2 identical objects was 
replaced with a differently shaped object and the time the mice spent 
exploring each object was measured (Supplemental Figure 6). Novel 
object preference was as follows: percentage = time spent exploring 
the novel object/(time spent exploring the novel object + time spent 
exploring the familiar object). Object exploration was defined as each 
instance in which a mouse’s nose touched the object or was oriented 
toward the object and came within 2 cm of it. Chewing the object or 
climbing onto the object did not qualify as exploration. A video track-
ing system (ANY-maze, Stoelting Co.) was used to generate heatmaps 
based on the exploration time.

EEG recordings. Mice were anesthetized with isoflurane, epidural 
electrodes were bilaterally implanted in the frontal lobe (1.7 mm anteri-
or to the bregma), and a separate ground electrode was installed in the 
occipital region of the skull. The animals were allowed to recover from 
the electrode implantation surgery for 7 days before the EEG recordings. 
EEG activities (filtered at 0.1–500 Hz) were recorded for 30 minutes and 
amplified using PowerLab amplifiers (AD Instruments). The TAT-control 
or TAT-NDRG2(aa 141–160) peptide was intravenously injected into the 
mice 2 hours before the EEG recordings. The recorded traces were high-

astroglial glutamate clearance and shifts the balance between 
excitation and inhibition (Figure 7).

Additionally, we screened an NDRG2 peptide to rescue the 
function of Na+/K+-ATPase β1 in the Ndrg2–/– astrocytes. This pep-
tide effectively reversed the hyperactivity, impaired attention, and 
impulsivity observed in the Ndrg2–/– mice. However, the peptide 
treatment did not rescue the memory deficits of the Ndrg2–/– mice, 
suggesting that impaired memory may be caused by mechanisms 
unrelated to enhanced glutamate excitation. Future experiments 
should explore the medication efficacy of the NDRG2 peptide 
in other ADHD animal models. The spontaneously hyperactive 
rat model of ADHD would be an ideal animal model in which to 
test the intervention effect of the TAT-NDRG2(aa 141–160) pep-
tide because this model showed an increase in evoked glutamate 
release in the PFC and striatum (65).

There is substantial molecular epidemiological evidence 
showing an association between candidate gene SNPs and the 
pathogenesis of ADHD (67–69). Most ADHD clinical studies have 
been conducted in the United States and Europe. However, there 
is comparable ADHD morbidity in Asia (70–72). In this study, we 
identified an association between rs1998848 and ADHD suscep-
tibility in 2 independent cohorts of Chinese children (a total of 
151 patients with ADHD and 162 controls) by identifying and ana-
lyzing SNPs in the NDRG2 gene located on chromosome 14q11.2. 
Heterozygosity for rs1998848 led to a reduction in NDRG2 expres-
sion and an increase in ADHD risk compared with the homozy-
gous genotype. Concordantly, a previous report using a genome-
wide linkage analysis showed that Dutch patients with ADHD 
had an abnormal haplotype at 14q11.2 (15). Human NDRG2 het-
erozygosity at the rs1998848 SNP was associated with increased 
ADHD risk and decreased NDRG2 expression, which suggests 
that Ndrg2+/– mice might exhibit ADHD-like behaviors. However, 
Ndrg2+/– mice showed normal locomotor activity. This difference 
between humans and mice might be attributed to differences in 
the compensative capacity for protein deficiency.

In summary, we identified an association between NDRG2 
and ADHD development and showed that astroglial NDRG2 reg-
ulates interstitial glutamate levels and maintains the excitatory- 
inhibitory balance. We established Ndrg2–/– mice as a new ADHD 
animal model and revealed a unique mechanism of ADHD that 
is distinct from the hypodopaminergic theory. The activation of 
astroglial glutamate clearance with the NDRG2 peptide provides 
a potential alternative therapeutic option for patients with ADHD 
who do not respond to methylphenidate treatment.

Methods
Generation of Ndrg2–/– mice. The animals were housed in groups in a 
specific pathogen–free, temperature-controlled facility on a regu-
lar 12-hour light/12-hour dark cycle, with ad libitum access to food 
and water. Ndrg2fl/fl mice (a gift of Libo Yao, Fourth Military Medical 
University) were crossed to B6.C-Tg(CMV-cre)1Cgn/J mice (Jackson 
Laboratory) to generate Ndrg2–/– mice. The line was backcrossed to 
C57BL/6J a minimum of 8 times before use in any experiments in this 
study. Heterozygous mice carrying the knockout mutation were inter-
bred to obtain the homozygous Ndrg2-deficient mice and their WT lit-
termates (Supplemental Figure 1). Young (2 months) and old (8 and 12 
months) male mice were used in this study unless otherwise specified.
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um every 3 days. When the cells reached confluence after 2 weeks, 
the flasks were shaken (200 to 220 rpm at 37°C) overnight to remove 
the microglia and oligodendrocytes. After shaking, the cultures com-
prised more than 95% astrocytes, as determined by immunofluores-
cent staining for GFAP. The cells were then subcultured into different 
dishes according to distinct protocols.

Evaluation of glutamate uptake. Glutamate clearance was mea-
sured with a colorimetric assay using the Glutamate Detection Kit 
(BioVision). First, 200 μM glutamate was added to the astrocyte 
cultures. Next, 50 μl of culture medium was transferred to a trans-
parent 96-well microplate at each time point and then mixed with 
100 μl of reaction mix (2 μl glutamate enzyme mix, 8 μl glutamate 
developer, and 90 μl assay buffer). The cell culture medium mix-
ture was incubated at 37°C for 45 minutes. The absorbance at a 
wavelength of 450 nm of this cell culture medium mixture was then 
recorded using a microplate reader. The glutamate concentrations 
in the medium at each time point were calculated from the standard 
curve of known glutamate levels.

Immunoblotting. Proteins were extracted from cells using a lysis 
buffer (150 mM NaCl; 50 mM Tris; 1 mM EDTA; 1 mM Na3VO4; 0.1% 
SDS; 1% NP-40; 0.5% sodium deoxycholate; and a proteinase inhib-
itor mixture). After centrifugation (13,680 g, 20 minutes, 4°C), the 
concentrations of the protein extracts in the supernatant were mea-
sured using a BCA Protein Assay Kit (Thermo Fisher Scientific). Equal 
amounts of protein samples (10–20 μg) were then boiled and loaded  
onto 10% SDS-PAGE gels for electrophoresis. The proteins were 
transferred from the gels to a polyvinylidene difluoride membrane 
and immunoblotted with the indicated primary and secondary anti-
bodies. The signals on the blots were enhanced with a Chemilumines-
cence Detection Reagent Kit (Thermo Fisher Scientific). The immu-
noreactive bands were visualized using a gel-imaging analysis system 
(ChemiDoc MP, Bio-Rad) and quantified with Image Lab software 
(Bio-Rad). Additional information regarding the antibodies used in 
this study is given in Supplemental Table 2. For the Na+/K+-ATPase 
β1 half-life detection, before immunoblotting analysis, 20 μM TAT- 
control or TAT-NDRG2 peptides and 100 μM emetine (a protein 
synthesis inhibitor) (73) were simultaneously added to the Ndrg2–/– 
astrocytes, and the cells were harvested at various time intervals.

Coimmunoprecipitation. The cells were incubated with a lysis buffer 
(50 mM Tris-HCl; 150 mM NaCl, 1% Lubrol; 5 mM EDTA; and protease 
inhibitor cocktail) for 30 minutes at 4°C. After centrifugation (13,680 
g, 30 minutes, 4°C), the supernatant was collected and incubated with 
the specific antibodies and protein A/G Sepharose beads (Santa Cruz 
Biotechnology Inc.) overnight at 4°C. The antibody/antigen/Sephar-
ose bead complex was then washed 4 times with a wash buffer (10 mM  
Tris-HCl; 150 mM NaCl; 1 mM EDTA; 1 mM EGTA; 150 mM Triton 
X-100; 0.2 mM sodium orthovanadate; and protease inhibitor mixture). 
Proteins were eluted and separated using SDS-PAGE for immunoblot-
ting. See complete unedited blots in the supplemental material.

Virus infection. Cultured astrocytes were seeded in 6-well plates at 
a density of 1 × 106 cells/well and incubated until they reached approxi-
mately 80% confluence. An adenovirus expressing Na+/K+-ATPase β1 or 
the negative control virus was added to astrocytes with serum-free DMEM 
and incubated for 2 hours. Subsequently, the medium was replaced with 
fresh DMEM supplemented with 10% FBS and astrocytes were incubat-
ed for another 48 hours. Recombinant adenoviruses carrying Na+/K+- 
ATPase β1 and control virus were purchased from Genechem Co.

pass filtered (3 Hz) to analyze power spectral density. EEG spectral power 
was calculated in 0.25-Hz bins using a 4-second Hamming window.

Microdialysis. A microdialysis probe (4-mm guide cannula length, 
0.22-mm membrane outer diameter, 1-mm membrane length, MW 
cutoff 50 kD; Eicom Corp.) was stereotaxically inserted into the mPFC 
(15° angle, 1.75 mm anterior, 0.75 mm lateral from the bregma, and 1.5 
mm ventral to the dura), the hippocampus (2.0 mm posterior, 1.2 mm 
lateral from the bregma, and 1.2 mm ventral to the dura), or the stria-
tum (0.5 mm anterior, 2 mm lateral from bregma, and 4 mm ventral 
from dura) through the cannula guide. Artificial cerebrospinal fluid 
(ACSF) (124 mM NaCl; 4.4 mM KCl; 2 mM CaCl2; 2 mM MgSO4; 25 mM 
NaHCO3; 1 mM KH2PO4; and 10 mM glucose; pH 7.4) was perfused at a 
flow rate of 1 μl/min using a microinjection pump. The interstitial fluid 
in the mouse brains was continuously collected into microvials for 4 
hours after 1 hour at equilibrium, and these microdialysis samples were 
subsequently lyophilized and redissolved in 20 μl of ACSF.

HPLC analysis. The concentrations of glutamate, aspartate, 
GABA, dopamine, norepinephrine, and serotonin in the microdialysis 
samples were analyzed using HPLC (2695 Alliance HPLC, Waters). 
The microdialysis samples were precolumn derivatized with 2,4- 
dinitrofluorobenzene for 30 minutes at 60°C, and then 50 mM potas-
sium dihydrogen phosphate was added to each microdialysis sam-
ple mixture to stop the reaction. The microdialysis sample mixtures 
were then filtered using a 0.22-μm filter. The mobile phase consisted 
of 50% acetonitrile and 40 mM NaH2PO4 (pH 8.0) at a flow rate of 
1.0 ml/min. A UV detector was operated at an absorbance of 360 nm 
to analyze the neurotransmitter concentrations in the microdialysis 
samples. The concentrations were calculated using LCsolution soft-
ware (Waters) based on standard samples (Sigma-Aldrich).

Electrophysiology. After the mice were anesthetized with isoflu-
rane, transverse 400-μm–thick brain slices were obtained. The slices 
were maintained in an incubation solution (1.8 mM KCl; 95 mM NaCl; 
0.5 mM CaCl2; 1.2 mM KH2PO4; 26 mM NaHCO3; 7 mM MgSO4; 50 
mM sucrose; and 15 mM glucose; bubbled with 95% O2, 5% CO2; pH 
7.4) for 2 hours at room temperature. A single slice was then transferred 
to a recording chamber and submerged within bubbled recording 
solution at a flow rate of 3 ml/min at room temperature. The record-
ing solution was identical to the incubation solution, but without Mg2+ 
and sucrose. Whole-cell patch-clamp recordings were obtained with 
glass pipettes, which had a resistance of 2–3 MΩ. The pipettes were 
filled with an internal solution that consisted of the following: 125 mM 
K-gluconate, 1.0 mM CaCl2, 10 mM NaCl, 5 mM EGTA, 2 mM MgCl2, 
19 mM HEPES, and 5 mM Mg-ATP; pH 7.4; and 300 mM mOsm. The 
electrophysiological properties of the recorded neurons were detected 
in voltage-clamp mode using an Axon 700B amplifier (Axon Instru-
ments) and were analyzed with pClamp10.0 data acquisition software 
(Molecular Devices). The signals were low-pass filtered at 5 kHz, sam-
pled at 10 kHz, and analyzed offline. The membrane potential was 
maintained at –70 mV. For the peptide rescue experiments, 20 μM 
TAT-control or TAT-NDRG2(aa 141–160) peptide was added to the 
incubation solution 2 hours before the recordings.

Primary astrocyte cultures. Primary astrocytes were obtained from 
the brains of 1- to 3-day-old mouse pups. The brains were minced 
and trypsinized (0.25% trypsin-EDTA) to produce cell suspensions, 
which were then plated in poly-l-lysine–coated flasks in DMEM sup-
plemented with 10% FBS. The flasks were stored in a humidified 
incubator at 37°C and 5% CO2. The cells were fed with fresh medi-
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in which Ct represents the threshold cycle and β-actin was used as a 
reference gene. Specific primers were used to amplify human NDRG2 
with the forward and reverse primer sequences GAGATATGCTCT-
TAACCACCCG and GCTGCCCAATCCATCCAA, respectively.

For further information, see Supplemental Methods.
Statistics. The data are represented as the median or mean ± 

SEM unless otherwise specified. The statistical analyses were 
determined using a 2-tailed Student’s t test, Wilcoxon rank sum 
test, or 1-way ANOVA followed by the Tukey-Kramer post hoc test 
(GraphPad Prism 6.0 software) unless otherwise specified. For the 
clinical data, 2-tailed Student’s t test and the χ2 test were used to 
calculate age and sex differences, respectively. The associations 
of allele frequencies with ADHD susceptibility were assessed by 
logistic regression after adjusting for sex. Statistically significant 
differences were defined as P < 0.05.

Study approval. The studies in animals were reviewed and 
approved by the Animal Care Committee of Fourth Military Medical 
University. All efforts were made to minimize the number of mice 
used and their suffering. The clinical study protocol was approved 
by the Ethics Committee of Xijing Hospital, Fourth Military Medical 
University (ID: KY20172006-1), and was registered at ClinicalTrials.
gov (ID: NCT03018574). Informed consent was obtained from the 
subjects prior to their participation in the study.
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Peptides. All the peptides in this study were synthesized by the 
Bankpeptide Biological Technology Company. The peptides were 
HPLC purified to 95% purity. All the peptides were stored in powder 
form and were freshly diluted to 20 μM or 10 mg/kg (1 ml/kg) for use in 
cell- or animal-based experiments, respectively. For the in vivo exper-
iments, including behavioral tests, EEG analysis, and microdialysis, 
mice were injected via the subclavian vein with 10 mg/kg TAT-control 
or TAT-NDRG2(aa 141–160) peptide 2 hours before detection.

Subjects and clinical assessments. In this study, 2 independent 
human cohorts were analyzed for the association between the NDRG2 
SNP and ADHD risk. In the first cohort, 152 subjects consisting of 70 
patients with ADHD (53 male and 17 female, mean age 9.3 years) and 
82 controls (62 male and 20 female, mean age 9.0 years) from Chil-
dren’s Hospital of Soochow University were assessed. In the second 
cohort, 161 subjects consisting of 81 patients with ADHD (68 male and 
13 female, mean age 8.4 years) and 80 controls (61 male and 19 female, 
mean age 8.2 years) from Xijing Hospital were assessed. Patients who 
met the clinical Diagnostic and Statistical Manual of Mental Disorders, 
4th edition (DSM-IV) criteria for ADHD were recruited from child 
psychiatry outpatient units. We excluded patients who were currently 
affected by or had a history of other psychiatric or neurological dis-
eases. Children whose IQs were below 70 according to the Wechsler 
Intelligence Scale for Children (WISC-V, http://wiscv.com/) were also 
excluded. The ages and sexes of the patients with ADHD and controls 
were matched to avoid possible study bias (Table 1).

Genotyping of NDRG2 SNPs. Genomic DNA of patients and con-
trols was extracted from peripheral blood using the DNeasy Blood & 
Tissue Kit (QIAGEN). Genotyping was performed using a 3730xl DNA 
Analyzer (Applied Biosystems). The experimenters conducting the 
genotyping were blinded to the sample identities. The 5′ and 3′ flank-
ing regions of the NDRG2 gene were arbitrarily set at 1,000 and 800 
bp, respectively. The SNP details for the NDRG2 gene were retrieved 
from the dbSNP database (http://www.ncbi.nlm.nih.gov/SNP/). The 
genotype distribution of the SNPs in the controls was in accordance 
with Hardy-Weinberg equilibrium.

Luciferase activity. A 1,168-bp sequence containing the promot-
er, exon 1, and exon 2 of the NDRG2 gene carrying the C or T residue 
of rs1998848 was synthesized and subcloned into the pGL3-basic 
reporter vector (Promega). HEK293 cells (2 × 104 cells/well) were 
placed in 96-well plates and cultured in DMEM with 10% FBS over-
night. When the cells reached 75% confluency, they were transfected  
with 0.1 μg of the constructed pGL3 reporter vector and 0.005 μg 
of pHRL (an internal control) using Lipofectamine 2000 (Thermo 
Fisher Scientific) and were incubated in this transfection mixture 
for 48 hours. Luciferase activity was measured using a GLOMAX 
20/20 luminometer (Promega) with a Dual-Luciferase Reporter 
Assay System Kit (Promega).

Real-time PCR. RNA extracted from human peripheral blood cells 
with TRIzol reagent (Invitrogen, Life Technologies) was converted to 
cDNA with the RevertAid First Strand cDNA Synthesis Kit (Fermen-
tas). Real-time PCR analysis was performed using the Applied Bio-
systems Prism 7500 Real-Time PCR Detection System (ABI) and the 
SYBR Premix Ex-Taq II Kit (Takara Bio Inc.) according to the manufac-
turers’ instructions. The PCR reactions (25 μl/tube, in triplicate) were 
first heated at 95°C for 10 seconds for denaturation and then were sub-
jected to 35 cycles of 95°C for 5 seconds and 60°C for 34 seconds. The 
relative gene expression levels were calculated using the 2–ΔΔCt method, 
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