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Genome-wide association studies have implicated the ANK3 locus in
bipolar disorder, a major human psychotic illness. ANK3 encodes
ankyrin-G, which organizes the neuronal axon initial segment (AIS).
We generated a mouse model with conditional disruption of ANK3 in
pyramidal neurons of the adult forebrain (Ank-G cKO). This resulted
in the expected loss of pyramidal neuron AIS voltage-gated sodium
and potassium channels. There was also dramatic loss of markers of
afferent GABAergic cartridge synapses, resembling the cortical micro-
circuitry changes in brains from psychotic patients, and suggesting
disinhibition. Expression of c-fos was increased in cortical pyramidal
neurons, consistent with increased neuronal activity due to disinhibi-
tion. The mice showed robust behavioral phenotypes reminiscent of
aspects of humanmania, ameliorated by antimania drugs lithium and
valproate. Repeated social defeat stress resulted in repeated episodes
of dramatic behavioral changes from hyperactivity to “depression-
like” behavior, suggestive of some aspects of human bipolar disorder.
Overall, we suggest that this Ank-G cKO mouse model recapitulates
some of the core features of human bipolar disorder and indicates
that cortical microcircuitry alterations during adulthood may be in-
volved in pathogenesis. The model may be useful for studying dis-
ease pathophysiology and for developing experimental therapeutics.
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Bipolar disorder and schizophrenia are major psychiatric disor-
ders. Bipolar patients experience both mania, with elevated

mood and activity, and depression (often triggered by stress), with
low mood and activity. Bipolar disorder is often uniquely responsive
to lithium (Li). Many loci have been identified by genome-wide as-
sociation studies (GWASs) for schizophrenia (1). By contrast, fewer
loci with genome-wide significance have been identified for bipolar
disorder (2), with some overlap, suggesting some shared mechanisms.
In a recent large GWAS of bipolar disorder (3), the most

significant signal was detected at the ANK3 locus. This finding
has been replicated in many (if not all) GWASs of bipolar dis-
order (3–5). The ANK3 locus is also found to be associated, to a
lesser extent, with schizophrenia (6, 7).
The ANK3 gene encodes ankyrin-G, a large scaffold protein

highly expressed in neurons in the brain (8). Three main brain-
specific splice variants encode 190, 270, and 480 kDa polypep-
tides. The 480-kDa peptide is the major isoform responsible for
organization of the components of the axon initial segment
(AIS), including the clustering of voltage-gated sodium and po-
tassium channels important for generation of the action potential
(9, 10). The 190-kDa isoform is present at dendritic spines (11,
12). Many of the risk alleles for ANK3 are in the five-prime
upstream region, suggestive of changes of expression (13, 14).
Ankyrin-G protein expression was reduced in pyramidal AISs in

superficial layers of schizophrenia cortex (15). These data sug-
gest that ANK3 risk alleles can cause ankyrin-G loss of function.
In cortex, the AISs of pyramidal neurons are innervated by in-

hibitory synapses from chandelier cells, fast spiking interneurons,
whose synapses form GAT-1 and GAD67 positive cartridge-like
structures around ankyrin-G positive AISs (16). Thus, the AIS is an
important site for cortical microcircuit regulation (9), disruptions of
which may contribute to schizophrenia and bipolar disorder (17).
Both mRNA and protein level of GAT-1 and GAD67 are de-
creased in schizophrenia patients’ postmortem brains (18, 19). It is
difficult to study the effects of decreased ankyrin-G in humans, but
a genetic mouse model might elucidate behavioral and cellular ef-
fects of decreased ankyrin-G expression in the forebrain.
A previous study described viral vector-mediated knockdown

of ankyrin-G in hippocampus and heterozygous deletion of a
brain-specific isoform highly expressed in cerebellum. Both models
yielded intriguing behavioral changes (20), but the behavioral
changes were subtle and only partly reflect bipolar disorder.
In this study, we have generated a mouse model with homo-

zygous deletion of all major isoforms of ankyrin-G in pyramidal
neurons of the adult forebrain. We found a robust behavioral
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phenotype reminiscent of some aspects of human mania. Fur-
thermore, we observed dramatic loss of inhibitory cartridge syn-
apses and elevated c-fos expression in relevant brain regions. The
“manic-like” behaviors were substantially ameliorated by classic
antimania drugs lithium and valproic acid (VPA). After social
defeat stress, there was a switch to “depression-like” behavior,
with alternation between mania-like and depression-like behavior
upon repeated stress. We propose that our genetic mouse model
recapitulates some of the key features of human bipolar disorder.

Materials and Methods
Animals. All experiments were conducted following protocols approved by
the Institutional Animal Care and Use Committee at JHU SOM. Ankyrin-G
floxed mice (Ank3flox/flox) with loxP sites flanking exons 22 and 23 of the
Ank3 gene (21) were crossed with Camk2a-Cre mice (JAX) for forebrain-
specific homozygous deletion of ankyrin-G (Camk2a-Cre; Ank3flox/flox)
(named Ank-G cKO), in which exons 22 and 23 of both alleles of the Ank3
gene were excised. Littermates that did not express Cre were used as con-
trols (Ank3flox/flox). All analysis was performed using mice 3.5–7 mo old.

Western Blots. Western blots were performed essentially as described (10);
details can be found in SI Materials and Methods.

Behavior Tests. Behavioral tests are described in SI Materials and Methods.
Mice were housed by sex with three to four mice/cage. Except for a 24-h open
field test, all behavioral tests were done during the light (sleep) phase of mice.
Major experiments were repeated using more than two cohorts of mice.

Drug Treatment. Lithium and valproate were given via chow food for 3 wk to
achieve therapeutic levels, and behavior tests were carried out the next day
after the end of the drug treatments.
Lithium. Mice were fed with 0.2% lithium carbonate chow (Harlan) for 1 wk
followedby 2wkof 0.4% lithium carbonate chow, supplementedwith a bottle of
saline (22). The serum lithium concentration was 0.825 ± 0.082 mEq/L.
Valproic acid.Mice were fedwith chow containing 1.7% sodium valproic acid for
3 wk. The serum VPA concentration was 52.8 ± 6.9 mg/L.
Methylphenidate. Twenty-five minutes before open field test, mice were
treatedwithmethylphenidate (dissolved in saline) via i.p. injection at 10mg/kg or
30 mg/kg body weight. More details can be found in SI Materials and Methods.

Brain Section Preparation, Immune Labeling, and Image Quantification. Per-
fusion, sectioning and immunolabeling were performed using standard
techniques described in SI Materials and Methods. Antibodies are listed in
Table S1. Immunofluorescence images were acquired using confocal mi-
croscopy; see SI Materials and Methods. In each experiment, we used four to
six mice per group and two to seven sections per mouse for quantification
and statistical analysis.

Social Defeat Stress. Mice were repeatedly stressed for 14 d using standard
protocols (23) as described in SI Materials and Methods. Behavioral tests and
adrenal gland weighing were done within 1 wk after stress.

Statistical Analysis. Statistical analyses were performed using SigmaStat
(Systat Software, Inc.) and Statistica 7 (StatSoft, Inc.); see SI Materials
and Methods.

Results
Generation of Forebrain-Specific Ankyrin-G KO Mice. We generated
a conditional Ank3 KO mouse (Ank-G cKO) with homozygous
loss of ankyrin-G expression in forebrain (e.g., cortex, hippo-
campus, and striatum) pyramidal neurons starting from adoles-
cence. Mice were studied at 3 mo of age or older, when there
were consistent changes in ankyrin-G expression and behavior.
Using immunofluorescent labeling, we found that more than
60% of neurons in the cortex lost ankyrin-G at AISs (Fig. 1A and
Fig. S1). Ankyrin-G expression was lost in at least 70% of py-
ramidal neurons marked by CaMKII(+) labeling (Fig. S1 F and
G), but not in parvalbumin(+) fast spiking interneurons (Fig. S1
J and K). Western blots demonstrated a decrease of all three
major isoforms of ankyrin-G expression (190, 270, and 480 kDa)
in forebrain regions (cortex and hippocampus) of Ank-G cKO
mice (Fig. S2).

Ank-G cKO Mouse Cortical Pyramidal Neurons Lose Ion Channel
Expression at the AIS and Show Dramatic Decrease of Markers of
GABAergic Cartridge Synapses. In Ank-G cKO mouse forebrain
(including cortex and hippocampus), we found a substantial loss
of sodium and potassium channels at AISs (Fig. S3 E and F),
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Fig. 1. Genetic deletion of ankyrin-G in AISs of pyramidal neurons of mouse
forebrain, and alteration of presynaptic GABA markers. (A) Confocal images of
mousemotor cortex immunolabeledwith anti–ankyrin-G antibody showing loss of
ankyrin-G at AIS in Ank-G cKO mouse. (Scale bar: 100 μm.) (B) Confocal images
ofmouse piriform cortex labeledwith anti–ankyrin-G (green) and anti–GAT-1 (red)
antibodies in wild-type (Top) and Ank-G cKO (Bottom) mice. (Scale bars: 30 μm.)
The nuclei are labeledwith DAPI (blue). (C–F) Quantification of ankyrin-G (C and E)
and GAT-1 (D and F) at AIS in mouse piriform cortex (C and D) and cingulate
cortex (E and F). Bar graphs represent mean ± SEM; ***P < 0.001, Student t test.
The number of animals per group is indicated at the bottom of each bar graph.
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consistent with prior primary results (10, 24). In cortex, chandelier
inhibitory neurons normally form synapses in cartridge-like
structures innervating pyramidal neuron AISs (16). Cartridge-
like structures in mouse are most evident in the piriform cortex,
as shown by labeling with anti-GAD67 and anti–GAT-1 antibodies
(25); the GAT-1 cartridges are also present in cingulate cortex
(26). We examined GAT-1–labeled cartridges in piriform and
cingulate cortex, and GAD67-labeled cartridges in piriform cortex.
Fig. S3B shows an example of GAD67-labeled cartridges pre-
synaptic to ankyrin-G AIS in the piriform cortex. In piriform
cortex of cKO mice, there was a dramatic reduction in the number
of GAT-1 (Fig. 1 B and D) and GAD67 positive (Fig. S2 B and C)
cartridge synaptic markers. We also observed significantly de-
creased GAT-1 cartridges in cingulate cortex—a brain region
involved in emotion processing (Fig. 1 E and F). Ankyrin-G
expression is also greatly reduced in these brain regions (Fig. 1
B, C, and E and Fig. S3 B and C).

Ank-G cKO Mice Display Mania-Like Behaviors. Overall, male and
female mice show very similar behavioral phenotypes; therefore,
unless mentioned, all of the behavioral results shown in Fig. 2 are
from male mice, in comparison with littermate controls.

We did not observe any differences between Ank-G cKOs and
their littermate controls in appearance, grooming behavior, or body
weight gain, up to at least 7 mo of age. However, Ank-G cKO mice
were hyperactive in a 50-min open field test (Fig. 2A and Fig. S4A).
In a 24-h open field test (lights on at 9 AM, off at 9 AM), cKOmice
showed dramatic hyperactivity during the dark between 9 AM and 9
AM, the “active” period for mice (Fig. 2B and Fig. S4D), which
continued for several additional hours after entering the light or
“inactive” period. In both tests, the Ank-G cKO mice also spent
significantly more time exploring the center zone of the box than
control (Fig. S4 B, C, E, and F), implying elevated exploratory
behavior and decreased “anxiety.” The hyperactivity is not caused
by novel environment, because in a 3-d open field test, cKO mice,
after habituation on the first day, continued being hyperactive on
second and third days (Fig. S4 P and Q).
To further examine the anxiety and exploratory phenotype, we

assessed behavior in the elevated plus maze (EPM) and light/dark
box tests. In the elevated plus maze, the percentages of time and
distance Ank-G cKO mice spent/traveled in the open arm were
about threefold higher than those of control mice (Fig. 2C and
Fig. S4G). In the light/dark box test, Ank-G cKO mice remained
in the lit compartment significantly longer than controls (Fig. 2D).
cKO mice traveled longer distances and at a faster speed in the
elevated plus maze test and displayed a greater number of tran-
sitions between the two boxes in the light/dark box test (Fig. S4H–
J). Thus, Ank-G cKO mice displayed increased exploratory and
reduced anxiety-like behaviors compared with littermate controls.
To evaluate depression-like behavior, we performed the tail sus-

pension test and forced swim test (FST). In both tests, the time mice
spent immobile was shorter in cKO mice compared with controls
(Fig. 2 E and F), indicating decreased depression-like behavior.
Cognitive decline is one of the core features of patients with

schizophrenia, and may be present, but is usually less prominent,
in bipolar disorder (27). We performed Y maze tests (spatial
learning and memory), and 1-h and 24-h novel object recognition
tests (short- and long-term visual memory). Ank-G cKO mice
showed some deficit in Y maze, but not in the novel object
recognition test (Fig. S4 K–O).
Prepulse inhibition (PPI) is a standard measure of sensorimotor

gating. PPI deficit is thought to be characteristic of schizophrenia,
but less consistently observed in bipolar patients (28). Animal
models of schizophrenia typically show deficits in PPI (29). Ank-G
cKOmice demonstrated no obvious deficit in PPI (Fig. S5 A and B).
Hyperactivity is also seen with attention deficit hyperactivity

disorder (ADHD) (30). Methylphenidate is used to decrease ADHD
patients’ hyperactivity, but it increases the activity of individuals
without ADHD (30). Methylphenidate at two different doses made
cKO mice even more active (Fig. S5 C–F), unlike what would be
expected in a mouse model of ADHD.

Mania-Like Behavior in the Ank-G cKO Mice Is Reversed with Clinically
Effective Antimania Drugs. We tested whether Li and VPA, drugs
effective for human mania, altered the behaviors, such as hyper-
activity (open field) or elevated exploration/decreased anxiety
(elevated plus maze) of Ank-G cKO animals. We fed mice with
chow containing Li2CO3 chronically, achieving blood lithium con-
centration within the human therapeutic range. Lithium had little
effect on the behavior of control mice in the open field test, but
reduced Ank-G cKO mice locomotor activity to levels comparable
to that of control (Fig. 2G and Fig. S5G). The central activity of
Ank-G cKO mice was also decreased upon lithium treatment (Fig.
S5 H and I). We also fed mice with VPA containing chow chroni-
cally. The open field test showed that the effects of VPA on control
and cKO mice are similar to lithium (Fig. 2H and Fig. S5 J–L). In
the elevated plus maze test, VPA significantly reduced the elevated
exploratory behavior of cKO mice to the level comparable to con-
trol, with little effect on control mice (Fig. S5 M–P).

Ank-G cKO Mice Pyramidal Neurons Exhibit Increased c-fos Expression.
We reasoned that the increased locomotor activity of Ank-G cKO
mice might involve increased neuronal activity of pyramidal neurons
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Fig. 2. Behavioral characterization and drug rescue. (A and B) Open field test
for locomotor activity: (A) 50 min and (B) 24 h. Number of infrared beam
breaks every 5 min (A) or every hour (B). Shaded area in B indicates the typical
active time of control mice (9 PM–9 AM). Two-way repeated measurement of
ANOVA followed by post hoc t test are shown. (C–F) Tests for anxiety and
depression-like behavior. (C) Elevated plus maze: percent of time mice spend
in the open arm during 6 min. (D) Light/dark box: the time(s) that mice spent
in light box. (E and F) The total immobile time(s) of mice in tail suspension
test (E) and forced swim test (F). Bar graphs represent mean ± SEM; ***P <
0.001, **P < 0.01, Student t test. (G and H) Open field test of lithium-treated
(G) and VPA-treated (H) mice. Number of infrared beam breaks every 5 min.
Li: Mice were fed with 0.2% lithium carbonate chow for 1 wk, followed by
0.4% for 2 wk. VPA: 1.7% sodium valproate chow for 3 wk. Factorial re-
peated measurement of ANOVA followed by post hoc t test are shown. We
detected significant gene × drug interactions in G [F(1, 44) = 20.77, P < 0.001]
and H [F(1, 41) = 10.90, P = 0.002]. The number of animals per group is in-
dicated in figure legend or at the bottom of each bar graph.
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in the motor cortex, and the elevated emotion-related behavior
(altered anxiety, exploration, and depression-like behavior) might
involve altered activity in the cingulate cortex. To test this hypoth-
esis, we placed control or Ank-G cKOmice into an activity chamber
for 25 min and compared the expression of c-fos, a marker for
neuronal activity, between Ank-G cKO and control mice. We also
assessed c-fos in posterior piriform cortex, where GABA synapse
loss was detected in Ank-G cKO mice.
We first examined c-fos expression via 3,3′-diaminobenzidine

(DAB) labeling (Fig. 3A). We chose the retrosplenial dysgranular
cortex (RSD), medial parietal association cortex (MPtA), and lat-
eral parietal association cortex (LPtA) together labeled as RS/PTA,
and the anterior piriform cortex (where ankyrin-G levels were not
changed) as comparison regions. As shown in Fig. 3 B–E, compared
with control, cKO mice had significantly increased c-fos labeling,
in motor, cingulate (B and C) [compared with comparison region
RS/PTA (D and E) on posterior section] and posterior piriform
cortex (D and E) [compared with anterior piriform cortex (B and
C)], but not in comparison regions. We further divided motor
cortex into layers I–III (intracortical association) and layer V and VI
(projection) (B and C). Both regions showed elevated c-fos activity
in Ank-G cKO mice compared with controls. We further examined
cell types with increased c-fos expression and found the elevated
c-fos expression was only present in CaMKII positive excitatory
pyramidal neurons, not in parvalbumin positive inhibitory neurons
(Fig. S6 B and D). The overall number of CaMKII positive and
parvalbumin positive neurons remained the same between control
and cKO mice (Fig. S6 E and F).

Social Defeat Stress Induces Depressive-Like Behaviors in Ank-G cKO
Mice. The hallmark of bipolar disorder in human is the presence
of episodes of both mania and depression, and stress is known to
precipitate depression (31). Prior studies in rodents have demon-
strated that exposure to social defeat stress results in depression-like
behavior (32). After 14 d of chronic social defeat stress (23, 32),
Ank-G cKO mice displayed significantly reduced motor activity in
open field test (Fig. 4A and Fig. S7A) and decreased exploratory
behavior in EPM (Fig. 4B). Both measures were reduced to levels
comparable to those of socially defeated control mice, which is
lower than nonstressed control. Similarly, in the FST for depression-
like behavior, after stress, Ank-G KO mice displayed a large in-
crease in immobile time vs. a relatively small increase for controls
(Fig. 4C). Ank-G cKO mice were more susceptible to stress than
control: the gene × stress interactions are significant in open field
and EPM tests. Upon stress, there are greater fold changes for
cKO than control [EPM (B): 9.8-fold vs. 2.7-fold]. In addition,
Ank-G cKO mice exhibited submissive behavior and adrenal
hypertrophy after social defeat stress, indistinguishable from
stressed control mice (Fig. S7B).
When allowed to recover and then reexposed to social defeat

stress, cKO mice but not controls, first returned to the hyper-
activity, and then again displayed hypoactivity, as indicated by
total activity in the open field test (Fig. 4D). Elevated plus maze
or forced swim test cannot be readily repeated in the same mice;
however, open field central activity also showed switching be-
tween mania-like and depression-like behavior (Fig. 4E).
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Fig. 3. Ank-G cKO mice displayed elevated c-fos labeling, indicating in-
creased cortical neuronal activity. (A) Representative pictures of the DAB
labeling on mouse motor cortex with anti–c-fos antibody. (Left) Control;
(Right) Ank-G cKO. (Scale bar: 100 μm.) (B and C) Schematic illustration and
quantification of c-fos expression at indicated brain regions in anterior
cortex (Bregma 1.42 mm) of Ank-G cKO and control mice. Brain regions used
for quantification are highlighted in B, including motor, cingulate, and
piriform cortex. Motor cortex is further divided into layers I–III, and layers V
and VI for quantification. (D and E) Schematic illustration and quantification
of c-fos expression in posterior cortex (Bregma −2.06 mm). Brain regions
used for quantification are highlighted in D, including RS/PTA and piriform
cortex. RS/PTA is the region comparable to anterior motor + cingulate cor-
tex, i.e., retrosplenial cortex (RS) and parietal association cortex (PTA). Bar
graphs represent mean ± SEM; **P < 0.01, *P < 0.05, Student t test. The
number of animals in each group is indicated in parentheses.
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Fig. 4. Ank-G cKO mice displayed depression-like behavior upon chronic
social defeat stress. (A) Thirty-minute open field test. Distance traveled (in
centimeters) every 5 min. Factorial repeated measurement of ANOVA fol-
lowed by Tukey post hoc t test. (B) The time(s) mice spent in open arm of the
elevated plus maze. (C) The immobile time(s) of mice in forced swim test.
Two-way ANOVA followed by Tukey post hoc t test. Bar graphs represent
mean ± SEM; ***P < 0.001, *P < 0.05, compared with nonstressed control or
cKO. (D and E) Thirty-minute open field test throughout two rounds of social
defeat stress. Total distance traveled (in centimeters) in the whole box area
(D) or in central area (E) alone at different time point. Each time point was
compared with baseline using Student t test. ***P < 0.001. The number of
animals in each group is indicated in parentheses. We detected significant
gene × environment interactions in A [F(1, 32) = 12.14, P = 0.0015] and B [F(1, 33) =
42.67, P < 0.001] but not C [F(1, 33) = 0.51, P = 0.480].
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Discussion
Although there have been many attempts to develop genetic
mouse models of schizophrenia (33), there have been relatively
few reports of genetic mouse models of bipolar disorder, espe-
cially based on loci with replicated genome-wide significance in
human genetic studies (34). In our conditional KO mouse model
with forebrain deletion of ankyrin-G, we found behavioral
changes reminiscent of aspects of human bipolar disorder and
synaptic and cellular changes correlating with the behavior
changes, although we appreciate that translation from mouse
model to human disease must be done with caution.
Some of previous attempts to develop genetic models of bipolar

disorder in mice have used other loci, such as CLOCK, DAT-1,
NCAN, or SHANK3 (35–38). Many of these mouse models dis-
played behavioral hyperactivity or other features resembling patients
with bipolar disorder. However, none of these genes (exceptNCAN)
show genome-wide association with bipolar disorder. Further-
more, several of these mouse models have phenotypic limitations:
SHANK3-overexpression mice had seizures and failed to respond to
lithium, atypical for human bipolar disorder; the Ncan KO mice
were not reported to have features related to depression (and there
was no cellular and molecular characterization);DAT-1 homozygous
KO mice had decreased activity in response to methylphenidate;
and heterozygous mice had mania-like behavior, but responsive
predominantly to valproate, but less to lithium (39).
The previous study using viral vector-mediated knockdown of

ankyrin-G in the hippocampus yielded intriguing behavioral
changes, especially impulsive behaviors, with some increase in
locomotor activity (20). However, compared with genetic mod-
els, viral injection has practical limitations. Genetic deletion of
Ank3 exon 1b, a brain-specific isoform highly expressed in cer-
ebellum (40) was also reported. Homozygous knockouts were
ataxic, so heterozygotes were used for behavioral studies and
showed relatively subtle changes with no locomotor hyperactiv-
ity. Thus, while this was a pioneering study, it did not provide a
robust genetic model of bipolar disorder (20).
Our model involves substantial loss of ankyrin-G protein ex-

pression. By contrast, decreases of ankyrin-G in human post-
mortem brain in psychiatric disorders are relatively small (15).
Moreover, mouse models of other neuropsychiatric disorders
such as Huntington’s disease or Parkinson’s disease often use
more severe genetic changes than seen in humans to achieve
robust changes within the lifetime of mice (33), and our strategy
is consistent with this experience.
Although the CaMKII-Cre driver expresses Cre at a relatively late

developmental stage, we still found striking cellular and behavioral
changes in Ank-G cKO mice. This suggests altered gene expression
in adulthood can cause synaptic changes with consequent behavioral
alterations and raises the possibility that some changes in human
psychiatric disorders could also be due to synaptic changes in adult-
hood. The timing of the deletion of ankyrin-G may influence the
nature of the behavioral phenotype. Schizophrenia has been more
strongly related to developmental alterations than bipolar disorder
(41). We might hypothesize that schizophrenia-like features would
result from earlier loss of ankyrin-G expression in mice, while bipolar-
like features might result from later loss of expression. A human
patient with a deletion in ankyrin-G had a severe developmental
phenotype with mental retardation (42), possibly reflecting change in
expression in the entire brain throughout development.
At baseline, the Ank-G cKO mice exhibit striking hyperactivity,

one of the core features of human mania, and a translatable phe-
notype which can be assessed in comparable ways in human patients
and in mouse models (43–46). There was also increased explor-
atory behavior, decreased anxiety-like behavior, and decreased
depression-like behavior, all comparable to behaviors characteristic
of human mania. Patients with ADHD also have hyperactivity,
paradoxically ameliorated by methylphenidate (30). By contrast,
Ank-G cKOmice displayed increased activity with methylphenidate
injection (at 10 or 30 mg/kg). The drug × gene × time interactions
are significant, indicating cKO mice may bear different sensitivity to
methylphenidate from control, although the key point is that there

were increases overall, not decreases. We did not detect severe
deficits in cognitive tests, and cognition is generally reported to be
more severely altered in schizophrenia than bipolar disorder (27,
47). Future studies could include more sensitive and sophisticated
cognitive function tests. Sensory-motor gating as tested by PPI,
strongly associated with schizophrenia but less consistently observed
in bipolar patients (28, 48), was normal in cKO mice. There was
dramatic response of key behaviors to lithium and VPA, the classic
drugs for human mania. Thus, although it is important to be cau-
tious when interpreting mouse behaviors in the context of human
psychiatric disorders, especially given the overlap in etiology and
phenotypes of bipolar disorder and schizophrenia (49), our results
support the view that this mouse model displays a phenotype re-
lated more to bipolar disorder than to schizophrenia or ADHD.
Consistent with behavioral hyperactivity, there was increased

c-fos, suggesting increased neuronal activity. Like the loss of
ankyrin-G, the increase of c-fos label was present in pyramidal
neurons, not interneurons. It is most likely that the neurons with
increased c-fos are the same neurons with decreased Ank-G;
however, we cannot exclude the possibility that circuit-based
changes cause increased firing of a few remaining pyramidal neu-
rons without loss of Ank-G to cause the behavioral hyperactivity.
The brain regions with increased c-fos labeling correspond with
changed functional activity: increased c-fos labeling in the motor
and cingulate cortex could correlate, respectively, with elevated
locomotor activity and altered emotion-related behavior.
The increased pyramidal cell activity likely reflects a combination

of changes in intrinsic properties caused by changes in sodium/
potassium channels at the AIS and circuit changes caused by loss of
GABA inhibition at the AIS, presumably with the circuit changes
predominating. There is loss of the GABA synthesizing enzyme
GAD67 as well as the transporter GAT-1 in inhibitory presynaptic
cartridge synapses. Thus, GABA signaling from chandelier synapses
to the AIS is expected to be decreased. Disruption of local in-
hibitory cortical circuitry is emerging as a central mechanism for
schizophrenia (50), with decreased cartridges on cortical pyramidal
neurons in postmortem brain studies (18). Decreased inhibitory
connections have also been reported for bipolar disorder (19).
When quantifying cartridges, we chose piriform and cingulate
cortex because unlike humans, who have clear cartridge synapses
throughout the cortex, mice have the clearest and most distinctive
cartridge synapses in piriform cortex, and to a lesser extent in
cingulate cortex (26). Our findings are consistent with the concept
of alterations of inhibitory synapses in bipolar disorder.
Multiple genetic risk factors including ANK3 may converge

into a few pathophysiological pathways in bipolar disorder, in-
cluding GABA transmission (51). Recent findings implicate
ankyrin-G in AMPA glutamate receptor–excitatory synapse
structure and function, as well as in GABA synapses onto the cell
body (12, 52). Future research may be designed to determine the
contribution of these different aspects.
The Ank-G cKO mice do not undergo spontaneous cycling be-

tween mania-like and depression-like features. However, regular
and spontaneous cycling is not a common phenotype in bipolar
patients, who often have irregular episodes, including depression
triggered by stress. The social defeat stress model is a well-accepted
mouse model of human depression (32), and the Ank-G cKO mice
showed increased susceptibility compared with controls. We thus
suggest that our model represents a robust demonstration of both
poles of behavior in a genetic mouse model of bipolar illness based
on a gene with genome-wide significance in human genetic studies.
Nevertheless, there are limitations to our study. Mouse behav-

ioral changes can only be imperfectly compared with human be-
havior. Most of the behavioral tests (except the 3D open field
recording, which indicated even more robust changes in dark pha-
ses) were done only during day time. Studies were not powered to
detect sex differences or sex × gene interactions. The human vari-
ation in ANK3 may also change splicing or regional brain expres-
sion in ways not modeled in the current study (7, 11, 13, 14, 53).
In conclusion, we found that Ank-G cKO mice displayed

striking behavioral hyperactivity and alterations of emotion-related
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behaviors, with only mild changes in cognition, and no significant
change in sensory-motor gating, suggesting a resemblance to hu-
man mania. The behavioral changes were substantially ameliorated
by drugs specific for human mania. With social defeat stress, the
mice switched to characteristic signs of depression-like behavior,
and showed alternation between mania-like and depression-like
behavior with repeated social defeat stress. Changes in GABA
synapses may underlie some of the behavioral alterations and may
represent synaptic plasticity during adulthood, contributing to the
behavioral phenotypes. We propose these Ank-G cKO mice as a
genetic mouse model of aspects of human bipolar affective disor-
der based on a locus with genome-wide significance for the human

disorder. The model may be useful for studying pathophysiology
and for the development of experimental therapeutics.

ACKNOWLEDGMENTS.We thank Vann Bennett (Duke University) for ankyrin-G
floxed mice and helpful discussions; Edward Cooper (Baylor University) for
antibodies; and Alex Kolodkin, Solange Brown, Juhyun Kim, Tim Moran, Russell
Margolis, Jeff Nye, Eric Schaeffer, and Anthony Harrington for helpful discus-
sions. Confocal imaging was done at the JHU SOM Microscope Facility. Funding
for this work was provided by Johnson and Johnson/Janssen Pharmaceuticals
Translational Innovation Fellowship Awards via JHU Brain Sciences Institute (to
S.Z. and C.A.R.); Intramural Research Program of the National Institute of Mental
Health/NIH (to D.-M.C.); Michigan Predoctoral Training in Genetics (T32GM007544)
(to A.D.N.); Heinz C. Prechter Bipolar Research program; and Richard Tam
Foundation, University of Michigan Depression Center (P.M.J.).

1. Schizophrenia Working Group of the Psychiatric Genomics Consortium (2014) Bi-
ological insights from 108 schizophrenia-associated genetic loci. Nature 511:421–427.

2. Craddock N, Sklar P (2013) Genetics of bipolar disorder. Lancet 381:1654–1662.
3. Mühleisen TW, et al. (2014) Genome-wide association study reveals two new risk loci

for bipolar disorder. Nat Commun 5:3339.
4. Chen DT, et al.; BiGS (2013) Genome-wide association study meta-analysis of Euro-

pean and Asian-ancestry samples identifies three novel loci associated with bipolar
disorder. Mol Psychiatry 18:195–205, and erratum (2013) 18:264–266.

5. Ferreira MAR, et al.; Wellcome Trust Case Control Consortium (2008) Collaborative
genome-wide association analysis supports a role for ANK3 and CACNA1C in bipolar
disorder. Nat Genet 40:1056–1058.

6. Yuan A, et al. (2012) ANK3 as a risk gene for schizophrenia: New data in Han Chinese
and meta analysis. Am J Med Genet B Neuropsychiatr Genet 159B:997–1005.

7. Roussos P, et al. (2012) Molecular and genetic evidence for abnormalities in the nodes
of Ranvier in schizophrenia. Arch Gen Psychiatry 69:7–15.

8. Kordeli E, Lambert S, Bennett V (1995) AnkyrinG. A new ankyrin gene with neural-
specific isoforms localized at the axonal initial segment and node of Ranvier. J Biol
Chem 270:2352–2359.

9. Bender KJ, Trussell LO (2012) The physiology of the axon initial segment. Annu Rev
Neurosci 35:249–265.

10. Jenkins PM, et al. (2015) Giant ankyrin-G: A critical innovation in vertebrate evolution
of fast and integrated neuronal signaling. Proc Natl Acad Sci USA 112:957–964.

11. Nelson AD, Jenkins PM (2016) The splice is right: ANK3 and the control of cortical
circuits. Biol Psychiatry 80:263–265.

12. Smith KR, et al. (2014) Psychiatric risk factor ANK3/ankyrin-G nanodomains regulate
the structure and function of glutamatergic synapses. Neuron 84:399–415.

13. Quinn EM, et al. (2010) Evidence for cis-acting regulation of ANK3 and CACNA1C
gene expression. Bipolar Disord 12:440–445.

14. Rueckert EH, et al. (2013) Cis-acting regulation of brain-specific ANK3 gene expression
by a genetic variant associated with bipolar disorder. Mol Psychiatry 18:922–929.

15. Cruz DA, Weaver CL, Lovallo EM, Melchitzky DS, Lewis DA (2009) Selective alterations
in postsynaptic markers of chandelier cell inputs to cortical pyramidal neurons in
subjects with schizophrenia. Neuropsychopharmacology 34:2112–2124.

16. Howard A, Tamas G, Soltesz I (2005) Lighting the chandelier: New vistas for axo-
axonic cells. Trends Neurosci 28:310–316.

17. Lewis DA, Sweet RA (2009) Schizophrenia from a neural circuitry perspective: Ad-
vancing toward rational pharmacological therapies. J Clin Invest 119:706–716.

18. Volk DW, Lewis DA (2002) Impaired prefrontal inhibition in schizophrenia: Relevance
for cognitive dysfunction. Physiol Behav 77:501–505.

19. Guidotti A, et al. (2000) Decrease in reelin and glutamic acid decarboxylase67
(GAD67) expression in schizophrenia and bipolar disorder: A postmortem brain study.
Arch Gen Psychiatry 57:1061–1069, and erratum (2002) 59:12.

20. Leussis MP, et al. (2013) The ANK3 bipolar disorder gene regulates psychiatric-related
behaviors that are modulated by lithium and stress. Biol Psychiatry 73:683–690.

21. Jenkins PM, et al. (2013) E-cadherin polarity is determined by a multifunction motif
mediating lateral membrane retention through ankyrin-G and apical-lateral trans-
cytosis through clathrin. J Biol Chem 288:14018–14031.

22. O’Brien WT, et al. (2004) Glycogen synthase kinase-3beta haploinsufficiency mimics
the behavioral and molecular effects of lithium. J Neurosci 24:6791–6798.

23. Golden SA, Covington HE, 3rd, Berton O, Russo SJ (2011) A standardized protocol for
repeated social defeat stress in mice. Nat Protoc 6:1183–1191.

24. Hedstrom KL, et al. (2007) Neurofascin assembles a specialized extracellular matrix at
the axon initial segment. J Cell Biol 178:875–886.

25. Wang X, Sun QQ (2012) Characterization of axo-axonic synapses in the piriform cortex
of Mus musculus. J Comp Neurol 520:832–847.

26. Inda MC, DeFelipe J, Muñoz A (2009) Morphology and distribution of chandelier cell
axon terminals in the mouse cerebral cortex and claustroamygdaloid complex. Cereb
Cortex 19:41–54.

27. Bora E (2016) Differences in cognitive impairment between schizophrenia and bipolar
disorder: Considering the role of heterogeneity. Psychiatry Clin Neurosci 70:424–433.

28. Kohl S, Heekeren K, Klosterkötter J, Kuhn J (2013) Prepulse inhibition in psychiatric
disorders: Apart from schizophrenia. J Psychiatr Res 47:445–452.

29. Powell SB, Weber M, Geyer MA (2012) Genetic models of sensorimotor gating: Rel-
evance to neuropsychiatric disorders. Curr Top Behav Neurosci 12:251–318.

30. Lakhan SE, Kirchgessner A (2012) Prescription stimulants in individuals with and
without attention deficit hyperactivity disorder: Misuse, cognitive impact, and ad-
verse effects. Brain Behav 2:661–677.

31. Lex C, Bäzner E, Meyer TD (2017) Does stress play a significant role in bipolar disor-
der? A meta-analysis. J Affect Disord 208:298–308.

32. Kudryavtseva NN, Bakshtanovskaya IV, Koryakina LA (1991) Social model of de-
pression in mice of C57BL/6J strain. Pharmacol Biochem Behav 38:315–320.

33. Ross CA, Pletnikov MV (2013) Mouse models of schizophrenia and bipolar disorder.
Neurobiology of Mental Illness, eds Charney DS, Buxbaum JD, Sklar P, Nestler EJ
(Oxford Univ Press, Oxford), pp 287–300.

34. Logan RW, McClung CA (2016) Animal models of bipolar mania: The past, present and
future. Neuroscience 321:163–188.

35. Han K, et al. (2013) SHANK3 overexpression causes manic-like behaviour with unique
pharmacogenetic properties. Nature 503:72–77.

36. Miró X, et al. (2012) Studies in humans and mice implicate neurocan in the etiology of
mania. Am J Psychiatry 169:982–990.

37. Roybal K, et al. (2007) Mania-like behavior induced by disruption of CLOCK. Proc Natl
Acad Sci USA 104:6406–6411.

38. Zhuang X, et al. (2001) Hyperactivity and impaired response habituation in hyper-
dopaminergic mice. Proc Natl Acad Sci USA 98:1982–1987.

39. Ralph-Williams RJ, Paulus MP, Zhuang X, Hen R, Geyer MA (2003) Valproate atten-
uates hyperactive and perseverative behaviors in mutant mice with a dysregulated
dopamine system. Biol Psychiatry 53:352–359.

40. Zhou D, et al. (1998) AnkyrinG is required for clustering of voltage-gated Na channels
at axon initial segments and for normal action potential firing. J Cell Biol 143:
1295–1304.

41. Owen MJ, O’Donovan MC, Thapar A, Craddock N (2011) Neurodevelopmental hy-
pothesis of schizophrenia. Br J Psychiatry 198:173–175.

42. Iqbal Z, et al. (2013) Homozygous and heterozygous disruptions of ANK3: At the cross-
roads of neurodevelopmental and psychiatric disorders. Hum Mol Genet 22:1960–1970.

43. Cheniaux E, et al. (2014) Increased energy/activity, not mood changes, is the core
feature of mania. J Affect Disord 152–154:256–261.

44. Henry BL, et al. (2010) Cross-species assessments of motor and exploratory behavior
related to bipolar disorder. Neurosci Biobehav Rev 34:1296–1306.

45. Perry W, et al. (2010) Quantifying over-activity in bipolar and schizophrenia patients
in a human open field paradigm. Psychiatry Res 178:84–91.

46. Scott J, et al. (2017) Activation in bipolar disorders: A systematic review. JAMA
Psychiatry 74:189–196.

47. Burdick KE, et al. (2014) Empirical evidence for discrete neurocognitive subgroups in
bipolar disorder: Clinical implications. Psychol Med 44:3083–3096.

48. Perry W, Minassian A, Feifel D, Braff DL (2001) Sensorimotor gating deficits in bipolar
disorder patients with acute psychotic mania. Biol Psychiatry 50:418–424.

49. Potash JB, Bienvenu OJ (2009) Neuropsychiatric disorders: Shared genetics of bipolar
disorder and schizophrenia. Nat Rev Neurol 5:299–300.

50. Lewis DA (2011) The chandelier neuron in schizophrenia. Dev Neurobiol 71:118–127.
51. Ament SA, et al.; Bipolar Genome Study (2015) Rare variants in neuronal excitability

genes influence risk for bipolar disorder. Proc Natl Acad Sci USA 112:3576–3581.
52. Tseng WC, Jenkins PM, Tanaka M, Mooney R, Bennett V (2015) Giant ankyrin-G sta-

bilizes somatodendritic GABAergic synapses through opposing endocytosis of GABAA
receptors. Proc Natl Acad Sci USA 112:1214–1219.

53. Hughes T, et al. (2016) A loss-of-function variant in a minor isoform of ANK3 protects
against bipolar disorder and schizophrenia. Biol Psychiatry 80:323–330.

54. Tsien JZ, et al. (1996) Subregion- and cell type-restricted gene knockout in mouse
brain. Cell 87:1317–1326.

55. Madisen L, et al. (2010) A robust and high-throughput Cre reporting and character-
ization system for the whole mouse brain. Nat Neurosci 13:133–140.

56. Ayhan Y, et al. (2011) Differential effects of prenatal and postnatal expressions of
mutant human DISC1 on neurobehavioral phenotypes in transgenic mice: Evidence for
neurodevelopmental origin of major psychiatric disorders. Mol Psychiatry 16:293–306.

57. Pletnikov MV, et al. (2008) Inducible expression of mutant human DISC1 in mice is
associated with brain and behavioral abnormalities reminiscent of schizophrenia.Mol
Psychiatry 13:173–186, 115.

58. Chiu CT, Liu G, Leeds P, Chuang DM (2011) Combined treatment with the mood
stabilizers lithium and valproate produces multiple beneficial effects in transgenic
mouse models of Huntington’s disease. Neuropsychopharmacology 36:2406–2421.

59. Gainetdinov RR, et al. (1999) Role of serotonin in the paradoxical calming effect of
psychostimulants on hyperactivity. Science 283:397–401.

60. Kizhatil K, et al. (2007) Ankyrin-G and beta2-spectrin collaborate in biogenesis of
lateral membrane of human bronchial epithelial cells. J Biol Chem 282:2029–2037.

6 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1700689114 Zhu et al.

www.pnas.org/cgi/doi/10.1073/pnas.1700689114


Supporting Information
Zhu et al. 10.1073/pnas.1700689114
SI Text
Generation of Ank-G cKO KOMouse.This was done by crossing Ank3
flox mice (Ank3flox/flox) (the loxP sites flank exon 22 and 23) (21)
with Camk2a-Cre mice. Exon 22 and 23 are present in all of the
major isoforms of ankyrin-G in mouse brain; therefore, Cre-
mediated recombination causes loss of expression of all major
ankyrin-G isoforms. The CaMKII-Cre line expresses Cre in
forebrain (cortex, hippocampus, striatum, etc.) pyramidal neu-
rons beginning at postnatal day 19 in hippocampus (54) and by
day 56 in all forebrain regions (55). Therefore, the ankyrin-G
expression is down-regulated in mouse forebrain regions starting
at late adolescence stage. We used mouse 3 mo or older in all of
the experiments because 2-mo-old mice did not show significant
difference from control in open field test (data not shown).

Cognition Tests on Ank-G cKO Mice. Cognitive decline is one of the
core features of patients with schizophrenia and may be present,
but is usually less prominent, in bipolar disorder (27). As one
index of cognitive function of cKO mice, we performed Y maze
tests (which measure spatial learning and memory). cKO mice
showed a relatively mild spatial working memory deficit and had
less percentage of accurate alternation in the 5-min exploration
test (Fig. S4K). In the 1-h and 24-h novel object recognition tests
(which measure short-term and long-term visual memory),
Ank-G cKO mice performed memory tasks as well as control:
the discrimination index, which reflects percentage of time mice
explore novel object out of total exploration time, is not signif-
icantly different between cKO and control (Fig. S4 K and N). It
needs to be noted that Ank-G cKO mice showed a trend (al-
though not significant) to spent more time exploring both ob-
jects, consistent with hyperactivity and increased exploratory
behavior (Fig. S4 M and O). These results indicate Ank-G cKO
mice do not have severe cognitive deficit.

Prepulse Inhibition Test on Ank-G cKO Mice. Prepulse inhibition
(PPI) to acoustic startle is a standard measure of sensorimotor
gating. Animal models of neuropsychiatric disorders, especially
schizophrenia, often show deficits in PPI (29). PPI deficit is
believed to be more relevant to schizophrenia and obsessive
compulsive disorder (OCD) than to bipolar disorder (28). As
shown in Fig. S5B, Ank-G cKO mice behave similarly to control
in response to different acoustic levels (74, 78, 82, 86, and
90 dB). Their initial response to 120-dB sound is also the same as
control (Fig. S5A).

Methylphenidate Treatment on Ank-G cKO Mice. Hyperactivity is
often seen not only in patients with mania, but also in patients
with attention deficit hyperactivity disorder (ADHD) (30, 43–45).
Methylphenidate is commonly used to treat ADHD, as it para-
doxically relieves ADHD patients’ hyperactivity, but increases
the activity of individuals without ADHD (30). We tested mice in
an open field chamber 25 min after acute injection with two
different doses of methylphenidate (10 mg/kg and 30 mg/kg body
weight) or saline. Compared with saline injection, we found both
control and Ank-G cKO mice after methylphenidate treatment
displayed elevated locomotor activity (Fig. S5 C–F). This result
indicates that the Ank-G cKO mouse is different from a mouse
model of ADHD.

Distribution of c-fos Label. To identify cell types with increased
c-fos expression, we did double immunofluorescent labeling with
c-fos and neuronal specificity markers and examined the similar

brain regions as shown in Fig. 3 and Fig. S6A. In CaMKII-positive
pyramidal neurons in motor cortex, where there is a loss of
ankyrin-G at the AIS, we detected significantly higher c-fos ex-
pression in cKO mice (Fig. S6 B, D, E, and G). By contrast, in
parvalbumin-positive interneurons, where ankyrin-G remains
intact at the AIS, there is very little c-fos expression in either
cKO or control mice, and no difference in c-fos expression be-
tween cKO and control mice (Fig. S6 C, D, F, and H). The
difference or lack of difference between control and cKO is not
due to the changed number of CaMKII or parvalbumin neurons;
it is only due to the changed c-fos expression (Fig. S6 D–F).

SI Materials and Methods
Animal Housing and Breeding. All experiments were conducted
following protocols approved by the Institutional Animal Care
and Use Committee at the Johns Hopkins University School of
Medicine. Mice were housed in a 12 h light/dark regular cycle with
ad libitum food and water.
Homozygous ankyrin-G flox mice (Ank3flox/flox) with loxP sites

flanking exons 22 and 23 of both alleles of the Ank3 gene were
provided by Vann Bennett, Duke University, Durham, NC (21).
The Camk2a-Cre (T29-1) mice expressing Cre recombinase
driven by the Camk2a promoter were purchased from The Jackson
Laboratory (stock no. 005359). Both mouse lines were maintained
on a C57BL6/J background. Mice with conditional (forebrain spe-
cific) deletion of ankyrin-G (Camk2a-Cre; Ank3flox/flox) (named
Ank-G cKO) were generated by crossing Ank3flox/flox mice with
Camk2a-Cre mice, so that exons 22 and 23 of both alleles of the
Ank3 gene were excised. Sex- and age-matched littermates that did
not express Cre were used as controls (Ank3flox/flox). In behavioral
studies, mice were housed three to four per cage, and each cage
contained no more than two Ank-G cKO mice.

Reagents. Sodium valproic acid (P4543) and methylphenidate
hydrochloride (M2892) were purchased from Sigma-Aldrich.

Western Blots. The mice were anesthetized with isoflurane and
decapitated. Cortex, hippocampus, and cerebellum were dissected
on ice. Western blots were performed essentially as described
previously (10). Mouse brains were hand dounced on ice in
10 volumes/weight (i.e., 5 mL for a 500-mg brain) homogenization
buffer (10 mM phosphate buffer, pH 7.4, 0.32 M sucrose, 1 mM
EDTA, 1 mM NaN3, plus protease inhibitors), mixed 1:1 with 5×
PAGE buffer [5% (wt/vol) SDS, 25% (wt/vol) sucrose, 50 mM
Tris, pH 8, 5 mM EDTA, bromophenol blue], sonicated for
10 pulses, and heated to 65 °C for 10 min. Samples (10-μL volume)
were run on a 3.5–17.5% gradient gel in 1× Tris buffer, pH 7.4
(40 mM Tris, 20 mM NaOAc, and 2 mM NaEDTA) with 0.2%
SDS. Transfer to nitrocellulose was performed overnight at 300 mA
at 4 °C in 0.5× Tris buffer with 0.01% SDS. Membranes were
blocked with 3% nonfat dry milk in TBS and incubated overnight at
4 °C with primary antibodies (rabbit total ankyrin-G, 1:5,000) di-
luted in blocking buffer. Samples were washed three times for
10 min each time with TBS-T and incubated for 1 h with LiCor
fluorescent secondary antibodies (1:50,000) in blocking buffer.
Samples were washed twice in TBS-T and once in TBS before
imaging on LiCor imager.

Behavior Tests. Behavioral tests were performed on mice of
3–6 mo of age. Except for 24-h open field test, all of the other
behavioral tests were done during the light (sleep) phase of mice.
The interval between different behavioral tests was at least 3 d.
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The nonstressful tests were performed first: open field test, el-
evated plus maze, Y maze, and novel object recognition test. The
stressful tests were performed last: prepulse inhibition, forced
swim test, and tail suspension tests. Tests were repeated using at
least two different cohorts of mice. The behavioral protocols are
described in our previous publications (56, 57).

Drug Treatment. Lithium and valproate were given via chow food
for 3 wk to achieve therapeutic levels, and behavior tests were
carried out the next day after the end of the drug treatments.
Lithium.Mice were treated with lithium (Li) carbonate for 3 wk as
described (22). Briefly, mice were fed with 0.2% (g/kg chow)
lithium carbonate chow (Harlan) for 1 wk followed by 2 wk of
0.4% lithium carbonate chow before behavioral testing. During
lithium treatment, for each cage of mice, an extra bottle of 0.9%
NaCl was supplemented and bedding was changed every 2–3 d. A
separate group of eight lithium-treated mice were killed to
measure serum lithium concentration as 0.825 ± 0.082 mEq/L.
Valproic acid.Mice were treated with valproic acid (VPA) for 3 wk
as described (58). Briefly, mice were fed with the chow containing
1.7% sodium valproic acid for 3 wk and then tested in the open
field chamber and elevated plus maze. A separate group of nine
VPA-treated mice were killed to measure serum VPA concen-
tration as 52.8 ± 6.9 mg/L.
Methylphenidate. Mice were acutely treated with methylphenidate
as described (59). Methylphenidate was dissolved in saline and
diluted to 1 or 3 mg/mL 25 min before open field test. Mice were
weighed and injected with methylphenidate or saline via i.p. in-
jection at 10 or 30 mg/kg body weight.

Brain Section Preparation, Immune Labeling, and Image Quantification.
Brain section preparation.For the ion channel labeling, mouse brains
were perfused via the left ventricle with 50 mL PBS and then snap
frozen. The 12-μm-thick coronal sections were sectioned directly
onto glass slides (22-037-246, Thermo Fisher Scientific) by
cryostat (Leica, CM3050 S), and stored at −80 °C until use. For
c-fos detection, mice were perfused through the heart with PBS
followed by 4% PFA/PBS. Brains were removed, postfixed with
4% PFA overnight, cryoprotected with 30% sucrose/PBS, and
embedded in OCT (4583, Tissue-Tek). The snap-frozen brains
were kept at −80 °C. Brains were cut into 40-μm free-floating
sections using a cryostat. For the rest of antibody labeling, mice
were perfused with 50 mL PBS and then brains were removed
and immersion fixed in 4% PFA/PBS at room temperature (RT)
for 2.5 h, then cryoprotected, embedded, and sectioned as de-
scribed above.
Immunoperoxidase labeling with anti–c-fos antibody. Free floating co-
ronal sections of mouse brains were pretreated with 5% H2O2 in
PBS for 20 min, blocked with 5% normal goat serum diluted in
PBS/0.2% Triton X-100 at RT for 1 h, then incubated with pri-
mary antibodies at 4 °C for 48 h. After washing with PBS/0.05%
Triton X-100, sections were sequentially incubated with biotinylated
rabbit secondary antibody (1:200, BA-1000; Vector Labs) and ABC
reagent (PK-7100, Vector Labs) at RT for 2 h, then developed
using DAB substrate (SK-4100, Vector Labs). Labeled brain
sections were mounted onto glass slides using Permount (SP-15,
Thermo Fisher Scientific).
Immunofluorescence label. The free-floating brain sections were
blocked with 5% normal goat serum diluted in PBS/0.2% Triton
X-100 at RT for 1 h and incubated with primary antibodies at 4 °C
for 48 h. After washing with PBS/0.05% Triton X-100, the sec-
tions were incubated with fluorescence conjugated secondary
antibodies (Thermo Fisher Scientific) at RT for 2 h, washed, and
mounted onto glass slides using mounting medium (H-1000,
Vector Labs).

Ankyrin-G–labeling quantification.The fluorescence images from four
control and four Ank-G cKOmice (left and right half of the brain)
were acquired via a Zeiss 510 confocal microscope (Zeiss) using a
40× objective (1.3 N.A.), tile scan and Z stack. Tile scan pa-
rameters were as follows: anterior motor cortex, 3 × 3; anterior
piriform cortex, 3 × 5; posterior RS/PTA, 3 × 3; and posterior
piriform cortex, 3 × 12. The label was quantified by two in-
dependent raters who were blinded as to condition in IMARIS
(Bitplane). We used both manual and automatic counting. For
manual counting, to count the number of pyramidal neurons
containing ankyrin-G positive AIS, we quantified CaMKII posi-
tive pyramidal neurons with directly contiguous ankyrin-G–

labeled AIS. To count the number of fast-spiking interneurons
containing ankyrin-G positive AIS, we quantified the parvalbumin-
positive neurons within 12-μm distance from the wider end of the
AIS. For automatic counting, we used Volocity software, applying
the same parameter across the same set of samples. Each experi-
ment group contains one to two sections from six mice. Section area
was calculated using ImageJ (for manual counting) and Volocity
(for automatic counting), and density of staining was acquired via
no. of counts per millimeter squared.
c-fos–labeling quantification. We obtained similar results of c-fos
counts with independent DAB labeling of two cohorts of mice,
each cohort containing six control and six Ank-G cKO mice. For
the first cohort of mice, c-fos number was counted manually and
blindly via two persons. For the second cohort of mice, images
were processed in ImageJ using fixed settings, and c-fos number
was counted automatically. The immunofluorescence labeling
was done on the second cohort of mice. With this, we also ac-
quired similar results of c-fos distribution as the two DAB-
labeling experiments.
Shown in Fig. 4 are results from the second cohort of mice. The

16-bit images of DAB labeling on the whole brain section were
acquired on an Axiovert 200 (Zeiss) with a 20× objective (LD
plan-Neofluar 20× 10.4 korr Ph2 M2) using MosaiX—image
tiling and stitching setting with same exposure time. The c-fos
number was quantified by ImageJ by first defining the region of
interest, and then performing “subtract background” followed by
“adjust threshold” using the same settings with little variation
over all images. At last, we performed “analyze particles” using
the same setting and display “result” and “summary” to get the
number of c-fos count.

Social Defeat Stress.The test was performed via standard protocols
(23). On day 1 of stress, one intruder (control or Ank-G cKO) was
placed in the home cage of an aggressive CD-1 resident mouse,
which is larger than the intruder, and was allowed to interact with
the resident mouse for 10 min. After that, a ventilated plastic
barrier was placed between the mice, for the remainder of the
24-h period. The procedure was repeated daily for 14 d. Each day,
before social defeat stress, the intruder test mice were rotated to
the home cage of a different CD-1 resident. Unstressed controls
were pair housed with an age- and strain-matched conspecific in
similar cages divided by a clear barrier for the entire 14-d period.
After exposure to 14 d of social stress or control conditions, all
mice were tested in the open field, elevated plus maze, and forced
swim test. After behavioral testing, all mice were killed by rapid
decapitation and adrenal glands were dissected and immediately
weighed using an analytical balance.

Statistical Analyses. Statistical analyses were performed using
SigmaStat (Systat Software, Inc.) and Statistica 7 (StatSoft, Inc.).
Where appropriate, t test, two-way ANOVA followed by Tukey
post hoc t test, two-way repeated measurement of ANOVA, and
factorial ANOVA were used in statistical comparison. Data were
presented as mean ± SEM.
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Fig. S1. Loss of ankyrin-G from pyramidal neuron AIS of Ank-G cKO mice. (A) Representative confocal microscope images showing loss of ankyrin-G (green) at
AIS in cortex of Ank-G cKO mouse (Bottom) compared with control (Top). NeuN (red) is a neuronal marker. (Scale bar: 30 μm.) (B and D–G) Confocal images and
quantification of ankyrin-G and CaMKII immunolabeling of mouse cortex showed a significantly reduced amount of ankyrin-G (green) that associated with
CaMKII (red) in Ank-G cKO mice (B, Bottom), compared with control (B, Top). (C and H–K) Confocal images and quantification showed that the number of
ankyrin-G positive AIS (green) that associated with parvalbumin (red) was unchanged between Ank-G cKO and controls. Hoechst (blue) was used as a nuclear
label. (Scale bar: 20 μm.) The y axis in D–F is density of ankyrin-G, CaMKII, and ankyrin-G that associated with CaMKII normalized to control. The y axis in H–J is
density of ankyrin-G, parvalbumin, and ankyrin-G that associated with parvalbumin normalized to control. The y axis in G and K is absolute densities shown by
count per millimeter squared. Bar graphs indicate mean ± SEM; n = 4, ***P < 0.001, Student t test. The number of animals used in each group is in parentheses.
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Fig. S2. Reduced protein expression of three major ankyrin-G isoforms in Ank-G cKO mouse forebrain. (A) Western blots from lysates of cortex, hippocampus,
and cerebellum of control (Ank3+/+) and Ank-G cKO (Ank3−/−) adult mice probed with antibodies to ankyrin-G. Total protein was stained with amino black (B).
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(Ank3−/−) mice compared with littermate control (Ank3+/+). Data shown are mean ± SEM. n = 5–6 mice per brain region. *P < 0.05 using unpaired, two-tailed
Student t test. N.S., not significant.
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Fig. S3. Loss of GABAergic cartridges and voltage sodium and potassium channel at AIS of Ank-G cKO mouse cortex. (A) Confocal images of mouse piriform
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Fig. S4. Behavioral characterization and drug rescue. (A–F) Increased locomotor activity of Ank-G cKO mice in the 50-min and 24-h open field test. (A and D)
Sum of total activity in 50-min (A) and 24-h (D) tests. (B and E) Time point of central activity in 50 min (every 5 min, B) or 24-h (every hour, E). Shaded area in E
indicates the typical active time of control mice. (C and F) Sum of central activity in 50-min (B) and 24-h (E) tests. (G–I) In the elevated plus maze (EPM) test, the
percent distance Ank-G mice traveled in the open arm was much greater than control mice (G). Ank-G cKOmice traveled longer distance (H) and at faster speed
(I) than control mice. (J) In a 6-min light/dark box test (L/D box), cKO mice had greater number of transitions between light and dark compartments than
control mice. (K–O) Cognitive test of cKO mice. In Y maze test, cKO mice showed reduced percent of accurate alternations over total number of alternations
among the three arms (K). (L–O) Novel object recognition test (NOR). cKO mice displayed similar discrimination index (the percent of time mouse explore novel
object over the total time mouse explore old and novel objects) to control in 1-h (L) or 24-h (N) test. cKO mice spent similar time exploring both objects to
control mice in 1-h (M) and 24-h (O) tests. (P and Q) Increased locomotor activity of Ank-G cKO mice in 3-d (72 h) open field test. (P) Total distance (in meters)
traveled in 3 d. (Q) Distance (in meters) traveled every hour. Shaded areas in Q indicate the typical active time of control mice (7 AM–7 AM). A, C, D, and F–O
and P used t test. B, E, and Q used two-way repeated measurement of ANOVA followed by post hoc t test. Bar graphs indicate mean ± SEM; ***P < 0.001, **P <
0.01, *P < 0.05. The number of animals used in each group is indicated in parentheses.
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Fig. S5. Ank-G cKO mice did not have PPI deficit. The hyperactivity was rescued by antimania drugs but not anti-ADHD drugs. (A and B) In prepulse inhibition
test, Ank-G cKO mice displayed similar startle responses to 120 dB sound as control did (A) and showed no deficit in response to different acoustic level (74, 78,
82, 86, and 90 dB) (B). (C–F) Methylphenidate increased local motor activity of both control and cKO mice in 90-min open field test. (C and E) Number of beam
breaks every 5 min in mice injected with 10 mg/kg (C) or 30 mg/kg (E) methylphenidate. (D and F) Total number of beams break over 90-min test in mice
injected with 10 mg/kg (D) and 30 mg/kg (F) methylphenidate. There is no genotype × drug interaction in the total number of beam breaks at either dose (D
and F). (D) F(1, 40) = 0.01, P = 0.924; (F) F(1, 43) = 0.48, P = 0.492. The genotype × drug × time interactions are significant at either dose (D and F): (D) F(17, 646) =
1.81, P = 0.023; (F) F(17, 731) = 3.26, P < 0.001. (G–I) Chronic lithium treatment significantly ameliorated the locomotor activity of cKO mice in 45-min open field
test. (G and I) The total number of beam breaks exploring total area (G) or central area (I) of the box. (H) The number of beam breaks every 5 min exploring
central area of the box. The genotype × drug interactions in total (G) and central activity (I) are both significant. (G) F(1, 44) = 20.77, P < 0.001; (I) F(1, 44) = 8.19,
P = 0.006. (J–L) Chronic valproic acid (VPA) treatment significantly ameliorated the locomotor activity of cKO mice in 50-min open field test. (J and L) The total
number of beam breaks exploring total area (J) or central area (L) of the box. (K) The number of beam breaks every 5 min exploring central area of the box.
The genotype × drug interactions in total (J) and central activity (L) are both significant: (J) F(1, 41) = 18.89, P < 0.001; (L) F(1, 41) = 10.90, P = 0.0020. (M–P)
Elevated plus maze test on VPA-treated mice. For cKO mice, VPA significantly reduced the percent time in open arm (M) and percent distance in open arm (N)
without affecting control mice. The genotype × drug interactions in percent time (M) and percent distance (N) are both significant. VPA had no effect on total
distance traveled (O) or average speed (P) of control or cKO mice. There is genotype × drug interaction in M [F(1, 45) = 5.63, P = 0.022], we did not detect the
interaction in N [F(1, 45) = 3.30, P = 0.655], O [F(1, 45) = 0.20, P = 0.761] or P [F(1, 45) = 0.20, P = 0.654]. Ank-G cKO mice also traveled longer distance (O) and at
faster speed than control mice (P). A used two-way repeated measurement of ANOVA followed by Tukey post hoc t test; C, E, H, and K used factorial repeated
measurement of ANOVA followed by Tukey post hoc t test; B, D, F, G, I, J, and L–P used two-way ANOVA followed by Tukey post hoc t test. Bar graphs indicate
mean ± SEM. In C and E, ***P < 0.001, *P < 0.05, compared with saline-injected control or cKO. In D and F, ***P < 0.001, compared with saline-treated control,
#P < 0.05 compared with saline-treated Ank-G cKO, $$$P < 0.001, $P < 0.05 compared with methylphenidate-treated control. In G, I, J, and L–P, ***P < 0.001,
**P < 0.01, *P < 0.05, compared with no-drug-treated control or cKO mice. The number of animals used in each group is in parentheses.
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Fig. S6. Quantifications of c-fos that associates with CaMKII and parvalbumin. (A) Red boxes in the cartoon indicate the brain regions used in the quanti-
fication shown in B–F. (B and C) With different brain regions, the density of c-fos that colocalize with CaMKII (B) or with parvalbumin (C) (as count per
millimeter squared) indicate that increased c-fos expression is primarily found in CaMKII positive pyramidal neurons, not parvalbumin-positive fast spiking
neuron. (D–F) At different brain regions, quantification of c-fos density (D), CaMKII density (E), and parvalbumin density (F) as count per millimeter squared.
From Left to Right, they are: anterior cortex (including motor and cingulate cortex), posterior cortex (RS/PTA, comparable brain region to that of anterior
cortex), anterior piriform cortex, and posterior piriform cortex. (G and H) Representative pictures of colabeling mouse brain motor cortex with anti–c-fos
(green) and anti-CaMKII (red) antibodies (G), and anti–c-fos (green) with anti-parvalbumin (red) antibodies (H). Bar graphs indicate mean ± SEM, **P < 0.01,
*P < 0.05 compared with control, Student t test. The number of animals used in each group is in parentheses.
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Fig. S7. Social defeat stress. (A) Total distance traveled (in meters) in 30-min open field test. After chronic stress, the total locomotor activity of both control
and Ank-G cKO mice were significantly lower than nonstressed control or cKO. (B) Adrenal glands were weighed (in grams) as an indication of chronic stress
response. Both stressed cKO and control mice display increased adrenal gland weight. Two-way ANOVA followed by Tukey post hoc t test. Bar graphs indicate
mean ± SEM ***P < 0.001, **P < 0.01, *P < 0.05, compared with no-stressed control or cKO. The number of animals used in each group is labeled on the
Bottom of each bar graph in parentheses. There is genotype × environment interaction in open field test (A): F(1, 32) = 12.14, P = 0.0015. We did not find
genotype × environment interaction in adrenal glands weight test (B): F(1, 14) = 0.27, P = 0.6123.

Table S1. List of antibodies

Antigen Species Dilution Company Catalog no. or reference

Ankyrin-G Mouse 1:200 Neuromab 75–146
Ankyrin-G Rabbit 1:400 Santa Cruz Biotechnology Inc. sc-28561
Ankyrin-G Rabbit 1:5,000 (blots) Lab generated (60)
c-fos Rabbit 1:5,000 Santa Cruz Biotechnology Inc. sc-52
Nav1.6 Mouse 1:3 Neuromab 73–026
CaMKII Mouse 1:6,000 LifeSpan Biosciences LS-C108960
Kv7.2 Rabbit 1:400 Dr. Edward Cooper Baylor College of Medicine
Pan Nav Mouse 1:400 Sigma S8809
Kv7.3 Mouse 1:450 Sigma SAB4501640
GAT-1 Rabbit 1:200 Millipore AB1570
GAD67 Mouse 1:2,000 Millipore MAB5406
Parvalbumin Mouse 1:3,000 Sigma P3088

Zhu et al. www.pnas.org/cgi/content/short/1700689114 9 of 9

www.pnas.org/cgi/content/short/1700689114

