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genetic alterations could converge on distinct patterns of 
aberrant neurophysiological function to give rise to com-
mon behavioral phenotypes in psychiatric disease. 
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 Introduction 

 Psychiatric diseases such as schizophrenia have devas-
tating effects on millions of people worldwide; however, 
an understanding of the diseases at a mechanistic level 
remains an elusive goal. For example, in the case of schizo-
phrenia, no single gene is uniquely associated with the 
disorder, although many genes confer risk  [1] . In this pa-
per, we consider the properties of mice that are geneti-
cally engineered to exhibit behavioral phenotypes remi-
niscent of the symptoms of psychiatric disease  [2] . We 
explore the hypothesis that convergent behavioral pheno-
types in genetically different mouse models may be asso-
ciated with convergent abnormalities in neural activity. 
Previous work has examined mice with a forebrain-spe-
cific knockout of the phosphatase calcineurin  [3]  exhibit-
ing a range of schizophrenia-like behavioral phenotypes 
 [4]  and reported a dramatic pattern of overexcitability in 
neural circuits  [5] . Using local field potential (LFP) and 
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 Abstract 

 We present results from a novel comparative approach to 
the study of the mechanisms of psychiatric disease. Previous 
work has examined neural activity patterns in the hippocam-
pus of a freely behaving mouse model associated with 
schizophrenia, the calcineurin knockout mouse. Here, we ex-
amined a genetically distinct mouse model that exhibits a 
similar set of behavioral phenotypes associated with schizo-
phrenia, a transgenic model expressing a putative domi-
nant-negative DISC1 (DN-DISC1). Strikingly, the principal 
finding of the earlier work is replicated in the DN-DISC1 mice, 
that is, a selective increase in the numbers of sharp-wave 
ripple (SWR) events in the hippocampal local field potential 
(LFP), while at the same time other LFP patterns such as the-
ta and gamma are unaffected. SWRs are thought to arise 
from hippocampal circuits and reflect the coordinated activ-
ity of the principal excitatory cells of the hippocampus in 
specific patterns that represent reactivated memories of
previous experiences and imagined future experiences
that predict behavior. These findings suggest that multiple 
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single-unit recordings from the hippocampus during free 
exploration, it was found that neural activity was normal 
during exploration but exhibited a 6-fold increase when-
ever mice paused. This overactivity was associated spe-
cifically with sharp-wave ripple (SWR) events in the hip-
pocampal LFP, and an SWR-associated temporal pattern 
of unit activity known as ‘replay’ was abolished. 

  To address the hypothesis that convergent activity pat-
terns underlie characteristic phenotypes relevant to 
schizophrenia, we have now examined a second mouse 
model that has been associated with schizophrenia. 
DISC1 was originally identified from a large Scottish
family as a disrupted transcript by the hereditary bal-
anced (1;   11)(q42.1;q14.3) translocation that co-segre-
gates mainly with schizophrenia and major depression  [6, 
7] . Many biological studies have suggested that DISC1 
plays a key role in brain development by modulating neu-
rogenesis, outgrowth, dendritic arborization, and syn-
apse formation  [7–9] . In order to test the influence of 
DISC1 perturbation on circuitry and behavioral changes, 
many hereditary DISC1 genetic models have been gener-
ated  [10, 11] . C’-truncated DISC1 is postulated to act in a 
dominant-negative fashion (DN-DISC1)  [12, 13] . Trans-
genic mice expressing human DN-DISC1 under the 
αCaMKII promoter in the forebrain exhibit a range of 
anatomical and behavioral characteristics related to 
schizophrenia  [10, 11, 14] .

  Here, we applied LFP recording methods to DN-
DISC1 mice. We were thus able to compare electrophys-
iological phenotypes in the DN-DISC1 model with those 
of the genetically distinct calcineurin knockout model 
and correlate this comparison with the behavioral pheno-
types in the two models. Using this novel comparative 
approach, we present evidence for a convergence at the 
level of neural activity between disparate potential mech-
anisms of psychiatric disease. 

  Methods 

 Subjects 
 All procedures were approved by the Johns Hopkins Univer-

sity Animal Care and Use Committee and followed US National 
Institutes of Health animal use guidelines. All neural recordings 
took place between 8 a.m. and 2 p.m., and animals were housed 
on a standard, noninverted, 12-hour light cycle. We used a trans-
genic mouse model expressing a C’-truncated human DISC1 un-
der the αCaMK promoter (line 37), which was previously pub-
lished  [14] . The mouse line was maintained by heterozygous × 
C57BL/6N mating, and littermate adult (3–5 months) male het-
erozygous (n = 6) and control (n = 6) mice were compared in the 
experiments.

  Implantation 
 We designed a lightweight 8-tetrode (2-gram) drive, which we 

implanted unilaterally into the left hippocampus. The drive was 
designed using Solidworks and produced using an epoxy resin (Ac-
cura 60). It had 2 bundles of 4 tetrodes, and each bundle was adjust-
able via a screw mechanism. Implantation required the placement 
of a craniotomy at –2.0 and +1.0 mm of bregma, the placement of 
3 screws in the skull to provide stabilization of the drive, and 1 ad-
ditional screw at +1.0 and +1.0 mm of bregma to provide an animal 
ground. The drive was then lowered and cemented in place using 
grip dental cement (Dentsply, York, Pa., USA). Animals were given 
1 day for recovery from surgery, and tetrodes were lowered into the 
hippocampus over the following 3 days.

  Behavior 
 After implantation, animals were housed individually and dai-

ly moved to the recording location for either adjustment or record-
ing. When wires reached the hippocampus, animals were given 1 
additional day to allow the wires and brain to settle. On the follow-
ing day, animals were placed on a 120-cm track with 8-cm walls. 
The track was colored black with high-contrast white local cues 
equally spaced along the walls. Animals were allowed to freely ex-
plore the track for 60 min or 20 laps. After either 60 min elapsed 
or the animal completed 20 laps, whichever occurred first, animals 
were moved back into their home cage. For each animal, 2 days of 
track exploration were analyzed.

  In vivo Recording 
 Data were collected using the Digital Lynx 4SX (Neuralynx, 

Bozeman, Mont., USA), and an overhead video system collected 
position data continuously at 60 Hz. The animal’s position and 
heading direction were determined via two distinctly colored 
head-mounted LEDs. Continuous LFP was recorded continuously 
at 3,200 Hz and digitally filtered between 0.1 and 500 Hz.

  Neural Data Analysis 
 For LFP analysis, 1 representative electrode was selected from 

each tetrode, and the 3 tetrodes with the strongest ripple activity 
were selected for further analysis. The z-score of each channel was 
taken to normalize for differences in recordings between animals. 
On these 3 tetrodes, the z-score of the LFP was band-pass filtered 
between 100 and 300 Hz, and the absolute value of the Hilbert 
transform of this filtered signal was then smoothed (Gaussian ker-
nel, SD = 10 ms). This processed signal was then averaged across 
all tetrodes, and ripple events were identified as local peaks with 
an amplitude >5 SD above the mean during periods that the 
mouse’s velocity was <1 cm/s. The start and end boundaries of 
each ripple event were defined as the point when the signal crossed 
mean + 2 SD. Finally, to prevent inappropriate splitting of ripple 
events, those that occurred within 100 ms of the end of the previ-
ous event were combined into a single event. The same ripple find-
ing algorithm was also used for high gamma (frequency range 65–
140). For theta power analysis, the raw LFP trace was band-pass 
filtered between 4 and 12 Hz during bouts of activity when the 
mouse’s velocity exceeded 4 cm/s. The absolute value of the Hilbert 
transform for the filtered signal was z-scored. The power spectral 
density was then calculated using Welch’s power spectral density 
estimate of this data. Low gamma (frequency range 30–90) was 
examined with the same algorithm used in the theta analysis as it 
is predominantly expressed during bouts of activity.
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  Statistical Analysis 
 For statistical analysis of ripple and high-gamma events, we 

used a nested ANOVA design to take into account each event, but 
not bias the data based on the differences in ripple numbers be-
tween animals (SAS, JMP 11).

  Theta, gamma, and ripple numbers were statistically compared 
using a 2-way ANOVA followed by Bonferroni post hoc testing to 
account for changes over sessions as well as genotypes (GraphPad, 
Prism 6).

  Results 

 To study ripple events in DN-DISC1 animals, we im-
planted microdrives targeting the CA1 region of the hip-
pocampus in DN-DISC1 heterozygous animals and lit-
termate controls. Following the previously described re-
cording protocol used for calcineurin mice  [5] , recordings 
were made during exploration and stopping behavior in 
a novel linear track environment (see Methods section). 
To assess behavioral activity differences between the DN-
DISC1 and control mice, we measured both running 
speed and total time spent in a behaviorally quiet state. 
No significant differences in behavior were observed as 
measured by running speed (12.14 ± 1.72 vs. 10.66 ± 2.07 
cm/s, control vs. DN-DISC1, p = 0.602) or by total time 
active (38.42 ± 2.00 vs. 41.0 ± 2.60 min, control vs. DN-
DISC1, p = 0.42).

  We identified ripple events from LFP filtered between 
100 and 300 Hz using previously described methods  [15, 
16]  and determined the times during which the power of 
z-scored EEG within this frequency range exceeded 5 SD 
above the mean during periods of behavioral inactivity. 
Using this methodology, we determined that both trans-
genic and control animals exhibited distinct SWR events 
( fig. 1 a, b). To test the hypothesis that changes in ripple 
event power underlie phenotypic differences associated 
with mouse models of schizophrenia, we examined the 
power of ripple events. We found that DN-DISC1 ani-
mals exhibited an increase in peak power ( fig. 1 c, d; 0.043 
± 0.0017 vs. 0.083 ± 0.14, control vs. DN-DISC1, p < 
0.0038) but no changes in peak frequency ( fig. 1 e; 142.4 ± 
2.6 vs. 141.7 ± 4.0 Hz, control vs. DN-DISC1, p = 0.7268).

  To test the specificity of these changes in ripple event 
power, we examined power in the theta and gamma rang-
es, which are associated with stimulus-driven activity 
states such as exploratory behavior. We observed no 
change in theta power during periods when the animal 
was behaviorally active ( fig. 1 f; 0.47 ± 0.04 vs. 0.46 ± 0.5, 
control vs. DN-DISC1, p = 0.41) nor a significant change 
in theta frequency ( fig. 1 f; 7.07 ± 0.22 vs. 7.01 ± 0.22 Hz, 

control vs. DN-DISC1, p = 0.433). Similarly, we found no 
change in the gamma range during behaviorally active 
periods ( fig. 1 g; frequency: 43.5 ± 2.9 vs. 40.2 ± 1.68 Hz, 
p = 0.30; power: 0.05 ± 0.019 vs. 0.053 ± 0.018, control vs. 
DN-DISC1, p = 0.68).

  To explore the possibility that all oscillations associated 
with quiet wake activity are altered in DN-DISC1 animals, 
we isolated high gamma associated with quiet wake be-
havior. In contrast to the significant increase identified in 
DN-DISC1 ripple power, no changes were found in high 
gamma ( fig. 1 h; frequency: 77.3 ± 1.69 vs. 76.21 ± 1.01 Hz, 
p = 0.58; power: 0.045 ± 0.006 vs. 0.047 ± 0.0084, control 
vs. DN-DISC1, p = 0.63). These results suggest that the 
alterations in hippocampal oscillations associated with the 
transgenic expression of truncated DN-DISC1 are specif-
ic to high-frequency ripple events and not associated with 
all behaviorally quiet neural activity. 

  The specific change in ripple oscillations in the hippo-
campus led us to hypothesize that the increase in power 
may be accompanied by further changes in ripple events, 
such as the frequency of occurrence and the average dura-
tion. To determine the frequency of occurrence, ripple 
events were detected across a range of thresholds from 2 
through 7 SD above the mean ripple-filtered power, and 
the total number was normalized to the total time spent 
behaviorally quiet. On both the track and in the home 
cage, as the ripple threshold was raised, the number of 
events decreased; however, across multiple thresholds, 
DN-DISC1 animals exhibited a significantly increased 
frequency of event occurrence ( fig. 2 a, b). When the events 
were binned to analyze changes at each threshold range, 

  Fig. 1.  DN-DISC1 animals show specific alterations in ripple activ-
ity. For both control ( a ) and DN-DISC1 ( b ) animals, the average 
of 3 LFP traces is shown in the upper panels with ripple events 
highlighted in red. In the lower panels, the amplitude of the filtered 
trace is shown with ripple events highlighted in red.  c  Comparison 
of spectral power of z-scored EEG filtered in the ripple frequency 
band (100–300 Hz) for control (black) and DN-DISC1 (red) ani-
mals during quiet wake ripple events. The mean total power of 
ripple events is more than 2-fold increased in DN-DISC1 animals 
( d ); however, no change is observed in the peak ripple frequency 
of DN-DISC1 animals ( e ).  f  Spectral power of z-scored EEG fil-
tered in the theta frequency band (4–12 Hz) during run shows 
overall similarity between control (black) and DN-DISC1 animals 
(red) of the run-associated oscillatory activity.  g  Spectral power of 
gamma (25–80) during run.  h  Spectral power in high gamma (65–
140) during quiet wake. No changes were found between control 
and DN-DISC1 animals in either peak frequency or mean total 
power for theta, gamma, or high-gamma frequency ranges.  *  *  p < 
0.01. 

(For figure see next page.)
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the greatest difference was observed between 5 and 6 SD 
above the mean ripple power ( fig. 2 c, d). An increased fre-
quency of occurrence as well as an increased ripple power 
during ripple events suggest that DN-DISC1 animals have 
a hyperexcitable neural circuit regulating hippocampal 
ripple events. The average duration was examined on the 
track and in the home cage; however, no significant dif-
ferences were found ( fig. 2 e, f; track: 0.102 ± 0.0048 vs. 
0.110 ± 0.0057 s, p = 0.286; home cage: 0.096 ± 0.0056 vs. 
0.1056 ± 0.0043 s, control vs. DN-DISC1, p = 0.1922).

  Discussion 

 A variety of genetic and environmental factors can 
contribute to the development of schizophrenia. In the 
present study, we hypothesized that different etiologies 
may result in common pathophysiology or circuitry 
changes underlying the characteristic symptoms. To test 
this idea, we have used a novel comparative approach in 
which genetically distinct models of disease are compared 
to identify shared neural activity phenotypes ( table  1 ). 

0

10

20

30

40

50

2

D
iff

er
en

ce
 (%

)

3 4 5
Threshold (std above mean)c

6 7
–10

0

10

20

30

2 3 4 5
Threshold (std above mean)

Threshold (std above mean) Threshold (std above mean)

D
iff

er
en

ce
 (%

)

d
6 7

0

0.04

0.08

0.12

e Control

Ri
pp

le
 d

ur
at

io
n 

(s
)

DN-DISC1
0

0.04

0.08

0.12

f Control

Ri
pp

le
 d

ur
at

io
n 

(s
)

DN-DISC1

0.005

0.05

0.5

2

Ri
pp

le
 a

bu
nd

an
ce

 (1
/s

)

3 4 5
a

6 7

***

***
**

0.005

0.05

0.5

2

Ri
pp

le
 a

bu
nd

an
ce

 (1
/s

)

3 4 5
b

6 7

***
***

***
**

*

  Fig. 2.  DN-DISC1 animals have increased ripple activity. The 
number of ripple events per second is significantly greater in DN-
DISC1 animals across multiple thresholds (2–7 SD) on the track 
( a ) and in the home cage ( b ).  *  p < 0.05;  *  *  p < 0.01;  *  *  *  p < 0.001. 
Binned data show that the most dramatic increase in events occurs 

between 4 and 6 SD above the mean and tapers at thresholds above 
and below both on the track ( c ) and in the home cage ( d ). No 
change in ripple duration was detected between control and DN-
DISC1 animals on the track ( e ) and in the home cage ( f ). 
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Recent work in a mouse model with behavioral pheno-
types relevant to severe psychiatric illness, the forebrain-
specific calcineurin knockout mouse, has shown specific 
changes in high-frequency ripple events within the hip-
pocampus  [5] . Specifically, when animals were at rest, 
high-frequency events associated with internally gener-
ated sequences were disrupted, while hippocampal oscil-
lations associated with stimulus-driven activity states, 
such as theta, were not altered. Previous studies have 
shown severe impairments in long-term depression in 
these mice, likely creating an imbalance in synaptic plas-
ticity that could play a significant role in the resulting 
phenotype  [3] . We hypothesized that other genetic mod-
els with phenotypes relevant to schizophrenia might also 
show increased ripple activity. To test this hypothesis, we 
examined hippocampal EEG in another model of schizo-
phrenia, the DN-DISC1 transgenic mouse line  [14, 17, 
18] . This mouse line has a behavioral profile that mirrors 
that seen in the forebrain-specific calcineurin knockout 
model; however, the mechanisms thought to underlie the 
phenotypes are unrelated. Strikingly, we found that at the 
level of hippocampal population activity, both animal 
models exhibit a similar pattern of selective overactivity 
during rest periods, in particular during SWRs. These be-
havioral and neurophysiological similarities are summa-
rized in  table 1 . Intriguingly, hyperexcitable hippocampal 
circuits may underlie the similarities between these two 
mouse lines. Speculatively, hyperexcitability could result 
from impaired hippocampal long-term depression in the 
calcineurin knockout model, but in the DN-DISC1 mouse 
model it could result from the reduced function of parv-
albumin-containing inhibitory interneurons. In each 
case, the resulting increase in the excitability of pyramidal 
cells might have caused both an increased abundance of 
ripple events and an increased participation of these cells 
in ripple events. The former result has now been estab-
lished directly for both mouse models, and the latter re-
sult has been shown directly for calcineurin knockout 
mice and is strongly suggested for DN-DISC1 mice by the 
increased power of ripples that we observed. Given the 
putative role of SWRs in working memory and flexible 
cognition  [19–22] , this suggests a novel circuit mecha-
nism for psychiatric disease. To our knowledge, this work 
represents the first demonstration that two distinct ani-
mal models show a convergence of altered neural activity 
relevant to a psychiatric disorder.

  Recent fMRI studies in schizophrenia patients have 
found altered neural activity in the default mode network 
(DMN), which consists of several brain regions involved 
in quiet wake behaviors such as daydreaming  [23–25] . 

These studies revealed a higher correlation in activity 
among the DMN areas, an increase in network activity 
associated with positive symptoms (hallucinations, delu-
sions, and thought confusions) during quiet wake peri-
ods, and accentuated DMN activity during passive task 
epochs, and suggest that the DMN may be overactive and 
that the heterogeneous etiology of schizophrenia may 
converge upon similar neurophysiological alterations. 
Multiunit and EEG recordings in the rodent hippocam-
pus have revealed activity thought to relate to high-order 
cognitive processes and activity within the DMN  [26] . 
Specifically, reactivation of the neural ensembles involved 
in spatial navigation occurs during quiet wake immedi-
ately following active exploration in an activity pattern 
known as replay  [16, 19, 27–29] . These replay activity pat-
terns also occur during decision-making, where they play 
a necessary role  [21] , and predict the animal’s future be-

 Table 1.  Comparison between mouse models of psychiatric disease

Feature Calcineurin 
knockout

DN-DISC1

Promoter αCaMKII αCaMKII
Background strain C57BL/6 [3] C57BL/6N [14]
Gross brain morphology No change [3] No change [14]

Noncognitive behaviors
Locomotion ↑ [3] ↑ [14]
Anxiety ↓ [3] No change [14]
FST immobility ↓ [3] ↑ [14]
Amphetamine response No change [4] ↑ [17]

Cognitive behaviors
Prepulse inhibition ↓ [4] ↓ [14]
Reference memory No change [3] No change [14]
Social interaction ↓ [4] ↓ [18]
Working memory ↓ [3] Unknown

Neurophysiology
Ripple frequency No change [5] No change
Ripple occurrence ↑ [5] ↑
Ripple power ↑ [5] ↑
Theta frequency No change [5] No change
Theta power No change [5] No change
Gamma frequency No change [5] No change
Gamma power No change [5] No change

 Behavioral comparison of forebrain-specific calcineurin 
knockout and DN-DISC1 animals shows several key similarities 
including impaired prepulse inhibition and decreased social 
interaction. Neurophysiological phenotypes associated with 
cognition are also similarly affected with specific changes in ripple 
parameters but not theta or gamma.

Figures in brackets are the corresponding references.
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