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Abstract The inhibitory GABAergic system has been
implicated in multiple neuropsychiatric diseases such as
schizophrenia and autism. The DIx homeobox transcription
factor family is essential for development and function of
GABAergic interneurons. Mice lacking the DIx/ gene have
postnatal subtype-specific loss of interneurons and reduced
IPSCs in their cortex and hippocampus. To ascertain
consequences of these changes in the GABAergic system,
we performed a battery of behavioral assays on the Dix/
mutant mice, including zero maze, open field, locomotor
activity, food intake, rotarod, tail suspension, fear condi-
tioning assays (context and trace), prepulse inhibition, and
working memory related tasks (spontaneous alteration task
and spatial working memory task). DIx/ mutant mice
displayed elevated activity levels in open field, locomotor
activity, and tail suspension tests. These mice also showed
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deficits in contextual and trace fear conditioning, and
possibly in prepulse inhibition. Their learning deficits were
not global, as the mutant mice did not differ from the wild-
type controls in tests of working memory. Our findings
demonstrate a critical role for the DIx/ gene, and likely the
subclasses of interneurons that are affected by the lack of
this gene, in behavioral inhibition and associative fear
learning. These observations support the involvement of
particular components of the GABAergic system in specific
behavioral phenotypes related to complex neuropsychiatric
diseases.
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Abbreviations

ITI inter-trial interval

CS conditioned stimulus
US unconditioned stimulus
SPL sound pressure level

PFC prefrontal cortex

mPFC  medial prefrontal cortices
DH dorsal hippocampus

VH ventral hippocampus

Introduction

GABAergic inhibitory interneurons are vital for cortical
development and function [1, 2]. They can be distinguished
from pyramidal cells by their smooth or sparsely spiny
dendrites and locally projecting axons. Interneurons are
vastly heterogeneous in their morphological, physiological,
molecular and synaptic characteristics, despite the fact that
this cell population comprises only 20-30% of cortical
neurons. Interneuron deficits are implicated in neuropsy-
chiatric disorders including schizophrenia [3, 4], autism [5,
6], anxiety [7, 8], and mood disorders [9—11]. However, our
understanding of the development and function of these
cells is limited.

The family of DIx homeobox transcription factors
regulates the development of inhibitory interneurons;
members of this family of genes, namely Dix/, DIx2,
DIx5, and DIx6, control differentiation of GABAergic
neurons in the basal ganglia and cerebral cortex [12-17].
DIx1 is essential for maintaining the functional longevity of
interneurons in the adult brain: homozygous DI/x/ knockout
mice (DIxI”") show partial loss of specific subsets of
postnatal neocortical and hippocampal interneurons as a
result of apoptosis, along with functional onset of epilepsy
[18].

Given the importance of the Dix/ gene in interneuron
development and survival, D/x/ knockout mice provide an
opportunity to probe whether loss of these neurons results
in behavioral phenotypes that present in neuropsychiatric
illnesses. Many behavioral phenotypes have been reported
in transgenic and knockout mice, such as learning and
memory impairments, feeding disorders, aberrant social,
reproductive, parental behaviors, behaviors relevant to
human anxiety, depression, schizophrenia, autism, drug
addiction, and many others [19-21]. These studies have
made important contributions to our knowledge of genetic
mechanisms underlying abnormal behaviors in the neuro-
psychiatric disorders.

In this paper, we report the results of a battery of tests
aimed at characterizing behavioral deficits in D/x/ mutant
mice. We find that the mutant mice appear normal in their

food intake, and in their performance on zero maze and on
rotarod tasks; however, they exhibit hyperactivity in open
field, in locomotor activity, and in tail suspension tests.
Furthermore, they show significantly reduced conditioned
fear but no deficits in spontaneous alteration task and
spatial working memory. Despite the broad expression of
DIxI in forebrain GABAergic neurons, DixI /" mutants
exhibit relatively specific behavioral phenotypes. This
analysis suggests that defects in DIx1 function could
contribute to human neuropsychiatric disorders of cognition
and emotion.

Materials and methods
Animals

DixI knockout (DIxI""), heterozygous (DlxI™") and wild-
type (Dlxl+/+) mice [22], all age-matched at the time of
testing, were maintained on a C57BL/6 J x CD1 back-
ground [18]. Wild-type C57BL/6 J mice (The Jackson
Laboratory, Bar Harbor, Maine, USA) were used as an
additional comparison group for spontaneous alternation
and spatial working memory tasks. Mouse colonies were
maintained at the Massachusetts Institute of Technology
(MIT) or at the University of California, San Francisco
(UCSF), in accordance with National Institutes of Health,
MIT, and UCSF guidelines for care and use of lab animals.

General behavioral assays were performed on one set of
mice (aged 3—6 months), which were all males from three
genotype groups (DixI™"", DixI"" and DIxI'"), in the
following testing order: zero maze, open field, locomotor
activity, food intake, rotarod, and finally tail suspension.
We did not perform fear conditioning, prepulse inhibition,
or working memory tasks on this set of mice. Mice were
group-housed (4-6 mice per cage) in standard polycarbon-
ate mouse cages (29x18.5x 13 cm). They had free access to
food and water, and were maintained in a 12 hour light/dark
cycle. Between subjects, the testing apparatus was cleaned
with a 0.25% bleach solution, wiped down with water, and
dried. With the exception of tests requiring the monitoring
of photobeam activity, all animals were tested during the
light cycle. Experimental conditions were counterbalanced
by genotype.

Multiple sets of the mice (age>2 months) were tested for
assays in the following order: visual behavioral assays and
then fear conditioning (context only, or context and trace).
Some sets of these mice were finally tested with prepulse
inhibition (aged>3 months).

A different set of mice (all males) were tested with the
spontaneous alteration task and spatial working memory
task. DixI mice (DIxI""* and DixI™"") tested on these tasks
were 11-15 weeks old and group-housed; C57BL/6 J mice
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used as age matched controls were 12—15 weeks old and
group-housed. All mice were tested on the spontaneous
alteration task first and then on the spatial working memory
task 1-2 weeks later. These mice were not tested on any
other behavioral assays reported in this manuscript.

For all behavioral tests, investigators were blind to
the genotypes. Approximately 3 min before each assay,
the animal was removed from its home cage and placed
in a clean holding cage for transfer; an exception to this
was the tasks requiring photobeam activity monitoring,
where animals were placed directly into the test
chambers.

Zero maze

A zero maze (34 cm inner diameter, 46 cm outer diameter,
placed 40 cm off the ground on 4 braced legs) was used as
previously described [23]. Mice were removed and placed
in the center of one of the closed quadrants. The test lasted
6 min. Latency in entering (all four paws) an open
quadrant, time spent in the open quadrants, and number of
closed-to-open quadrant transitions was live-scored in a
blinded fashion by a remote observer.

Open field

A 4-unit open field consisting of a white Kydex box
divided into four separate 50x50x38 cm chambers was
used, allowing four animals to be tested concurrently. A
video camera was mounted directly above the chambers to
monitor the animals’ activity and movements. Four mice
were simultaneously placed into the open field chambers. A
video tracking system (Poly-track, San Diego Instruments,
San Diego, CA, USA) was used to measure distance
traveled in 5 min monitoring sessions. Assignments to the
four chambers were counterbalanced by genotype. Mouse
activity within 7 cm of the chamber walls was defined as
occurring within a peripheral zone; activity further away
from the walls was considered to occur within a center
zone.

Locomotor activity

Animals (DIxI™"" and Dix1~"~ mice; DlxI™" mice were not
tested due to limited availability of activity cages) were
housed individually in larger cages (48x27x13 cm) with
bedding, food and water, under a 12-hour light/dark cycle
(lights on 7 AM). To assess activity, we used a photobeam
system (FlexField, San Diego Instruments, San Diego, CA,
USA), which records horizontal locomotor activity (as
monitored by a 4x8 array of infra-red photobeams). Data
were collected for three days, 24 h each day, with animals
placed in the system at noon on day 1.
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Food intake

During the locomotor activity run described above, daily
food (standard UCSF laboratory chow pellets) intake
measures were made by weighing the food daily.

Rotarod

Motor coordination was assessed with an Accurotor rotarod
machine (Accuscan Instruments, Columbus, Ohio, USA).
The rotation rate was accelerated from zero to 50 rpm over
5 min. Four animals were tested concurrently in separate
11 cm-wide compartments, on a rod that was approximately
3 c¢m in diameter and was elevated 35 cm. Each animal was
assessed over nine trials with 20 min inter-trial intervals
(ITIs). For each trial, the latency to fall from the rod was
recorded.

Tail suspension

Using adhesive tape, animals were suspended by the tail
from a 1.2 cm diameter metal bar elevated 30-35 cm. When
suspended, rodents either make “escape attempt” move-
ments, or adopt a characteristic immobile posture. The total
time for which the mouse was immobile was measured
during a 6 min test period.

Fear conditioning

All mice were allowed to rest undisturbed in their
transportable home cage at least seven days prior to the
fear conditioning. To minimize occurrence of handling-
induced seizures in the mutant mice [18], we habituated all
animals for 3-5 sessions (~10 min in each session, once a
day) prior to the day of the first experiment. In these
habituation sessions, mice were acclimated to the room and
handling of the experimenter. The experimenter wore
gloves, habituated the mice to handling, allowing them to
walk or run from hand to hand, until the mice showed no
apparent signs of stress or fear.

An automated fear-conditioning system (TSE Systems,
Bad Homburg, Germany) was used for fear conditioning.
Some mice were tested with contextual fear conditioning
only (without exposure to a light or tone); the others were
tested with both contextual and trace fear conditioning. For
each mouse from the Dix/~"~, DixI™~ or DixI*"* groups,
training (Day 1) consisted of a 3 min exposure to the
conditioning box (context). In the case of contextual fear
conditioning only, this was followed by a foot shock (2 sec,
1.0 mA, constant current). In the trace conditioning
sessions, the 3-minute exposure to the context was followed
by a visual or auditory cue. In the case of visually cued fear
conditioning, the cue was a 30 sec flickering light at 1 Hz,
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followed by a 15 sec trace interval, and then a foot shock
(2 sec, 1.0 mA, constant current). Because a visual cue
tends to be less effective in eliciting a defensive response
than an auditory cue and often requires more conditioned
stimulus (CS)—unconditioned stimulus (US) pairings to the
light alone [24], the light-pulse-shock sequence was
repeated twice before removing the mouse from the box
(15 sec ITI). In the case of an auditory cue, after a 3 min
exposure to the box, the mouse was subjected to the tone
(30 sec, 10 kHz, 75 dB sound pressure level (SPL), 200 ms
interval), a 15 sec trace interval, a foot shock (2 sec,
1.0 mA, constant current), and finally a 15 sec interval
before removing it from the context. Given a positive
correlation of shock intensity (ranging from 0.25 mA to
1.0 mA) with percent of freezing in mice [25], we used a
shock intensity of 1.0 mA, which is at the higher end of this
range, to ensure that both the wild-type and mutant mice
would be conditioned with the foot shock.

The contextual memory test (Day 2) was performed 24 h
after training by re-exposing the mice for 3 min to the
conditioning context. Freezing, defined as a lack of
movement except for heart rate and respiration, associated
with a crouching posture, was assessed every 10 sec, for
180 sec, by a trained observer who was unaware of the
genotypes. The number of observations indicating freezing
was expressed as a percentage of the total number of
observations. Baseline freezing for the contextual test refers
to freezing (if any) on day 1 during the 3 min exposure to
the context, before the tone and foot shock in the training
session. We performed the contextual memory test alone, or
combined it with the trace conditioning. The results did not
differ in the two cases. We report the results on contextual
fear conditioning that was carried out alone, i.e. without a
visual or auditory cue paired to the shock.

The trace test was performed on day 3, 24 h after the
contextual memory test. Mice were placed in a novel context.
After a 30 s habituation period, a 180 s flickering light (1 Hz)
or a 180 s tone (10 kHz, 75 dB SPL, 200 ms interval) was
presented in the absence of a foot shock; freezing behavior
was recorded every 10 sec, over 18 intervals (see above).
Baseline freezing for the trace test refers to freezing (if any) on
day 3 in the second context, before presenting the light or tone.

Prepulse inhibition

Mice were tested using an ASR-PROI1 acoustic startle
reflex test apparatus (Med Associates, St. Albans, VT,
USA).Mice were acclimated to the testing room for 1 h
prior to testing. For 2 min before start of trials, mice were
acclimated to the apparatus. Trials were given at an interval
of 3-8 s (randomized). Trials consisted of either a 40 ms
startle stimulus alone (110 dB white noise) or a startle
stimulus preceded 100 ms earlier by a 20 ms white noise

prepulse at 8 dB, 12 dB, or 16 dB above background
(60 dB white noise). Five trials for each stimulus
configuration were recorded using Startle Reflex Software
(Med Associates, St. Albans, VT, USA).

Visual cliff test

Mice were placed in a 60x60 cm box with a clear Perspex
base. A high-contrast grating was attached to the underside
of one half of the box; the clear half of the box was placed
such that it protruded from the table, revealing a drop to the
floor of approximately 90 cm. Mice were placed in the center
of the box and their behavior was monitored for 5 min, via a
digital video camera mounted above the box. The amount of
time spent in each half of the box was recorded. To confirm
the role of the visual system in this task, the test was also
performed under dark (red light) conditions.

Visual water maze test

Mice were tested in a circular tank (diameter 1.2 m) filled
with opaque water. In the center of the target quadrant, a
platform (11x11 cm) was submerged below the water
surface, but with a visual cue (a cylinder with high-contrast
gratings on the surface) above the water to guide the
mouse. The swimming paths of the mice were recorded by
a video camera, and analyzed off line by the Videomot 2
software (TSE Systems, Bad Homburg, Germany). Each
mouse was placed into the maze from four random points
of the tank, and allowed to search for the platform. The
amount of time that each mouse took to find the platform
was recorded and averaged for comparison.

Spontaneous alternation task (Y-maze)

Three open arms of an automated radial maze were used to
form a Y-maze. Proximal visual cues were attached to the arms
and to the hub of the maze to orient the mice in space. C57BL/
6 I, DIxI™"" and DIxI”"~ mice were placed in the hub and
allowed to traverse the three arms for 8 min. Based on the
natural levels of activity in the maze, which peaked at about
2 min, the data were analyzed for the first 2 min, as well as
for the entire 8 min of maze exploration. Alternation was
considered to be ABC, BCA or CAB, etc, in any order or
overlapping occurrence; but not ABA or BBC. The number
of entries into each arm, the percent of alternation ((number of
alternations / (total number of arm entries-2))x 100), and the
percent of repeat entries into the same arm were calculated.

Spatial working memory task (novel arm in a Y-maze)

For this task, the animal (a C57BL/6 J, DixI""* or DixI™"~
mouse) first explored two randomly selected arms of the Y-
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maze for 5 min, followed by a 2 min ITI in which the
mouse was confined to the center hub of the maze, with all
maze arms closed. Next, all three Y-maze arms were
opened, and the mouse was free to explore the entire maze
for 5 min. The data from the retrieval phase were analyzed
to determine if mice recognized the novel arm, expressed
by enhanced exploration.

Two measures of novelty exploration/working memory
were used to analyze the data from the retrieval phase of
this assay: the number of entries into the Y-maze arms and
the total amount of time spent in each of the arms.

Statistics

All p values reported in the results were obtained either from
ANOVA for overall comparisons of three or more groups of
mice (using genotype as the independent variable) except the
repeated measures ANOVA described below, or from t-tests
for comparisons between two groups of mice. Locomotor
activity of DIx/ mice was analyzed using repeated measures
ANOVA with genotype as the between factor, and activity
counts over time as the within factor.

Analysis of the prepulse inhibition assay was carried out
using repeated measures ANOVA with genotype as the
between group variable and prepulse intensity as the within
group variable. Where a significant effect was seen between
groups of mice, a post-hoc comparison was performed
using the Tukey HSD test.

Statistical analysis of the spontaneous alternation task
was performed using one-way ANOVA with genotype as
the independent variable and number of entries, percent
alternation, and percent repeated entries as dependent
variables. Data from spatial working memory task were
analyzed using repeated measures ANOVA, with genotype
as the between variable, number of entries, and time spent
in arms as within variables (separate ANOVA for each).

Results

General activity levels

Our general screen for behavioral phenotypes included the
following assays performed on Dix/ ™", DIxI*"", and DIx1""*
mice: zero maze, open field, locomotor activity, food intake,
rotarod, and tail suspension.

Zero maze

No significant differences were detected among the three
genotypes on the three measures: open quadrant time, open

quadrant entries, and latency to enter open quadrant (data
not shown; DixI™"", n=7; DIxI""", n=9; DixI""", n=10).
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Open field

Overlaid traces for the three genotype groups are
presented in Fig. la—c. The distance traveled along the
periphery of the open field was significantly elevated in
Dix] mutants (mean+SEM: Dix/™" 1,412+184 cm;
DixI™" 1,874+110 cm; DixI™" 2,190+306 cm; F(2,21)=
3.95, p=0.04) (Fig. 1d). No significant differences were
detected among the three groups in center zone entries,
time spent in center zone or in periphery, center zone
latency, or distance traveled in center zone (data not
shown). Also, the percent of time spent in locomotion was
significantly enhanced in DI/x/ mutants (mean+SEM:
DIxI™" 65.0+£7.2%; DixI""~ 78.5+2.1 %; DixI”"~ 86.9+
5.3%; F(2,21)=3.94, p=0.04) (Fig. le). Thus, the DIx
mutants showed locomotor hyperactivity; however, the
spatial distribution of this activity did not suggest an
anxiety-related phenotype.

Locomotor activity

We monitored locomotor activity levels for three consecu-
tive days. DIxI”~ mice displayed significantly elevated
locomotor responses to novel spatial environments com-
pared to their wild-type littermates (main effect of geno-
type: F(1,13)=5.76, p=0.03; Fig. 2a). Furthermore, total
distance traveled was elevated in the DIxI~~ group during
these 3 h (p=0.02; Fig. 2b). However, the decreasing
activity in the locomotor chamber over time also indicated
that both wild-type and DIx/ mutants habituate normally, as
shown by the main effect of time (F(1,13)=35.38, p<
0.0001; Fig. 2a). Moreover, no difference was detected in
their rates of habituation to the novel environment, as
shown by the lack of interaction between the genotype and
the activity over time (F(2,26)=0.96; p=0.40, Fig. 2a). This
also indicates that DIx/~ mice, although habituating
normally, consistently showed more movement than their
wild-type littermates. No differences were seen in the
home cage for activity levels or for their circadian
regulation.

Food intake

No differences were detected in daily food intake (or body
weight) among the three groups of mice (data not shown;
DixI™"~, n=7; DIxI""", n=9; DixI""", n=10).

Rotarod

No differences among the three groups were recorded in
time on the rotarod, indicating no abnormal motor
coordination phenotype in the DIx/ mutants (data not
shown; DixI™"", n=7; DIxI"", n=9; DiIxI"*, n=10).
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Fig. 1 DIx] mutants displayed
locomotor hyperactivity
responses in the open field.
Representative overlaid traces
for the wild-type control (a),
DixI™" (b), and DixI™"~ (c)
groups are presented. Dlx/
mutant mice showed significant
difference in the mean (£ SEM)
of distance traveled in periphery
of open field (d) and percent of
time spent in locomotion (e) in
the open field test. DixI™*, n=9;
DIxI™", n=9; DixI”", n=6.
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Fig. 2 DIx] mutant mice exhibited elevated locomotor responses to during the first 3 h in the locomotor activity level assay. (b) Locomotion
spatial novelty. (a) Both wild-type and Dlx/~"~ mice showed normal of DIx] mutant mice was significantly elevated, especially in the first
habituation to the novel environment, but the mutants’ activity was 3 h of activity, as shown by the mean (+ SEM) of distance that the mice
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Fig. 3 DIx/ mutants displayed hyperactivity, as indicated by the
mean (£ SEM) of immobility time (a) and latency to immobility (b)
in the tail suspension test. DIxI™", n=10; Dix/""~, n=6; Dix/™"~, n=7.
*=p<0.05

controls (mean+SEM: DIx/™* 117.3+26.5 sec, DIxI""~
151.3+21.3 s, DIxI™"~ 223.8+42.7 s; overall F(2,20)=3.07,
p=0.07; p=0.03 comparing DixI""" and DixI", p=0.17
comparing Dix!"" and DixI"").

Fear conditioning

After habituation sessions, each mouse in the DixI ™,
DixI™", and DIxI™" groups received a contextual fear
conditioning stimulus alone followed 24 h later by a
contextual fear test, or combined with a trace fear
conditioning session (using a light or tone cue) followed
24 h later by a contextual fear test, followed by a trace fear
test after another 24 h. This procedure was performed in
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four batches of mice consisting of the three genotypes. We
did not observe any handling-induced seizures in our fear
conditioning assays, including during and after the foot
shock.

Baseline freezing

All mice showed similar amounts of baseline freezing in the
apparatus: they displayed virtually no freezing before being
subjected to the conditioning in Day 1. The baseline
freezing for all three groups was also zero, or close to
zero, in Day 3 when the mouse was placed in a new context
before being subjected to the visual or auditory cue.

Context

Mice were shocked once in the context, and tested for fear
response 24 h later. As shown in Fig. 4a, the DixI™"~ group
exhibited reduced freezing compared to the DixI™" group
(mean+SEM: DixI™" 69.44+6.84%; DixI™~ 55.89+8.01%;
DIxI™"™ 20+4.32%; overall F(2,23)=14.08, p=1.02x10"%
p=890x10" comparing Dix/™" and DIxI™", p=0.10
comparing DixI*"" and DixI™").

We also performed contextual fear conditioning in
combination with trace conditioning, and obtained similarly
reduced freezing responses in the DIx/ mutant mice. For all
three groups, when mice were shocked three times during
the training, freezing responses to the context were higher
than if they were shocked only once (Supplemental
Fig. 1), with the DIxI™~ and DIxI™" groups showing
trends towards reduced freezing compared to the Dix/™*
group.

Trace

Trace fear conditioning [26] is a hippocampus-dependent
form of associative learning in which the CS and the US are
separated by a time interval; when the CS coterminates or
overlaps with the US (as in delay fear conditioning), the
associative learning does not involve the hippocampus [27—
29]. In both cases, the amygdala is required [30].

Because homozygous DixI knockout mice (DixI ")
have been reported to have hearing deficits compared to
both heterozygous (DixI*"") and wild-type (DixI™"") mice
[31], we first assessed fear conditioning with a visual cue.
DixI~~ mice showed no overt deficits in vision on visual
cliff tests and water maze tests (Supplemental Figs. 2 and 3).
Following trace fear conditioning, the DixI~~ group
showed reduced freezing to the light cue relative to the
DIxI™"" group (Fig. 4b; mean=SEM: Dix/"" 20+4.18%;
DIxI"™ 6.48+2.08%; DIxI™'~ 2.38+1.19%; overall
F(2,15)=3.30, p=0.06; p=0.02 comparing DixI*"* and
DixI™"", p=0.08 comparing DixI*"* and DIxI"").
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Fig. 4 Lack of DIx/ impairs fear conditioning responses in the adult p»

mutant mice. (a) Mean (£ SEM) of percent of freezing as a response to
the context after fear conditioning (without the light or tone stimulus).
In this experiment, one shock after 3-min exposure to the context was
administered to elicit the fear response. Baseline freezing before
training was zero for all three groups. DixI™*, n=6; DixI"", n=10;
DixI”"~, n=10. (b) Mean (+ SEM) of percent of freezing as a response
to the light cue after trace fear conditioning. In this experiment, the
light-pulse-shock procedure was performed three times during the
training. Baseline freezing before the light cue (in the novel context)
was (or close to) zero for all three groups. Dix/™", n=6; DIxI*"~, n=6;
DIxI™", n=6. (¢) Mean (+ SEM) of percent of freezing as a response
to the tone after trace fear conditioning. One tone-pulse-shock
procedure was performed to elicit the fear response. Baseline freezing
before the tone (in the novel context) was (or close to) zero for all
three groups. DixI™, n=6; DixI™* n=5; DixI”~, n=10. For all
panels, *=p<0.05; **=p<0.01

We obtained similar results in trace fear conditioning
using a tone cue (Fig. 4c). Freezing response to the tone
was significantly less in Dix/ "~ and Dix/™" mice than in
DixI™" mice (mean+SEM: DixI"" 51.85+4.74%; DixI™"~
22.22+4.65%; DIxI~ 6.11+2.21%; overall F(2,18)=
11.43, p=6.25x10"* p=1.03x10"> comparing DixI*""
and Dix/~"", p=0.03 comparing Dlx/™"* and DixI*").

Prepulse inhibition

In DixI”" mice (no difference in body weight between wild-
type and mutant genotypes in this batch of mice), we found
possible deficits in prepulse inhibition of acoustic startle
response (Fig. 5). Compared to their wild-type littermates,
DIxI”"” mice showed a trend towards decreased prepulse
inhibition at all prepulse intensities that were tested (8 dB,
12 dB, and 16 dB above the background of 60 dB white noise)
(mean+SEM: at 8 dB DIxI™" 45.8+5.4%, DixI™~ 309+
3.2%; at 12 dB DIxI™"" 47.4+4.9%, DIxI~'~ 38.1+8.7%; at 16
dB DIxI™" 51.243.6%, DIxI™~ 43.1+7.5%; overall ANOVA
p<0.05). A repeated measures ANOVA revealed a significant
main effect of genotype (F(1,69)=4.07, p<0.05) and no
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Fig. 5 Dix]””~ mice showed reduced prepulse inhibition of the
acoustic startle response. Analysis was performed at 8, 12, and 16 dB
above background. *=p<0.05. DixI™", n=16 (8 females); Dix/ ™",
n=9 (5 females). Dark bars: DIxI™"*; light bars: DIxI~
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significant main effect of prepulse intensity (F(2,69)=0.79,
p=0.46) or interaction between genotype and prepulse
intensity (F(2,138)=0.15, p=0.86). A post-hoc comparison
showed a significant difference between genotypes at 8 dB
(»<0.05), but not at 12 dB or 16 dB above background.
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Because this decreased attenuation of the acoustic startle
reflex could reflect changes in sensorimotor gating [32]
and/or a hearing deficit [31], we analyzed the startle reflex
amplitude when no prepulse stimulus was present (Supple-
mental Fig. 4). The startle response (without a prepulse) at
110 dB was significantly lower for Dix/~"~ mice than
DixI*"* mice (meantSEM in arbitrary units: Dix/ ™"
920.43+74.90, DIxI”~ 630.76+£105.91; p=0.04). This
finding is consistent with a modest hearing deficit in the
DixI”" mice [31].

Spontaneous alternation task (Y-maze)

In light of the deficits in fear conditioning in the Dix/ '~
mice, we also investigated whether these animals had
abnormalities in processes such as working memory. The
spontaneous alternation task is based on the natural
alternation behavior of rodents, and is used to model spatial
working memory with a delay time of zero seconds [33].
DixI”"" mice performed indistinguishably from their wild-
type littermates, and at the same level as C57BL/6 J mice,
on this task: the number of entries into maze arms, the
percent of alternations ((number of alternations / (total
number of arm entries-2))* 100), and the percent of repeat
entries were similar among these three groups for the first
2 min, as well as for the entire 8 min (Supplemental Fig. 5).
The results from one-way ANOVA on the above data are
summarized in supplemental Table 1.

Performance of a complete alternation on a Y-maze at
chance levels has not been found reported in literature.
However, if determined mathematically (calculated using
probabilities of entries), the chance level of alternation
would be 22.22%. All mice tested on this task have
performed higher than this level of alternation.

Spatial working memory task (novel arm in a Y-maze)

A two-trial procedure, originally developed to test novelty
response and working memory in a Y-maze, was applied to
test spatial memory and to determine exploration of novel
locations [34]. We used a 2 min interval between trials, to
correspond with the limited time span considered to be
working memory. This task is known to tax the dorsolateral
prefrontal cortex (PFC) in primates, and medial PFC in
rodents [35-37]. Proximal visual cues were attached to the
arms and to the hub of the maze to orient the mice in space.
As indicated by the number of entries into the arms, and the
total amount of time spent in each of the arms (Supple-
mental Fig. 6), DixI™”" and DixI”" mice, as well as
C57BL/6 J mice, recognized novel locations, and showed
significantly enhanced exploration of novel locations after
the 2 min ITL Thus, the Dix/~ mutants behaved normally
in this assay.
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Using repeated measures ANOVA on the number of
entries (Supplemental Fig. 6a), we found that main effect of
entries was observed for all groups of mice (F(2,29)=48.87,
p<0.0001), indicating that all mice explored the novel arm
significantly more than the other arms. However, no
difference was detected among the mouse groups in the
overall level of entries into maze arms (no genotype effect:
F(2,29)=2.44, p=0.11). Furthermore, all mice showed
similar preference for the novel arm entries over the entries
to the other arms, as shown by lack of interaction between
genotype and number of entries (F(4,58)=1.98, p=0.11).

Using repeated measures ANOVA on the time spent in
arms (Supplemental Fig. 6b), we found that main effect of
time spent in arms was observed for all groups of mice,
indicating strong preference for spending time in the novel
arm (F(2,29)=22.56, p<0.0001). No differences were
observed between any of the groups in time spent in maze
arms (no genotype effect: F(2,29)=1.24, p=0.30). All
groups of mice consistently spent more time in the novel
arm, as shown by lack of interaction between genotype
and time spent in different maze arms (F(4,58)=0.61,
p=0.66).

In Supplemental Fig. 6¢, the novel arm proportions
(percent of time spent in novel arm compared to the other
two arms) were analyzed using one-sample t-tests compar-
ing the mean of novel arm proportion to the hypothetical
33.33% mean, which would be the "random" proportion for
the novel arm. For the percent of novel entries compared to
entries into the other two arms, all three groups showed
significantly enhanced exploration of the novel arm
(C57BL/6 J: p<0.0001; DixI™*: p=0.03; DIxI": p=
0.01). Similar results were found for the percent of time
spent in the novel arm compared to in the other two
arms (C57BL/6 J: p<0.0001; DixI*"": p=0.03; DixI " :
p=0.13).

Discussion

We found that lack of DIx/ leads to deficits in fear
conditioning and possibly in prepulse inhibition in DIx/
mutant mice. The DIx/ mutants display hyperactivity in
tests of open field, locomotor activity, and tail suspension,
but they appear normal in other aspects of general activities
and coordination such as food intake, zero maze and
rotarod performances. Nonetheless, this phenotype shows
specificity, as the mutant mice exhibit normal performance
in tasks related to working memory.

Forebrain neural systems mediating fear conditioning

Pavlovian fear conditioning assays are effective at assessing
associative learning. Thus, the anomaly in fear learning of
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the DIx/ mutants could be secondary to learning deficits.
Multiple neural circuits, including those interconnecting the
amygdala, hippocampus and PFC, could contribute to their
reduction in fear conditioning.

The neural hub for fear conditioning is the amygdala
[30]. Sensory stimuli corresponding to the potential CSs
from the thalamus, hippocampus, and several cortical
regions arrive at the the lateral nucleus of the basolateral
complex. The primary output for the generation of
conditional fear responses is the central nucleus of the
amygdala, which projects to a wide range of regions
responsible for emotional responses [30].

The hippocampus is another key component of the fear
conditioning system. In contextual fear conditioning, the
hippocampus is important for multimodal contextual cues,
but is not necessary for conditioning to a discrete unimodal
stimulus, such as a tone [38-40]. Furthermore, the
hippocampus has been implicated in contextual memory
retrieval [41]. Muscimol inactivation of the dorsal hippo-
campus (DH) impairs contextual retrieval of fear memory
[42]. Also, inactivation of the ventral hippocampus (VH)
impairs memory for context [43]. In trace fear conditioning,
the DH is required for normal function [44, 45]. Exposure
to a trace-conditioned cue increases immediate early gene
expression in the dentate gyrus [46]. Trace conditioning
also increases neurogenesis in the dentate gyrus [47], and is
impaired by a reduction in newly generated neurons in this
region [48].

Finally, the PFC has a critical role in fear conditioning.
Trace fear conditioning increases extracellular signal-
regulated kinase (ERK) activation in the medial prefrontal
cortex (MPFC) immediately following training, and block-
ing this increase impairs memory tested 48 h later [49].
Studies on trace fear conditioning with intra-mPFC infusion
of muscimol indicated that the mPFC activity is required
for both recent and remote memory recall [50]. Trace
conditioning is associated with increased neuronal activity
(c-fos expression) in the anterior cingulate cortex, and is
selectively impaired by lesions of this structure. While we
did not find evidence indicating working memory-related
defects in the PFC of DIx/ mutants, it is formally possible
that abnormal functioning of the mPFC contributed to their
fear conditioning phenotype.

Furthermore, PFC function, which is important for
spatial working memory tasks, requires continuously
keeping spatial information in memory for short (seconds
to few minutes) durations. Interneurons in the PFC have a
critical role in this process [51-53]. Specifically, it has
been shown that parvalbumin+ interneurons are important
for working memory [54, 55]. The putatively normal
parvalbumin-containing interneurons [18] may contribute
to the unaltered performance of D/x/~" mutants in the
working memory tasks described in this report.

Forebrain neural systems mediating behavioral inhibition

DIxI mutants also display generalized elevations of activity
levels, consistent with deficits in behavioral inhibition. It is
possible that such deficits in behavioral inhibition could
contribute to reduction of freezing in the fear conditioning
assays. Additional studies will be required to determine the
relative contributions of behavioral inhibition and associa-
tive learning defects to this phenotype. Connections from
the PFC to the basal ganglia and cerebellum have been
implicated in modulating behavioral inhibition [56, 57].
An impaired ability to inhibit behavior leads to hyperac-
tivity [58], impulsivity [59], perseveration [60], and
obsessive/compulsive behavior [59], and is associated with
many neuropsychiatric disorders. To understand the ana-
tomical substrates where lack of DIx/ function contributes
to these behaviors, it would be necessary to selectively
remove DIx/ function in the different components of these
circuits.

Forebrain neural systems mediating prepulse inhibition

Prepulse inhibition is commonly used as a measure of
the sensorimotor gating of the startle reflex [32].
Similar to fear conditioning, prepulse inhibition is
regulated by multiple forebrain components, in addition
to subcortical regions that process hearing and mediate
motor responses (including the cochlea, inferior collicu-
lus and pons). Within the forebrain, the cortico-basal
ganglia-thalamic circuit is thought to have a central
function, with the output through a pathway from the
medial prefrontral cortex, accumbens and ventral pal-
lidum to the pons. Inputs to the accumbens from the
amygdala, hippocampus and ventral tegmental area also
impact this system [32].

DIx1 is expressed in the above circuits that mediate
prepulse inhibition (see below), providing possible expla-
nation for the reduced prepulse inhibition that we observed
in the DIxI mutants. However, this finding needs to be
interpreted with caution. The DIx genes are expressed in
the developing middle ear; DixI~"~ mutants have dysmor-
phic ossicles and reduced hearing [31]. These deficits in
auditory ability of the mutant mice could result in the
small changes in their acoustic startle amplitudes and
prepulse inhibition.

Despite the reduced single-stimulus startle reflex ampli-
tude in these mice, the observation that DIx/ mutant mice
do show inhibition of startle responses indicates that they
are capable of hearing the prepulse stimulus, and suggests
that there may indeed be deficits in prepulse inhibition in
these mutant mice. For further investigation of this
phenotype, prepulse inhibition using cross-modal stimuli
(e.g. light) would be useful.
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DIx1 expression and function in forebrain neural systems

The DIx genes are probably expressed at some point during
development in all forebrain GABAergic neurons, and not
in GABAergic neurons in other parts of the central nervous
system [16, 61—63]. This includes local circuit neurons of the
neocortex, hippocampus and amygdala, projection neurons of
the basal ganglia (striatum, accumbens, pallidum, septum and
central nucleus of the amygdala), and inhibitory neurons of
the thalamus (reticular nucleus). DIx/ is broadly expressed
prenatally in these regions. In cortical regions, including the
PFC, hippocampus and basolateral and lateral amygdala,
DIx] is expressed primarily in dendrite-innervating inter-
neurons [18, 64]. In addition, DIx! is expressed in the medial
amygdala, and perhaps the intercalated nuclei (Wang and
Rubenstein, unpublished observations). Thus, DIx/ could
impact many of the key components of the forebrain neural
systems that regulate fear conditioning, prepulse inhibition,
and behavioral inhibition.

Furthermore, DIx/ has critical roles in regulating the
physiology of the neocortex and hippocampus through
promoting inhibitory tone and maintaining interneuron
survival [18]. Approximately 30 days after birth, DixI™"~
mice begin to specifically lose somatostatin+, calretinin+,
and NPY+ interneuron subtypes [18], which primarily
target dendrites [1, 65]. Around this time, the mutant mice
have increased susceptibility to seizures [18].

Currently, there is little information about whether
Dix]~~ mutants have anatomical or physiological defects
in other regions of the forebrain where DIx/ is expressed.
While they show reduced numbers of dopaminergic
neurons in the arcuate nucleus of the hypothalamus (Yee,
Wang, Ekker, Anderson and Rubenstein, submitted), future
analyses of additional D/x/~"~ forebrain components could
be important in elucidating their abnormal behaviors.

Role of GABAergic signaling in fear conditioning

Similar to the DixI™/~ mutants, other mouse models with
altered inhibitory systems show changes in fear condition-
ing and general activity. However, unlike the Dix/~’" mice,
many of these show increased indices of fearfulness. For
example, GABA, receptor (33 subunit ’~ mice have
epilepsy, hyperactivity, hypersensitivity to human contact
and other sensory stimuli, and lack of coordination [66].
GABA, receptor 42"/~ mice showed enhanced behavioral
inhibition toward natural aversive stimuli, heightened
responsiveness in trace conditioning and ambiguous cue
discrimination learning, and unaffected contextual and
delay conditioning [67]. Mice with a point mutation in the
a5GABA, receptor gene, which renders the receptor
diazepam-insensitive, have selective reduction of
«5SGABA4 receptors only in the hippocampal pyramidal
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cells and show facilitated trace conditioning but not delay or
contextual conditioning [68]. GABA, receptor & subunit "~
mice have reduced synaptic and extrasynaptic inhibition and
decreased sensitivity to neurosteroids [69-72], and exhibit
enhanced acquisition of tone and context fear [73].

While these GABA receptor mutants generally show
increased fear, the DIxI””~ mutants have reduced fear
conditioning. Perhaps this difference is because the receptor
mutants affect most types of inhibitory synapses, whereas
the DIx/ mutation appears to selectively affect dendrite-
innervating synapses. Thus, future studies are needed to
establish the mechanism(s) underlying the reduced fear
conditioning of DIx/~’~ mutants, with a particular focus on
dissecting the role of DIx in the PFC, hippocampus and
amygdala. Finally, our results raise the possibility that
selective defects in subsets of forebrain GABAergic
neurons could contribute to human disorders of emotional
dysregulation and hyperactivity. This opens the door to
considering the possibility that DIx/ dosage in humans
could modulate fear conditioning, as well as the assessment
and response to danger.

Altered inhibitory systems have been implicated in
multiple brain disorders. Given the critical roles of Dix/
in interneuron development and function and the deficits in
interneurons in DIx/ mutant mice [18], the behavioral
abnormalities in these mutants provide evidence for a link
between specific components of the GABAergic system
and specific behavioral phenotypes. Thorough investiga-
tions of mechanisms underlying these behavioral pheno-
types in DIx/ mutants may provide further understanding
on contributions of GABAergic inhibition in complex
human neuropsychiatric diseases.
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