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Mice with Enhanced GABAergic Innervation in the Dentate Gyrus
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The balance between excitation and inhibition controls fundamental
aspects of the hippocampal function. Here, we report an increase in
the ratio of inhibitory to excitatory neurons in the dentate gyrus,
accompanied by vy-aminobutyric acidy, (GABA,) receptor-depen-
dent impairment of synaptic plasticity and enhancement of activity-
dependent changes in excitability in anesthetized adult mice
deficient for the extracellular matrix glycoprotein tenascin-R
(TNR). TNR-deficient mice showed faster reversal learning,
improved working memory, and enhanced reactivity to novelty
than wild-type littermates. Remarkably, in wild-type and TNR-
deficient mice, faster reversal learning rates correlated at the
individual animal level with ratios of parvalbumin-positive inter-
neurons to granule cells and densities of parvalbumin-positive
terminals on somata of granule cells. Our data demonstrate that
modification of the extracellular matrix by ablation of TNR leads to
a new structural and functional design of the dentate gyrus, with
enhanced GABAergic innervation, that is, enhanced ratio of
inhibitory to excitatory cells, and altered plasticity, promoting
working memory and reversal learning. In wild-type mice, the
enhanced ratio of inhibitory to excitatory cells in the dentate gyrus
also positively correlated with reversal learning, indicating that
level of inhibition regulates specific aspects of learning indepen-
dent of the TNR gene.

Keywords: behavior, electrophysiology, hippocampus, inhibition,
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Introduction

Functional circuits in the central nervous system (CNS) depend
on a finely tuned balance between synaptic excitation and
inhibition and disruption of this balance in the cortex can lead
to cognitive disorders and schizophrenia in humans (Lewis
et al. 2005; Woo and Lu 2006). It is accepted that specific forms
of synaptic plasticity such as long-term potentiation (LTP) in
the hippocampus are mediated by excitatory principal neurons
under the control of several classes of inhibitory interneurons
(Cobb et al. 1995; Freund and Buzsaki 1996; McBain and Fisahn
2001; Mitchell and Silver 2003). In particular the dentate gyrus,
which receives sensory information via the perforant path
fibers, is characterized by low levels of excitability and by
a unique and complex assortment of y-aminobutyric acid,
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(GABA,) receptor subunits expressed by its granule cells
(Barnard et al. 1998; Wei et al. 2003).

This study addressed the question of how an alteration in the
number of inhibitory interneurons in the dentate gyrus affects
the GABAergic projections to principal cells and, as a conse-
quence, synaptic plasticity in vivo and cognitive functions of
mice. As a model, we used mice deficient in the extracellular
glycoprotein tenascin-R (TNR) (Weber et al. 1999). TNR is
expressed in the CNS of vertebrates and synthesized by
Purkinje cells, motoneurons, subpopulations of interneurons,
and oligodendrocytes (Fuss et al. 1993; Wintergerst et al. 1993;
Woodworth et al. 2002). In contrast to oligodendrocytes, TNR
expression in neurons does not decrease in the adult and
concentrates in perineuronal nets surrounding fast-spiking
parvalbumin-positive (PV") interneurons (Hirtig et al. 1992;
Wintergerst et al. 1993; Berghuis et al. 2004) that are of crucial
importance for shaping synchronized activity of neuronal
ensembles (Freund 2003).

Here, we report that TNR deficiency leads to an increase in the
number of PV" interneurons and principal cells in the hippo-
campus. In the dentate gyrus, but not in the other hippocampal
subfields, the ratio of PV' interneurons to granule cells and
number of GABAergic terminals on somata of granule cells are
strongly increased. These structural aberrations correlate with
alterations in GABA, receptor-dependent neuronal plasticity in
the dentate gyrus and faster reversal learning and enhanced
working memory of TNR-deficient mice.

Materials and Methods

Animals

TNR-deficient (TNR-/-) and wild-type (TNR+/+) male littermates with
a C57BL/0] genetic background after 5 backcrosses of mice from the
original C57BL/6] x 129/Ola colony (Weber et al. 1999) were used.
The animals were bred at the pathogen-free animal facility of the
University of Hamburg. Behavioral experiments were performed on
separate batches of 3- to 5-month-old male mice. Morphological
investigations were performed on 5-month-old animals that had been
used in the water-maze test. For electrophysiological recording of
dentate gyrus LTP, 4-month-old male mice were used. In addition to
adult animals, 7-day-old mice were used for morphological assessment
of cell proliferation and apoptosis. Experiments were conducted in
accordance with the German and European Community laws on
protection of experimental animals and approved by the local
authorities of the City of Hamburg.
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Morphological Analysis

Preparation of Tissue Samples and Immunobistochemistry

Tissue preparation and immunohistochemical stainings were per-
formed as described (Irintchev et al. 2005). Mice were anesthetized
with sodium pentobarbital (Narcoren, Merial, Hallbermoos, Germany, 5
uL/g body weight, ip.) and perfused transcardially with saline (0.9%
NaCl) followed by fixative (4% formaldehyde and 0.1% CaCl, in 0.1 M
cacodylate buffer, pH 7.3, 15 min at room temperature, RT). The brains
were postfixed overnight at 4 °C in the fixative solution supplemented
with 15% sucrose, followed by immersion in 15% sucrose solution in
0.1 M cacodylate buffer, pH 7.3, for an additional day at 4 °C. The tissue
was frozen for 2 min in 2-methyl-butane (isopentane) precooled to -30
°C in the cryostat (Leica CM3050, Leica Instruments, Nuf3loch,
Germany) and stored in liquid nitrogen until sectioned. Serial coronal
sections of 25-um thickness were cut in a caudal-to-rostral direction
and collected on SuperFrostPlus glass slides (Roth, Karlsruhe, Germany)
so that 4 sections 250 pm apart were present on each slide. The
sections were air dried for at least 1 h at RT and stored in boxes at
-20 °C until staining was performed.

Prior to the immunofluorescence staining, antigen demasking using
0.01 M sodium citrate solution (pH 9.0) was done in a water bath (80
°C, 30 min). Blocking of nonspecific binding sites was performed for 1
h at RT using phosphate-buffered saline (PBS, pH 7.3) containing 0.2%
Triton X-100, 0.02% sodium azide, and 5% normal serum from the
species in which the secondary antibody was produced. Incubation
with the primary antibody, mouse antiparvalbumin (PV, clone PARV-19,
Sigma, Taufkirchen, Germany), or rabbit antivesicular GABA transporter
(VGAT, rabbit polyclonal antibody, Synaptic Systems, Gottingen,
Germany) diluted 1:1000 with PBS containing 0.5% lambda-carrageenan
(Sigma) and 0.02% sodium azide was carried out at 4 °C for 3 days. After
washing in PBS (3 x 15 min at RT), the appropriate secondary antibody
conjugated with Cy3 (Jackson ImmunoResearch Laboratories, Dianova,
Hamburg, Germany) diluted 1:200 in PBS-Carrageenan solution was
applied for 2 h at RT. Finally, after a subsequent wash in PBS, cell nuclei
were stained for 10 min at RT with bis-benzimide solution (Hoechst
33258 dye, 5 ng/mL in PBS, Sigma), and sections were mounted under
coverslips with antifading medium (Fluoromount G, Southern Bio-
technology Associates, Biozol, Eching, Germany).

Double staining for PV and VGAT was performed by mixing the
primary antibodies at optimal dilutions and using a Cy3-conjugated
antimouse and a Cy2-conjugated antirabbit secondary antibody
preabsorbed with rabbit and mouse serum proteins, respectively
(multiple-labeling grade antibodies, Jackson ImmunoResearch). For
a given antigen, all sections were stained in the same solution and kept
in screw-capped staining plastic jars (capacity 35 mL, 10 slides, Roth).

Stereological Analysis of PV* Interneurons and Principal Cells
Numerical densities were estimated using the optical disector method
as described (Irintchev et al. 2005; Nikonenko et al. 2006). Counting
was performed on an Axioskop microscope (Zeiss, Oberkochen,
Germany) equipped with a motorized stage and Neurolucida soft-
ware-controlled computer system (MicroBrightField Europe, Magde-
burg, Germany). The volume of the dorsal hippocampus, its
subdivisions, and principal cell layers were estimated using spaced-
serial sections (250-pm interval) and the Cavalieri principle (Nikonenko
et al. 2006). The borders of the hippocampal regions were defined by
the nuclear staining pattern (Plan-Neofluar x10/0.3 objective) accord-
ing to criteria described by Long et al. (1998). The numerical density of
PV" cells was estimated by counting nuclei of immunolabeled cells
within systematically randomly spaced optical disectors. The parame-
ters for this analysis were guard space depth 2 um, base and height of
the disector 3600 um? and 10 pm, respectively, distance between the
optical disectors 60 pm, objective x40 Plan-Neofluar x40/0.75. The
same parameters were used for the counting of nuclei in the pyramidal
layer except for the base of the disector, which was 900 um?, and the
space between disectors (30 pm). Nuclei of glial cells in the pyramidal
layer were easily recognized and were not counted. Left and right
hippocampal areas were evaluated in 4 sections each. All results shown
are averaged bilateral values. The counts were performed on coded
preparations by one observer.

Light-Microscopic Analysis of Perisomatic Terminals and Principal
Cell Size

Estimation of perisomatic puncta and area of principal cell bodies was
performed as previously described (Irintchev et al. 2005; Nikonenko
et al. 20006). Stacks of images of 1-um thickness were obtained from
different hippocampal subfields in sections double-stained for PV and
VGAT using a TCS SP2 confocal microscope (Leica, x63 oil immersion
objective, 1024 x 1024 pixel resolution). One merged image (red and
green channels) per cell at the level of the largest cell-body cross-
sectional area was used to measure soma area and count individually
discernible perisomatic puncta (Supplementary Fig. 5). Numbers of
PV'VGAT" and PV VGAT" puncta were normalized to the perimeter of
the cell profile. All measurements were performed using the Image
Tool 2.0 software (University of Texas Health Science Center, San
Antonio, TX).

Proliferation and Cell Death in the Early Postnatal Hippocampus
Seven-day-old TNR-/- mice and their TNR+/+ littermates (7 = 6 per
genotype) were anesthetized on ice and sacrificed by decapitation. The
brains were fixed by submersion in 4% formaldehyde for 24 h,
cryoprotected, frozen, and cut as described above. Tissue sections
were stained with rabbit polyclonal antibodies against the proliferation
marker Ki67 (1:500, Abcam, Cambridge, United Kingdom) and caspase-
3 activated, a marker for apoptotic cells (1:2000, R&D Systems,
Minneapolis, MN) using the indirect immunofluorescence procedure
described above.

Synaptic Plasticity in the Dentate Gyrus

Because the present study is focused on GABAergic inhibition, an
important consideration was that it is difficult to induce dentate gyrus
LTP in in vitro preparations without the presence of GABA, receptor
antagonists (Hanse and Gustafsson 1992). A small potentiation induced
in vitro without suppression of GABAergic inhibitions represents NR2B-
dependent plasticity in immature granule cells rather than NR2B-
independent LTP that is induced when GABA, receptors are blocked
(Snyder et al. 2001; own unpublished data). Dentate gyrus LTP in vivo,
however, can be induced without these drugs (Errington et al. 1997;
Bampton et al. 1999), thus allowing the assessment of the impact of
GABAergic inhibition on dentate gyrus LTP. Here, we used a protocol
for recordings in anesthetized mice recently established in our
laboratory (Stoenica et al. 2006; see Supplementary Material). The
stimulating electrode was made of 2 125-pm Teflon-insulated stainless
steel wires, whereas the recording electrode was constructed of 75-um
Teflon-insulated tungsten wire or a glass pipette with an opening of
approximately 3 pm. The glass pipette was filled with artificial cerebral
spinal fluid supplemented with 10-mM bicuculline methiodide (Sigma)
to inhibit GABA, receptors in the vicinity of the recording site (Nosten-
Bertrand et al. 1996). The stimulation strength for recordings before
and after induction of LTP was selected to provide a population spike of
2-3 mV in experiments without pharmacological treatment or 1-2 mV
in experiments with infusion of bicuculline. In the latter case, the
stimulus intensity was reduced to avoid polyspiking activity during
baseline recordings. The responses were collected every 30 s, and
averages of 5 consecutive sweeps were used for analysis. LTP was
induced by 6 trains (intertrain interval of 20 s) of 6 bursts (interburst
interval of 200 ms) consisting of 6 pulses applied at 400 Hz (Davis et al.
1997). The stimulation intensity used for induction of LTP was 2 times
higher than the one used for baseline recordings. Only experiments
without rundown of field excitatory postsynaptic potentials (fEPSPs)
(>90% of baseline) were included in the analysis.

Bebavioral Analysis

Water-Maze Test

A water-maze test was performed on the 9 TNR+/+ and 9 TNR-/- mice
that were used for morphological investigations after the test. Before
the experiment, mice were familiarized for 2 days to swimming and
climbing onto a platform (4 trials per day; 60-s trial maximal duration; 5-
min intertrial interval (ITT) as described (Fellini et al. 2006). Then, mice
underwent the water-maze test in a 155-cm diameter circular pool
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(water at 21 = 1 °C, made opaque by a nontoxic white paint, 14-cm
diameter platform placed 1 cm below the water surface, the center of
the platform at 40 cm from the wall, 90-s maximal trial duration; see
Supplementary Material). The pool was placed in the center of the
experimental room (3.5 x 35 m) provided with 6 landmarks
approximately 50 x 50 c¢m in size placed on the walls at a height of
150-180 cm. Mice were started from 6 symmetrical positions in
a pseudorandomized order so that the average distance of the starting
position from the platform in 2 consecutive trails was always 90 £ 5 cm.
After having stayed on the platform for 15 s, mice were returned to
their home cage (HC) in a room adjacent to the experimental room and
allowed to warm up under red light. All mice were trained over 10 days
(days 1-10, 4 trials per day, ITI of 5 min). The platform was located in
the center of the target quadrant (4 platform positions placed in the
center of the 4 quadrants were counterbalanced within each
genotype). A probe trial was performed 5 min after the last training
trial on day 8: The platform was removed, and mice were allowed to
swim for 60 s. To avoid extinction, the probe trial was followed by 4
learning trials on days 9 and 10 with the platform located in the
previous position. On days 11 and 12, mice underwent a reversal
learning protocol. On day 11, mice underwent 2 trials with the platform
located at the position as on days 1-10 and were then trained in 4 trials
with the platform placed at the center of the quadrant opposite to the
previous target quadrant. Because reversal learning started 5 min after
the last learning trial, memory of the first platform position could
potentially interfere with the learning of the new platform location. It
has been suggested that functional hippocampus-dependent episodic-
like memory is required to avoid this interference and allow fast
reversal learning (Wood et al. 2000). On day 12, mice were trained over
4 trials with the platform located as in trials 2-6 on day 11. To test
whether mice had learned to search for the platform in the new
position, a probe trial was performed 5 min after the last trial on day 12.

Trial-to-Criterion Protocol

Mice (13 TNR+/+ and 13 TNR-/- mice) were trained under similar
conditions as those described for the water-maze test. To evaluate the
reversal learning capacities, a “trial-to-criterion” protocol (Chen et al.
2000) for 5 consecutive platform positions was used. Each mouse was
trained, for up to 9 trials per day (5-min ITI), to find a platform location
until it reached a determined criterion (3 consecutive trials with an
average escape latency < 15 s) before being trained for a new location
on the next day. Thus, a mouse was trained for one platform location
over a minimum of 4 trials (the escape latency of the first trial was not
taken in consideration) up to an open number of trials. All mice were
tested until they had reached the criterion for 5 different platform
locations. The number of trials required to reach the criterion was
evaluated. The first 15 s of the first trial with the platform positions 2-5
were used to measure the spatial selectivity for the previous position of
the platform (e.g., the first trial with the platform in position 2 was used
as probe trial for the platform position 1).

Test for Olfactory Learning and Reversal Learning

Mice (11 TNR-/- and 11 TNR+/+ mice) were exposed to 2 odors
(A and B) and trained to learn that only odor A was associated with
a food reward. Learning abilities were studied in a probe trial during
which the preference for odor A versus odor B in the absence of the
reward was tested. During the reversal learning protocol, mice had to
learn that odor B, and not odor A, was associated with the reward. The
experiment was performed under free choice conditions to minimize
the influence of factors related to stress or state anxiety on the per-
formance of the mice. Mice were single housed in Plexiglas cages
(13 x 20 cm and 23 cm high) equipped with a small lockable hole
(4 cm in diameter) at the bottom of one of the walls. First, mice were
habituated for 4 days to emerge from the HC to collect a piece of
chocolate (1.4 g) placed in the proximity of the door. Then mice
underwent 4 pretraining trials on 4 consecutive days during which they
were trained to emerge from the HC into a rectangular open field (75 x
90 ¢cm with 30-cm high walls). Four Petri dishes (diameter of 4.5 cm,
1 cm high) containing one piece of chocolate each were placed along
each of the 2 90-cm walls at a distance of 4.5 cm from each other. The
open field was surrounded by a black curtain and illuminated (5 Ix)
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with a vertically positioned white bulb. Each pretraining trial started
when the door was opened, and latency to enter the open field with 4
paws (emergence latency), latency to approach the first chocolate
pellet, and latencies to eat the first and last chocolate pellet were
recorded. Only mice eating all the 8 pieces of chocolate within 10 min
during the last pretraining trial were used for further training for
olfactory learning. The protocol for olfactory learning comprised a first
learning trial on day 1, a probe trial on day 2, second and third learning
trials on days 3 and 4, respectively, a probe trial on day 5, a reversal
learning trial on day 6, and a probe trial on day 7. During the learning
trials, Petri dishes were filled with sand aromatized with either nutmeg
(5% in sand) or cinnamon (5% in sand). Among the 4 Petri dishes along
the same wall, 2 were aromatized with nutmeg and 2 with cinnamon
and placed in the order nutmeg-cinnamon-nutmeg-cinnamon along
the left wall from the HC and cinnamon-nutmeg-cinnamon-nutmeg
along the opposite wall. All learning trials were performed as in the
pretraining trials with the only difference being that a piece of
chocolate was placed only in the 4 dishes having a determined odor: To
avoid a bias caused by innate aversion or attraction to one odor, dishes
with nutmeg were baited for 6 mice per genotype, whereas dishes with
cinnamon were baited for 5 mice per genotype. The probe trials were
performed to test the preference of the mice for the previously baited
odor in the absence of the chocolate: Sixteen dishes were placed along
the walls of the open field with the most proximal dishes placed on the
left and right sides of the door of the HC at a distance of 5 cm (Fig. 7C).
All 8 dishes on the left side from the HC were filled with cinnamon,
whereas those on the right side with nutmeg. The probe trial, initiated
when the mice had entered the open field with 4 paws, lasted 60 s.
Time spent in risk assessment from the HC toward the open field,
emergence latency, latency to approach the first cinnamon and nutmeg
dish, and number of approaches to the cinnamon and nutmeg dishes
(defined as when the mouse’s nostrils were over the dish) were scored.

Spontaneous Alternation and Win-Shift Tests

Seventeen TNR+/+ and 18 TNR-/- mice were tested in the spontaneous
alternation and win-shift paradigms using a T-maze. The spontaneous
alternation test was performed as described (Morellini and Schachner
2006). The T-maze consisted of 3 arms of the same size (34 x 5 cm and
30 cm high): 2 opposing arms and one central arm, made of Plexiglas
and connected such as to make a T. Sliding doors were placed at the
entrance of the opposing arms and at 10 cm from the dead end of the
central arm. Mice were tested over 2 days, 1 session per day and 14
trials per session with an ITI of 5 s. Each session was started by placing
the mouse at the dead end of the central arm with the door closed.
After 5 s, the door was opened, and the mouse was allowed to freely
enter one of the 2 opposing arms. Once the mouse had entered one
arm, access to the opposite one was occluded by the sliding door. As
the mouse returned to the dead end of the central arm, it was confined
there for 5 s before starting the next trial. Data were analyzed as
percentage of alternations over all trials.

The win-shift test was designed to test working memory under free
choice conditions in order to minimize the influence of factors related
to stress or state anxiety on the performance of the mice. The mice
could freely emerge from their HC and enter the central arm of a T-
maze. Following a win-shift criterion (“if you win, then shift”), at each
trial a food reward was located in the arm opposite to that where it had
been previously found. To familiarize the mice with the reward and the
testing conditions, mice underwent a pretraining protocol before being
tested in the win-shift test (see Supplementary Material). After the
pretraining protocol, mice were trained in the win-shift test for 4 days,
1 session per day and 14 trials per session. On training days 1 and 2, the
ITIwas 15 s, and on days 3 and 4 the ITI was 60 s. The win-shift test was
performed in the T-maze used during the pretraining protocol with the
difference that one small dispenser that could contain one pellet of
chocolate (an opaque Plexiglas cylinder with a diameter of 5 and 5 mm
high) was placed 2 cm from the edge of both opposite arms. To
equalize the smell of chocolate in the 2 opposite arms, between the
dispensers and the edges of the arms, 5 chocolate pellets were placed
behind a metallic grid, so that a mouse in the T-maze could smell but
not eat the pellets behind the grid. Mice underwent 4 training sessions
of 14 trials performed on 4 consecutive days. The test was started by
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opening the door of the HC so that a mouse could freely enter the
central arm end explore one of the opposing arms. As the mouse
entered one of the opposing arms, the door occluding the opposite arm
was closed so that mice could only return into the central arm and
finally into their HC. In the first trial of each session, the dispensers in
both arms were baited. After the mouse had entered one arm, eaten the
chocolate pellet, and returned to its HC, it was confined thereby
keeping the door closed for 15 s on training days 1 and 2, and 60 s on
days 3 and 4. The second trial was started by opening the door again.
During trials 2-14, mice had to find the chocolate following a win-shift
rule, namely the chocolate was only in the dispenser in the arm
opposite to the one where the mouse had previously found it. The test
was performed in darkness and videorecorded using an infrared
camera. Data were analyzed as percentage of correct choices over all
trials. In addition to number of correct choices, emergence latency
(time required to enter into the T-maze with 4 paws from the moment
when the door was opened), latency to eat the chocolate (time
required to eat the chocolate after the mouse had entered the T-maze),
and duration of each trial (measured from the moment a mouse had
entered the central arm to the moment it returned into the HC) were
recorded.

Step-Through Passive Avoidance Test

Twelve mice per genotype were tested. A 2-compartment box
equipped with a grid floor was used. The box was made of white
plastic with a sliding door (5 x 5 cm) connecting the 2 compartments.
One compartment (25 x 21 and 30 cm high) was illuminated (50 1x),
whereas the other (25 x 21 and 30 c¢m high) remained dark (<0.5 Ix).
On the first day, mice were placed into the illuminated compartment.
After 1-min, the sliding door was opened. After the mouse had
encountered the open door for the first time, the latency to enter the
dark compartment was measured. When the mouse had entered the
dark compartment with 4 paws, the door was closed, and a foot shock
(1s,0.25 mA) was delivered. Mice were then immediately returned to
their HCs. Retention was tested 24 h later by repeating the whole
procedure, with the exception that the mice did not receive any foot
shock. Mice were given 300 s to enter the dark compartment after
which the test was interrupted.

Fear Conditioning Test

The test was performed as described (Morellini and Schachner 2000).
The conditioned stimulus consisted of a constant high-pitch tone cue
(85 kHz, 80 dB, and 20 s). The unconditioned stimulus consisted of an
electric foot shock (0.34 mA, 2 s) elicited from the grid floor. At
conditioning, mice were placed into the conditioning chamber and
received 2 tone-foot shock presentations. The following protocol was
used: 0-s recording start, 120-s tone on, 138-s shock on, 140-s tone and
shock off, 170-s tone on, 188-s shock on, 190-s tone and shock off, and
240-s recording end. Mice were then tested for memory retrieval in the
shock chamber (context) and in an unfamiliar cage (new cage). When
retrieval was performed in the conditioning chamber (context), all
conditions were kept the same as for the conditioning protocol, except
that the mice did not receive any shock. Potential similarities in
olfactory cues between the context and new cage were reduced by
additionally cleaning the new cage with a soap solution. Twenty-one
hours after conditioning, mice were tested for retention in the new
cage and 6 h later in the context (24-h retention tests). Mice were
tested again for retention on days 8 and 9 (1-week retention tests); to
avoid possible bias due to the temporal order of the tests, half of the
mice from each genotype were tested in the context on day 8 and in
the new cage on day 9, whereas the other half were tested on day 8 in
the new cage and on day 9 in the context.

New Cage and New Object Tests

Because performances in the tests for cognitive abilities could be
influenced by novelty-induced behavior and anxiety, we performed the
new cage and new object tests as described (Brandewiede et al. 2005;
Morellini and Schachner 2006) on the same mice that have then
undergone the water-maze test. Mice were taken from their HC, placed
into a new cage (38 x 22 x 15 cm) with fresh bedding, and
videorecorded for 5 min. They were then left undisturbed in the new

cage. After 24 h, the behavior in the new cage (now familiar to the
mouse) was videorecorded for 5 min before introducing a new object
into the cage. The new object consisted of a plastic water bottle (7 x7
cm and 10 cm high) for rodents with the bottom cut-off and with an
entrance of 3 x 4 cm on one side. The bottle was placed into the cage
with the entrance facing the center of the cage. Behavior was
videorecorded for 5 min after the new object had been introduced
into the cage.

Analysis of Bebavioral Parameters

All experiments were videorecorded and analyzed automatically with
the tracking system Ethovision (Noldus) and manually by a blinded
trained experimenter using The Observer software (Noldus) as
described (Freitag et al. 2003; Morellini and Schachner 20006).

Statistical Analysis

All data are presented as group mean values with standard error of mean
(SEM). Two-tailed parametric and nonparametric tests were used to
analyze the data as indicated in the Results and Figure legends. The
accepted level of significance was 5%. The nonparametric Spearman’s test
was used to analyze correlations between morphological and behavioral
data sets. To restrict the number of correlations, the most relevant
behavioral parameters were selected using principal components analysis
as described (Morellini and Schachner 2006; Supplementary Material).

Results

Hippocampal Subfield Volumes, PV Interneurons, and
Principal Neurons

We first analyzed the hippocampus of TNR-/- mice and TNR+/+
littermates morphometrically to evaluate the anatomical con-
sequences of the mutation. We found an overall tendency for
enlargement of the dentate gyrus and cornu ammonis in TNR-/-
mice compared with TNR+/+ mice (Fig. 14,B). The differences
between the genotypes for different subfields and layers ranged
between 10% and 36% and were statistically significant for the
volume of the dentate gyrus (Fig. 14) and the volume of the
pyramidal cell layers in CA3 and CAl subfields of the
hippocampus (Fig. 1B). No differences were found for the ratios
of principal cell layer volumes to total subfield volume (not
shown). In contrast to the hippocampus, the whole brain mass
and volume were similar in TNR-/- and TNR+/+ mice (401 * 19
and 415 * 15 mg, 390 * 13 and 389 * 23 mm?, respectively, P >
0.05, t-test).

TNR is expressed by PV" interneurons, a major subpopula-
tion of GABAergic interneurons in the hippocampus, and
accumulates in the perineuronal nets surrounding these cells.
Therefore, we expected that the constitutive ablation of TNR
could affect this interneuron population. Indeed, we found that
the numerical densities (number per unit volume) of PV" cells
were increased in all areas of the hippocampus of TNR-/-
compared with TNR+/+ mice (Fig. 2B-E, “Density”). The
differences between group mean values were most prominent
in the dentate gyrus (Fig. 2B, “Density”) and CA3 (Fig. 2C,
“Density”). As a consequence of higher cell densities and, in
part, volumes of the hippocampal subdivisions in TNR-/- mice,
the total number of PV" interneurons was higher in TNR-/-
compared with TNR+/+ mice (Fig. 2B-E, “Number”). The
finding of a pronounced effect of the TNR deficiency on the
size of the PV" cell population raised the question whether
interneuron cell body area was also influenced by the mutation.
We measured soma areas of randomly sampled PV" interneur-
ons and found no difference between genotypes for any of the
hippocampal subfields (Supplementary Fig. 1).

Cerebral Cortex November 2010, V20 N 11 2715

9T0Z ‘0€ 1dy uo 18nb Aq /B1o'seulnolploxo 102e9//:dny woly papeoumoq


Supplementary Material
Supplementary Fig. 4
http://cercor.oxfordjournals.org/

>

4 1l TNR+/+ (8)
[ TNR-/- (8)
€ 3
E
@
E 2 x
g
| ﬂ
0
All DG CA3 CA1
0.15
t")E ] #
_g 0.10-_ * "
@ |
1S
£ |
E B
- ﬂ ﬂ ﬂ
0.00 -
DG CA3 CA1

Figure 1. Increased hippocampal volumes in TNR—/— mice. (4) Volumes of the
whole hippocampus (All), dentate gyrus (DG), and CA3 and CA1 subfields.
Multiplication factor 2 is used to adapt values of the DG, CA3, and CA1 to the scaling.
(B) Volumes of principal cell layers in the different hippocampal subfields. Numbers of
animals studied per group are indicated in brackets. *P < 0.05, #P = 0.12 (t-test).

Because the function of hippocampal circuits is tightly
regulated by the balance between inhibition and excitation, we
next analyzed cell densities of excitatory neurons (pyramidal
and granule cells) in the 3 hippocampal areas using nuclear
staining to identify the cells. The density of principal cells was
similar in all hippocampal areas of TNR-/- and TNR+/+ mice
(Fig. 34-C, “Density”). However, the total number of pyramidal
neurons in CA3 and CA1l was significantly higher in TNR-/-
versus TNR+/+ mice (Fig. 3B,C, “Number”). A tendency for
a higher number of granule cells in the dentate gyrus of TNR-/-
mice compared with TNR+/+ mice was also found (Fig. 34,
“Number”). In addition to their numerical increase, pyramidal
neurons in the cornu ammonis of TNR-/- mice had larger cell
body size than pyramidal neurons in TNR+/+ mice (Fig. 3B,C,
“Soma area”). The total number of PV’ interneurons and
pyramidal cells in CA1 and CA3 was proportionally increased in
TNR-/- mice and, thus, the ratio of PV" to pyramidal cells was
not different from TNR+/+ mice (Fig. 3B,C, “PV'/principal
cells”). In the dentate gyrus, however, due to a larger increase
in the number of PV" cells compared with granule cells, this
ratio was higher in TNR-/- compared with TNR+/+ mice (Fig. 34,
“PV*/principal cells”), suggesting that a single principal neuron
is innervated by a higher-than-normal number of inhibitory
interneurons.

To test whether morphological alterations in different
hippocampal subfields of TNR-/- mice are linked with each
other, we performed a principal component analysis of the
morphological parameters. This approach allows analysis of
multiple correlations between parameters and detection of
general factors that account for the variability in the data. We
identified 4 factors that accounted for 86% of the overall
variability (Table 1). All measurements related to the CA3 (with
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Figure 2. Increased numbers and densities of interneurons in TNR—/— mice. (4)
Representative images of immunostainings for PV in the CA1 and DG of TNR-+/+ (left
panels) and TNR—/— (right panels) mice. Scale bar: 40 um. (B-E) Numerical density
(Density) and total number (Number) of PV* cells in the dentate gyrus (B), the CA3
(C) and CA1 (D) regions and the whole dorsal hippocampus (£) of TNR+/+ and
TNR—/— mice. The number of animals studied per group is indicated in brackets in
(B). *P < 0.05, #P = 0.12 (t-test).

the exception of CA3 volume that loaded only weakly) and
number of PV' cells in CAl strongly loaded under factor 1:
Volume of the granule cell layer in the dentate gyrus and
number of principal cells in dentate gyrus loaded under factor
2; volume, number of PV" cells and ratio of PV" to pyramidal
cells of the dentate gyrus loaded under factor 3; volume of CA1
and CA3; volume of CAl pyramidal cell layer and number of
principal cells in CAl loaded under factor 4. Thus, the
segregation of morphological parameters into subfield-specific
clusters represented by different factors suggests that struc-
tural characteristics of the hippocampal subfields (dentate
gyrus, CA3, and CAl), such as subfield volume and number of
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Figure 3. Enhanced ratio of PV to principal cells and densities of inhibitory perisomatic puncta around granule cells. Numerical density (Density) and total number of principal
cells (Number), ratio of PV to principal cells and principal cell soma size (Soma area) in the dentate gyrus (4), CA3 (B), and CA1 (C) region of the dorsal hippocampus of TNR-+/
+ and TNR—/— mice. Multiplication factors are used to adapt some values to the scaling. *P < 0.05, #P = 0.10 (t-test). (D-F) Linear densities of PVTVGAT™ ("PV*"),
PV-VGAT" ("PV™) perisomatic terminals in the dentate gyrus (D), CA3 (E), and CA1 (F) of the hippocampus. *P < 0.05 (t-test). The number of animals studied per group for (A-
F) is indicated in brackets in (4) The number of cells/animals studied per group for (D-F) is indicated in brackets in (). Group mean values of the parameters are calculated from

individual mean values. *P < 0.05 (t-test).

Table 1
Factor loadings for morphological parameters
Factor 1 Factor 2 Factor 3 Factor 4
DG (vol) 0.69
DG-PV+ cells (n) 0.84
DG granular cell layer (vol) 0.91
DG principal cells (n) 0.95
DG PV+/principal cells 0.88
CA3 (val) 0.50 0.77
CA3-PV+ cells (n) 0.69
CA3 pyramidal cell layer (vol) 0.93
CA3 principal cells (n) 0.94
CA3 PV+/principal cells 0.71
CA1 (val) 0.83
CA1-PV+ cells (n) 0.74
CA1 pyramidal cell layer (vol) 0.64
CAT1 principal cells (n) 0.75
CA1 PV+/principal cells 0.59

Note: DG: dentate gyrus; n: number; and vol: volume. Loadings < 0.5 are not shown.

principal cells and PV® interneurons, are not significantly
interdetermined. This idea is in agreement with the fact that
the effects of TNR ablation were subfield- and cell type-specific.

Perisomatic Inbibitory Inputs to Principal Neurons

In search of further structural evidence that the balance
between inhibition and excitation is altered in the hippocam-
pus of TNR-/- mice, we analyzed synaptic coverage of principal
neurons in the dentate gyrus, CA3, and CAl using immunohis-
tochemistry and confocal image analysis. As there are 2 major
subtypes of perisomatic GABAergic input to the cell bodies of
principal cells, those provided by PV" cholecystokinin-negative

basket cells and by PV-negative (PV") cholecystokinin-positive
basket cells (Freund 2003), we identified one of these types of
terminals as positive for both PV and VGAT and the other one
as positive for only VGAT (Nikonenko et al. 20006). In the
dentate gyrus of TNR-/- mice, in which the ratio of PV”
interneurons to granule cells was increased, densities of both
PV' and PV~ perisomatic puncta were higher compared with
TNR+/+ mice (Fig. 3D), whereas there was no difference in
granule cell soma area between the genotypes (Fig. 34, “Soma
area”). In the CA1 region, we found that fewer perisomatic
terminals, both PV' and PV, surrounded the CA1 pyramidal cell
bodies in TNR-/- mice compared with TNR+/+ mice (Fig. 3F).
These observations are in agreement with previous electron
microscopic findings of reduced total perisomatic input to CAl
pyramidal cells in young TNR-/- mice (Nikonenko et al. 2003).
In the CA3 region of TNR-/- mice, the density of PV’
perisomatic puncta was normal, whereas the density of PV~
terminals was slightly increased compared with TNR+/+ mice
(Fig. 3E).

Proliferation and Cell Death in the Early Postnatal
Hippocampus

TNR is expressed during the postnatal development of the
hippocampus (Fuss et al. 1993; Supplementary Fig. 2) and may
influence, as suggested by recent in vitro data (Liao et al. 2008),
the proliferation and differentiation of stem-progenitor cells
and their progeny. We, therefore, analyzed whether increased
neuronal cell numbers in adult TNR-/- mice were due to
increased cell proliferation or decreased apoptotic cell death.
We used hippocampal sections from 7-day-old mice, an age at
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which both neurogenesis and cell death of principal neurons
and interneurons, especially in the dentate gyrus, occur at high
levels (Reznikov 1991; Madden et al. 2007). We stained the
sections for the proliferating cell antigen Ki67 and activated
caspase-3, a marker for apoptotic cells. The density of caspase-
3* cells in the hippocampus was 20 * 1.8 mm 2 in TNR+/+ mice
versus 11 = 0.54 mm™> in TNR-/- mice (P < 0.01, £test).
Conversely, the number of Ki67* cells was similar in the 2
genotypes (278 * 8.5 mm Z in TNR+/+ mice vs. 294 + 11 mm >
in TNR-/- mice, P > 0.05, #test). Thus, TNR ablation decreases
cell death in the hippocampus during early postnatal de-
velopment, without affecting proliferation.

Synaptic Transmission and Plasticity in the Dentate
Gyrus

Based on the morphological results that indicate elevated
perisomatic GABAergic coverage on granule cells in the
TNR-/- dentate gyrus, we investigated whether synaptic
properties are altered in this region under TNR ablation. We
performed in vivo electrophysiological recordings of LTP that,
in contrast to in vitro approaches, allow the assessment of LTP
under more physiological conditions and, in particular, in the
absence of pharmacological disinhibition (Errington et al
1997). Theta-burst stimulation elicited a robust LTP in TNR+/+
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mice, as previously reported for different mouse strains
(Errington et al. 1997; Bampton et al. 1999). Three hours after
induction of LTP, the magnitude of potentiation in the slope of
fEPSPs was 123 * 3.6% in TNR+/+ and 108 * 5.3% in TNR-/-
mice (P < 0.05, ttest; Fig. 4B). Also short-term potentiation
(STP), that is, increase of fEPSP immediately after theta-burst
stimulation, was strongly reduced in TNR-/- mice (Fig. 4B),
suggesting that induction of LTP is impaired in this mutant.
However, the magnitude of population spike amplitude
potentiation was 231 * 25% in TNR+/+ mice, whereas it was
362 * 38% in TNR-/- mice (P < 0.01, ttest; Fig. 4A4). To analyze
changes in excitability in more detail, we estimated the levels
of EPSP-spike (E-S) potentiation as a ratio between population
spike amplitudes measured 3 h after and before induction of
LTP for fEPSPs with a fixed slope of fEPSPs (corresponding to
the one measured after induction of LTP). TNR-/- mice had
higher magnitude of E-S potentiation (123 + 21%) than TNR+/+
mice (77 * 9%) (P < 0.05, ttest). Thus, 3 h after theta-
burst stimulation, potentiation of population spikes, and E-S
potentiation were larger, whereas potentiation of fEPSPs was
substantially impaired in TNR-/- mice compared with TNR+/+
mice.

To test the possibility that abnormal LTP in TNR-/- mice is
due to elevated GABAergic inhibition, as suggested by our
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Figure 4. Impaired LTP of fESPSs in the dentate gyrus of TNR—/— mice and its restoration to TNR+/+ levels by suppression of GABAergic inhibition. (A,8) LTP was induced
without pharmacological manipulation. (C,0) LTP was induced during infusion of 10 mM bicuculline. Data represent mean + SEM of population spike (PS) amplitude (4,C) and
slope of fEPSPs (B,D) expressed in % regarding the baseline (time from —20 to 0 min). Theta-burst stimulation (applied at time 0) elicited a robust LTP in TNR+/+ and TNR—/—
mice. Examples of responses collected before and immediately after induction of LTP are shown above the LTP profiles. Horizontal bars in (A) indicate time intervals that are
shown with a higher resolution in (B). Arrows in (B) point to the initial phase of fEPSPs where the measurements of slope were made. The number of animals studied per group is

indicated in brackets.
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morphological data, we attempted to restore LTP by pharma-
cological suppression of GABA, receptors. After infusion of
the GABA, receptor antagonist bicuculline via the recording
pipette, which leads to a local disinhibition in the dentate
gyrus (Nosten-Bertrand et al. 1996), we observed no
difference in basal synaptic transmission between genotypes.
The potentiation of the population spike amplitude was
significantly smaller in both genotypes compared with
pharmacologically untreated mice. Three hours after induc-
tion of LTP, the magnitude of population spike amplitude
potentiation was 144 = 20% in TNR+/+ and 175 * 35% in
TNR-/- mice (P > 0.05, rtest; Fig. 4C). A similarly strong
reduction in population spike amplitude potentiation in the
presence of bicuculline has been reported for wild-type mice
(Nosten-Bertrand et al. 1996). STP in the presence of
bicuculline was 147 * 13% in TNR+/+ and 164 * 8.7% in
TNR-/- mice (P > 0.05, ttest; Fig. 4D). Three hours after
induction, the magnitude of LTP was 126 * 10% in TNR+/+
and 132 % 9.8% in TNR-/- mice (P > 0.05, t-test; Fig. 4D). Thus,
bicuculline fully restored STP and LTP of fEPSPs in TNR-/-
mice, supporting the view that the deficit in synaptic
plasticity in the dentate gyrus of TNR-/- mice is due to
enhanced GABAergic inhibition in this region.
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Water-Maze Test

We then assessed the effects of functional and structural
aberrations in the dentate gyrus on the cognitive abilities of
TNR-/- mice. The water-maze test indicated that both
genotypes learned and remembered equally well the position
of a hidden platform by means of a spatial searching strategy.
However, when the platform was relocated to a new position in
the maze, TNR-/- mice were faster in finding the platform,
suggesting that they could change their searching strategy
more flexibly compared with TNR+/+ mice (Fig. 54,B).

Daily mean escape latency and distance moved to reach the
platform were analyzed from the learning trials of the first and
second platform positions (learning and reversal learning,
respectively). Because the same results were obtained for
distance moved and escape latency, for brevity, we present
here the data on distance moved which, on the contrary to
escape latency, is not biased by swimming velocity or floating.
The data relative to escape latency are shown in Supplementary
Fig. 6. Mice of both genotypes learned to find the first platform
at the end of training with no differences between genotypes
(Fig. 54). Although TNR-/- mice tended to find the platform
faster compared with TNR+/+ mice on day 2, the effect of the
interaction between “Genotype” and “Day” on distance moved

1500

1000

500

Distance moved (cm)

o

60
50
40
30
20—- R mr
0- Opp. Target Left Right
Quadrant

Time in quandrant (%)

Figure 5. TNR—/— mice are faster during reverse learning in the water-maze test. (4) Learning success was evaluated by distance moved (calculated as mean of the daily 4
trials) to find the platform. Both genotypes learned the first platform position (days 1-10) equally well. TNR—/— mice covered shorter distances than TNR++/+ mice to finding the
platform on day 11 when the platform was located in a position opposite to the one where it was located on days 1-10. *P < 0.05 comparison between TNR-+/+ and TNR—/—
mice on day 11 (Newman-Keuls test after 2-way ANOVA for repeated measurements). (8) TNR—/— mice covered shorter distances during the first trial of the second reversal
learning day (day 12) compared with TNR+-/+ mice. *P < 0.05 (Mann-Whitney test). (C) Both genotypes showed a significant preference for the target quadrant compared with
the other 3 quadrants in the probe trial on day 8 (effect of quadrant, 34, = 14.3; P < 0.001). (D) In the probe trial on day 12, neither genotype showed a clear preference for
a specific quadrant, although they tended to stay mare in the quadrants of the old and new target position compared with the other 2 quadrants. (C,0) The harizontal dotted line
indicates the chance level (25%) to stay in 1 of the 4 quadrants. The number of animals studied per group is indicated in brackets in (4).
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between days 1 and 10 was not significant (Fy 26 = 1.1; P >
0.05), whereas there was a significant effect of Day (Fy 126 =
11,7, P < 0.001), indicating that mice of the 2 genotypes
learned equally well. Three-way analysis of variance (ANOVA)
for repeated measurements performed on distance moved
during the first and second days of reversal learning, days 11
and 12, respectively, indicated a significant effect of the inter-
action between Genotype, Day, and Trial (F; 4, = 3.2; P < 0.05):
Post hoc analyses showed that TNR-/- mice swam shorter
distances to find the platform compared with TNR+/+ mice in
trial 2 on day 11 and trial 1 on day 12 (Fig. 5B). In the probe
trial performed on day 8 of learning, TNR+/+ and TNR-/- mice
selectively searched for the platform at the correct location,
indicating good spatial memory in both genotypes (Fig. 5C). In
the probe trial performed at the end of the reversal learning
protocol, no significant preference for any of the quadrants was
detected, although TNR+/+ and TNR-/- mice tended to stay
more in the quadrants of the new and old platform positions
than in the other 2 quadrants (Fig. 5D).

Correlations between Bebavioral and Morphological
Data

To test the hypothesis that the altered behavior of TNR-/- mice
in the water-maze test is related to the structural alterations
observed in the hippocampus, correlation analyses were
performed between morphological estimates and 2 behavioral
parameters: distance moved in the first trial of the second day
of reversal learning and time spent at the target zone during the
probe trial on day 8 of learning. These behavioral parameters
were selected by principal components analysis as variables
best characterizing the 2 major behavioral aspects (i.e., reversal
learning and long-term memory) detected in the water-maze
test (see Supplementary Material). Distance moved in the first
trial of the second day of reversal learning (day 12) was found
to be most representative for the ability of the mice to quickly
acquire information relevant to the new platform position.
Calculated for TNR+/+ and TNR-/- mice separately, this
parameter correlated negatively, for both genotypes, with the
volume of the dentate gyrus (Fig. 64), number of granule cells
(Fig. 6B), ratio between PV" cells and granule cells (Fig. 6C),
density of PV" perisomatic terminals (Fig. 6D), and volume of
the granule cell layer (Fig. 6E). These correlations were highly
significant also when calculated for all animals, both TNR+/+
and TNR-/- mice, with coefficients of correlation 7 = -0.86 for
dentate gyrus volume (P < 0.001), r = -0.81 for granule cell
numbers (P < 0.001), r=-0.72 for ratios of PV" cells to granule
cells (P < 0.01), r = -0.77 for density of PV' perisomatic
terminals (P < 0.001), and r = -0.83 for granule cell layer
volume (P < 0.001). These findings suggest that faster reversal
learning is associated with larger volume of the dentate gyrus
and its granular layer, higher numbers of granule cells, higher
ratios of PV" to granule cells, and higher densities of PV"
terminals on granule cell somata. Similar results were obtained
when the behavioral parameter escape latency in the first trial
of the second day of reversal learning, day 12, was used
(Supplementary Fig. 7). The second behavioral parameter used
for correlation analysis was time spent at the target zone during
the probe trial on day 8 of learning, which was considered
characteristic of the ability of the mice to memorize the
precise location of the platform. This parameter positively
correlated with the volume of the granule cell layer (Fig. OF,
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overall 7=0.69; P <0.01) and with the numbers of granule cells
(Fig. 6G, overall 7= 0.66; P < 0.01). In contrast to the dentate
gyrus, time spent at the target zone correlated negatively with
the volume of CA3 (Fig. 6H, overall »=-0.85; P <0.001) and the
CA1 subfield (Fig. 61, overall »=-0.68, P < 0.01).

We then performed a correlation between the behavioral
parameters and the standardized scores calculated for the
individual mice for the 4 factors generated from the princi-
ple component analysis of the morphological parameters (see
Table 1). We found significant correlations between time spent
in target zone during the probe trial on day 8 and factors 2
(under which number of granule cells and volume of granule cell
layer loaded) and 4 (under which volume of CAl and CA3,
volume of CA1 pyramidal cell layer and number of principal cells
in CA1 loaded), and between distance moved in the first trial of
the second day of reversal learning and factor 3 (under which
volume, number of PV" cells, and ratio of PV" to pyramidal cells
of the dentate gyrus loaded) (Supplementary Fig. 8). Thus, the
ability of mice to memorize spatial information was linked to the
structural parameters of the dentate gyrus, CAl, and CA3
subfields, whereas the rate of reversal learning correlated with
several structural parameters of the dentate gyrus. No correla-
tion was detected between any morphological measurement and
the behavioral parameters obtained from the new cage and new
object tests (Supplementary Table 1).

Trial to-Criterion Protocol

To investigate whether the better performance of TNR-/- mice
during reversal learning in the water-maze test was due to
enhanced reversal learning abilities or due to a more flexible use
of alternative nonspatial searching strategies, a new cohort of
mice was tested in the trial-to-criterion protocol in which
multiple platform positions are learned consecutively. TNR-/~-
mice learned the new platform positions significantly faster and
showed higher spatial preference for the previously learned
platform position compared with TNR+/+ mice. Two-way
ANOVA showed a significant effect of Genotype (F; 4 = 823,
P < 0.01), of Platform position (F; o5 = 18.56, P < 0.001), and of
the interaction between Genotype and Platform position (F; o6 =
298, P < 0.5). Post hoc analyses indicated that TNR-/- mice
needed fewer trials to reach the criterion for platform positions
2, 3,and 5 (Fig. 74). The analysis of the first 15 s of the first trials
with the platform in positions 2-5 was used to measure the
spatial preference for platforms 1-4, respectively (e.g., the first
15 s of the first trial with the platform in position 2 was used to
analyze the spatial preference for the platform position 1). Both
genotypes preferentially searched in the proximity of the
previous platform position as indicated by the fact that the
percentage of time in the target quadrant was significantly
higher than the chance level of 25% (Fig. 7B). This result
confirmed that once mice had reached the learning criterion,
they learned the spatial position of the platform and did not use
an alternative strategy such as circling or looping (Whishaw et al.
1995). Two-way ANOVA indicated a tendency for an effect of
Genotype (F23 = 277, P = 0.1), no effect of Platform position
(Fs60 = 0.37, P > 0.05) and a significant effect of the interaction
between Genotype and Platform position (Fzgo = 43.88,
P < 0.001) on time spent in the target quadrant. Post hoc
analyses indicated that TNR-/- mice spent more time in the
target quadrant of the platform positions 2 and 3 (during the first
15 s of the first learning trials for platforms 3 and 4, respectively)
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Figure 6. Significant correlations between morphology of the dentate gyrus and reversal learning in the water-maze test. Distance moved during the first trial on the second day
of reversal learning (day 12) negatively correlated with volume of the dentate gyrus (4), number of granule cells (B), ratio of PV* to principal neurons (PNs) in the dentate gyrus
(C), number of PV* and VGAT* (PV*/VGAT™") perisomatic puncta on granule cells (D), and volume of the granule cell layer (£). Time spent in the target zone during the probe trial
performed at the end of learning on day 8 positively correlated with the volume of the granule cell layer (F) and the number of granule cells (G). The volume of the CA3 (H) and
CA1 (/) subfields of the hippocampus negatively correlated with time spent in the target zone during the probe trial performed at the end of learning on day 8. (A=/) The Spearman
correlation coefficient (r) and corresponding P value are indicated for each genotype. *,**P < 0.05, 0.01, respectively.

compared with TNR+/+ mice (Fig. 7B). These results support
the interpretation of the water-maze outcome that reversal
learning is enhanced in TNR-/- mice relative to TNR+/+ mice.

Test for Olfactory Learning and Reversal Learning
This test was performed to analyze whether the enhanced
reversal learning of TNR-/- mice observed in the trial-to-

criterion protocol of the water-maze test is restricted to spatial
information. TNR-/- mice learned and reversal learned the
association between an odor and a food reward better than
TNR+/+ mice, indicating that TNR-/- mice show faster learning
and reversal learning abilities for nonspatial information.
During the first 2 pretraining trials, TNR-/- mice needed more
time to enter the open field due to more time spent in risk
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Figure 7. Enhanced reversal learning and working memory in TNR—/— mice. (4) TNR—/— mice needed fewer trials to reach the learning criterion (3 consecutive trials with an
escape latency <15 s) compared with TNR+/+ mice for platform positions 2, 3, and 5. (B) The first 15-s interval of the first trials with a new platform position was used to
evaluate the searching strategies for the previous platform position (e.g., the searching strategy for platform position 1 was evaluated during the first 15 s of the first trial with the
platform in position 2). Both genotypes spent more time than calculated by chance (25%, indicated with a dotted line) in the correct quadrant, indicating spatial selectivity for the
previously acquired platform pasition. TNR—/— mice spent more time in the correct quadrant for platform positions 2 and 3 compared with TNR-+/+ mice. One TNR+/+ mouse
found the second platform position in less than 15 s, not allowing an appropriate evaluation of the searching strategy, and was thus excluded from statistical analysis. (C) Scheme
of the maze used for the probe trials of the olfactory learning test. The HC of a mouse was connected to an open field in which 16 dishes containing sand aromatized with either
cinnamon (gray circles) or nutmeg (white circles) were placed. (D,£) Results from the probe trials of the test for olfactory learning. The probe trials 1 and 2 were performed after
the first and second learning trials, respectively; the probe trials 3 and 4 were performed after the first and second reversal learning trials, respectively. In the probe trials 1, 3, and
4, TNR—/— mice approached the dishes with the correct odor faster (D) and more often (£) compared with the dishes with the incorrect odor in all probe trials and compared
with TNR-++/4 mice. TNR+/+ mice showed a preference for the correct odor only in probe trial 2 performed after the second learning trial, as indicated by the latency index (D)
and percentage of correct approaches (F) that were higher than chance levels (0 s in D and 50% in E). (F,G) In the spontaneous alternation (F) and win-shift (G) tests, both
genotypes alternated and made correct choices, respectively, more often than calculated by chance (50%, indicated with a dotted line). In the win-shift test (D), the enhanced
frequency of correct choices of TNR—/— mice was observed using both ITls (i.e., 15 and 60 s). The number of animals studied per group is indicated in brackets. *,**,***P <
0.05, 0.01, 0.001, respectively (Newman-Keuls post hoc test after ANOVA for repeated measurements); # P < 0.05 (Mann-Whitney test).

assessment toward the open field compared with TNR+/+ mice mice: 71 £ 6 s; TNR-/- mice: 51 £ 7 s; P < 0.05, Mann-Whitney
(Supplementary Fig. 9). During the pretraining trial 1, but not in test). No genotype-dependent differences were detected in
trials 2-4, TNR-/- mice approached the first chocolate pellet after pretraining trials 3 and 4 and during all training trials, indicating
they had entered the open field faster than TNR+/+ mice (TNR+/+ that TNR+/+ and TNR-/- had equal motivation to find and
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consume the chocolate pellet (data not shown). To detect
a preference for 1 of the 2 odors during the probe trials as
indication of learning and memory, 2 parameters were
evaluated: A latency index was calculated by subtracting the
latency to approach the first dish with the correct odor from
the latency to approach the first dish with the incorrect odor.
Thus, a preference for the correct odor is shown by an index
higher than zero, whereas indices equal to zero or lower than
zero indicate no preference or a preference for the incorrect
odor, respectively. As a further learning and memory parame-
ter, the percentage of correct approaches (number of
approaches to the correct dishes x 100/total number of
approaches) was evaluated: Values above 50% indicate a pref-
erence for the correct odor and values of 50% or below 50%
indicate no preference or a preference for the incorrect odor,
respectively. When trained to associate the food reward with
a determined odor, TNR-/- mice showed faster learning and
better reversal learning compared with TNR+/+ mice as tested
during the probe trials (Fig. 7D,E). Three-way ANOVA for
repeated measures was performed using Genotype as between
groups factor, and Acquisition Phase (comprising learning and
reversal learning phases) and Probe Trial (first and second trials
within each acquisition phase) as within group factors. Both
the latency index and the percentage of correct approaches
were significantly affected by Genotype (latency index: F; 5o =
6.05; P < 0.05; percentage of correct approaches: F; >y = 9.67; P
< 0.01) and by the interaction between Genotype, Acquisition
Phase, and Probe Trial (latency index: F; o = 19.72; P < 0.001;
percentage of correct approaches: F; 5o = 8.78; P < 0.01). Post
hoc analyses revealed that TNR-/- mice had a higher latency
index and percentage of correct approaches during the first
probe trial for the learning phase and the first and second
probe trials for the reversal learning phase compared with
TNR+/+ mice (Fig. 7D,E). Moreover, TNR+/+ mice improved
their performance from the first to the second probe trial
during the learning phase but not during the reversal learning
phase. The results indicate that TNR-/- mice learned the task in
one trial, whereas TNR+/+ mice required 2 trials to develop
a preference for the correct odor during the learning phase.
Moreover, while TNR-/- mice learned a new reward-odor
association after one reversal learning trial, TNR+/+ mice were
not capable to learn this task after 2 trials. To test whether the
performance in the olfactory test could have been affected by
different levels of novelty-induced exploration or anxiety, we
performed correlation analyses between the latency indices
and percentages of correct approaches in the 4 probe trials and
the latency to enter the open field, time in risk assessment and
latency to approach the first chocolate pellet during the first
pretraining trial. For both genotypes, no correlation was
detected between the behavioral parameters recorded from
the probe trials (indicative of the learning and reversal learning
abilities) and the parameters recorded during the first
pretraining trial (indicative of exploratory and anxiety-related
behaviors) (Supplementary Table 2).

Spontaneous Alternation and Win-Shift Tests

The spontaneous alternation and win-shift tests were designed
to characterize working memory capacities. Because no differ-
ences within groups were detected between training days 1
and 2 of the spontaneous alternation test, and between days 1
and 2 and between days 3 and 4 of the win-shift test, data were

pooled for the pairs of sessions performed under the same
conditions. Mice of both genotypes alternated in the sponta-
neous alternation test and made the correct choice in the win-
shift test at a rate significantly higher than the chance level of
50% (Wilcoxon signed rank test, P < 0.05). In the spontaneous
alternation test, TNR-/- mice alternated more frequently than
TNR+/+ mice (Fig. 7F). Because performance in the spontane-
ous alternation test could be affected not only by working
memory capacities, but also by exploratory strategies and
anxiety, we tested the mice in a win-shift paradigm in which
alternation should no more be spontaneous but functional, that
is, aiming at the finding of a food reward (chocolate). Moreover,
to control the levels of anxiety and motivation, the test was
designed such that mice could freely move between their HC
and the T-maze. With the exception of 2 TNR-/- mice and one
TNR+/+ mouse, all mice were motivated to eat the chocolate in
the win-shift test as indicated by the low emergence latency
(the mean for all trials was 2.9 * 0.8 s for TNR+/+ mice and 2.7
* 0.9 s for TNR-/- mice) and by the fact that once a mouse had
made a correct choice, it always ate the chocolate and no
differences were detected between the genotypes (data not
shown). Similarly to the spontaneous alternation test, TNR-/-
mice made more correct choices compared with TNR+/+ mice
regardless of the ITI used, as indicated by the significant effect
of Genotype (F, 30 = 0.12, P < 0.05). There was no significant
effect of ITI (F3, = 0.33, P > 0.05) and of the interaction
between Genotype and ITI (F3, = 1.22, P > 0.05) (Fig. 7G).

Step- Through Passive Avoidance and Fear Conditioning
Tests

No differences were detected between genotypes in learning
and memory in the step-through passive avoidance and in the
fear conditioning tests, indicating that acquisition and long-
term memory for fear-related information is normal in TNR-/-
mice. In particular, the normal performances of TNR-/- mice in
the step-through passive avoidance test and in the context
version of the fear-conditioning test indicate that hippocam-
pus-dependent function responsible for memory consolidation
and retrieval of fear-related information is intact in TNR-/-
mice.

In the step-through passive avoidance test, TNR-/- mice
showed slightly but significantly higher latency to step-through
(TNR+/+ mice: 13 £ 2 s; TNR-/- mice: 21 * 3 s; P < 0.05, Mann-
Whitney test) and made more stretch attend postures toward
the dark compartment (TNR+/+ mice: 1.1 + 0.8; TNR-/- mice:
3.8 £0.9; P <0.05, Mann-Whitney test) during the conditioning
trial as compared with TNR+/+ mice. During the probe trial,
both genotypes enhanced the latency to step through
compared with the conditioning trial and no genotype-
dependent differences were detected (TNR+/+ mice: 273 *
17 s; TNR-/- mice: 294 = 6 s; P > 0.05, Mann-Whitney test).
Eleven of 12 TNR-/- mice and 9 of 12 TNR+/+ mice did not
step through within the maximal 300-s duration of the test.

In the fear conditioning test, both TNR+/+ and TNR-/- mice
learned to associate the foot shock with the conditioned tone
and context and could retrieve this information up to 1 week
after conditioning as indicated by the enhanced time spent in
immobility during the retrieval tests. Immediately after receiving
the foot shock (Supplementary Fig. 10), mice showed fear-
related behavior (immobility and tail rattling) and decreased
exploratory behavior (moving and rearing). During the 24-h and
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7-day retention tests, mice continued to show fear-related
behaviors in response to the conditioned tone and context as
indicated by the high amount of time spent in immobility
(Supplementary Fig. 11). Fear-related behavior was seen also in
the new cage when no tone was presented, although at lower
levels than when mice were placed into the context, indicating
that, despite a generalization of the context, mice could still
discriminate between the context and the new cage (Supple-
mentary Fig. 11).

New Cage and New Object Tests

The new cage and new object tests were performed to assess
novelty-induced behavior. TNR-/- mice reacted more promptly
to an unfamiliar environment or a new object introduced into
their HC compared with TNR+/+ mice. When placed into the
new cage, TNR-/- mice spent more time in a flat posture (a
typical risk assessment behavior performed during the first
seconds after a mouse is exposed to a new and potentially
anxiogenic stimulus) (TNR+/+ mice: 3.3 = 0.8 s; TNR-/- mice:
6.7 £ 0.6 s; P < 0.001, Mann-Whitney test) compared with
TNR+/+ mice. No differences were detected between geno-
types for number of rearings and time spent digging, climbing,
and self-grooming (data not shown). After a 24-h habituation
period to the new cage, both genotypes decreased the number
of rearings and the time spent digging compared with the first
exposure to the new cage, and increased the time spent
climbing on top of the cage and eating with no differences
between genotypes (data not shown). After the new object was
introduced into the cage, TNR-/- mice made more stretch
attend postures toward the object (TNR+/+ mice: 11 = 1 s;
TNR-/- mice: 17 * 2 s; P < 0.05, Mann-Whitney test) and
required less time to contact the object for the first time
(TNR+/+ mice: 88 * 14 s; TNR-/- mice: 31 * 11 s; P < 0.01,
Mann-Whitney test) compared with TNR+/+ mice. No differ-
ences were detected between genotypes for time spent at the
object, rearing on the object, rearing in the cage, self-grooming,
and immobility (data not shown).

Discussion

As a prominent feature of TNR ablation, we observed
hippocampal hyperplasia associated with increased numbers
of principal cells and PV" interneurons in all regions of the
hippocampus of TNR-/- mice. To understand the mechanisms
underlying this overproduction of neurons, we analyzed 7-day-
old mice, an age at which TNR is expressed at high levels in the
mouse hippocampus (Fuss et al. 1993). We found that cell
death was reduced by almost 50% in TNR-/- mice compared
with TNR+/+ littermates, whereas cell proliferation was
unaffected by the mutation. Interestingly, however, only in
the dentate gyrus of TNR-/- mice the ratio of inhibitory to
excitatory cells was abnormally high and the perisomatic
GABAergic terminals on granule cells were more numerous
compared with TNR+/+ littermates. Although our findings
provide evidence for a previously unrecognized developmental
role of TNR, they cannot explain the region-specific effects in
the dentate gyrus. To resolve this issue, further sophisticated
analyses are required considering that TNR is a multifunctional
molecule that may both impede and promote cell adhesion, cell
migration, and neurite outgrowth (Morganti et al. 1990; Taylor
et al. 1993) and influence proliferation and differentiation of
neural stem-progenitor cells (Liao et al. 2008).

2724 Dentate Gyrus, Inhibition, and Reversal Learning - Morellini et al.

More intriguing than the origin of the neuronal over-
production in TNR-/- mice appeared to be the question as to
how enhanced inhibitory synaptic connections affect synaptic
transmission and plasticity in the dentate gyrus. We, therefore,
performed electrophysiological recordings in the dentate gyrus
of anesthetized mice and found a deficit in synaptic plasticity,
measured as STP and LTP of field EPSPs, in TNR-/- mice. Local
infusion of the GABA, receptor antagonist bicuculline restored
synaptic plasticity in TNR-/- mice to the normal level observed
in TNR+/+ mice, indicating that enhanced GABAergic trans-
mission causes the impairment. This is in line with the finding
of an increased ratio of PV" interneurons to principal cells and
densities of perisomatic GABAergic synapses on principal cells
specifically in the dentate gyrus of TNR-/- mice.

In addition to reduced synaptic plasticity, we found an
increased LTP of population spike amplitude in pharmacolog-
ically untreated TNR-/- mice. Also, E-S potentiation, that is, an
increase in population spike amplitude corrected to take into
account changes in fEPSPs after induction of LTP, was larger in
TNR-/- than in TNR+/+ mice. Bicuculline reduced and
equalized potentiation of population spike amplitudes in
TNR-/- and TNR+/+ mice. These data are consistent with the
idea that increased excitability in TNR-/- mice following theta-
burst stimulation in the absence, but not in the presence of
bicuculline, is due to higher levels of theta-burst induced
disinhibition of granule cells.

The severe impairment in STP and LTP of fEPSPs in TNR-/-
mice was specific for these physiological parameters, because
basal synaptic transmission and paired-pulse modulation of
population spikes (almost complete suppression of spikes after
second stimulation with 10- and 25-ms intervals) was not
affected and paired-pulse facilitation of fEPSPs was marginally
reduced in TNR-/- mice (Supplementary Material; Supplemen-
tary Fig. 3). The comparison of abnormalities in the dentate
gyrus and the CAl region of TNR-/- mice suggests that
different mechanisms underlie impairments of LTP in these 2
subregions in TNR-/- mice. Although diminished inhibition in
CAl results in a homeostatic-metaplastic increase in the
threshold for induction of LTP (Bukalo et al. 2007), LTP in
the dentate gyrus is reduced due to elevated inhibition. In vitro
recordings of LTP at mossy fiber-CA3 synapses and at
associative connections between CA3 pyramidal neurons did
not reveal differences between the genotypes (Supplementary
Material; Supplementary Fig. 4). Consistent with this finding,
our morphological analysis showed normal connectivity
between PV’ interneurons and principal cells in CA3, in
contrast to CAl and the dentate gyrus.

Another question was whether the detected structural and
physiological abnormalities underpin alterations in learning and
memory. As revealed by a water-maze test, learning and
memory were not affected in TNR-/- mice, but reversal
learning was faster than in TNR+/+ mice, as observed also in
the olfactory learning test. Enhanced performance of TNR-/-
mice during the reversal learning protocol of the water-maze
test has been reported by Montag-Sallaz and Montag (2003)
whose interpretation was that TNR-/- mice are unable to
spatially locate the platform. This conclusion was based on the
analysis of the swimming paths during the reversal learning
trials that suggested a use of circling strategies by TNR-/- mice.
The analysis of the searching strategies made by Montag-Sallaz
and Montag (2003) was unfortunately biased by 2 factors: First,
the duration of the trials varied between mice because it
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depended on the time they needed to find, by chance, the
platform at the new position. Second, the data were averaged
over 2 reversal learning trials. Thus, the performance of the
mice could have already been influenced by reversal learning
processes or differences in motivation. In our study, we
analyzed the searching strategies during the first 15 s of the
first reversal learning trial, when mice are expected to search
for the previously learned platform position and observed that
in contrast to previous results (Montag-Sallaz and Montag 2003)
TNR-/- mice are capable to spatially locate the platform.
Consistently, in our trial-to-criterion protocol designed to test
fast reversal learning abilities (Chen et al., 2000) TNR-/- mice
not only required fewer trials to find new platform positions,
but also showed high spatial selectivity for the previously
learned target. Thus, their enhanced performance during
reversal learning was most likely due to more efficient spatial
working memory, a type of memory considered to be required
for successful daily learning of a new platform location (Morris
and Frey 1997; Xavier et al. 1999). To investigate this
possibility, we used 2 paradigms for working memory: In both
the spontaneous alternation and the win-shift tests, TNR-/-
mice performed better than TNR+/+ mice. This finding is in
congruence with faster reversal learning and strongly supports
the idea that working memory of TNR-/- mice is more efficient
than in TNR+/+ mice. In agreement with the idea that TNR
ablation improved reversal learning and working memory but
not general hippocampal-dependent learning and memory,
TNR-/- did not differ form the TNR+/+ mice in the contextual
fear conditioning and step-through passive avoidance tests.

TNR-/- mice showed enhanced risk assessment when
exposed to a new environment, as observed in the new cage
and new object test and in the conditioning trial of the step-
through passive avoidance test. Enhanced risk assessment also
explains the higher emergence latency and latency to eat the
chocolate shown by TNR-/- mice during the first 2 pretraining
sessions preceding the test for olfactory learning. Interestingly,
despite the elevated time spent in risk assessment, TNR-/- mice
were faster than TNR+/+ in approaching a new stimulus as
observed in the new object test and during pretraining for the
test for olfactory learning when the latency to approach the
chocolate pellet was lower for TNR-/- than for TNR+/+ mice.
Taken together, these results suggest that TNR deficiency
enhances the attention to new stimuli, increasing the risk
assessment and reactivity to investigate them. It could be
argued that the enhanced performance of TNR-/- mice in the
tests for learning and memory was due to their enhanced
reactivity to new stimuli. We tend to exclude this hypothesis
for several reasons. First, with the exception of the first
minutes of the tests, all other parameters for general novelty-
induced exploratory behavior and anxiety did not differ
between genotypes in the new cage and new object tests.
Second, no differences in the latency to start and conclude
a trial were detected between genotypes during the training
trails of the win-shift and olfactory learning tests. Third, in the
olfactory learning test, no correlation was found between
novelty-induced behavior during pretraining and learning and
memory abilities. Finally, we could not detect any correlation
between the performance in the water-maze and the new
object tests.

To study which structural parameters of the CAl, CA3, and
dentate gyrus are related to cognitive abilities, we performed
correlation analyses of morphological and behavioral data. We

found that, even within one genotype, faster reversal learning
correlated with a higher number of granule cells, ratios of PV"
interneurons to granule cells and densities of PV" terminals on
granule cell bodies in the dentate gyrus. This suggests that the
number of PV' interneurons and granule cells, the ratio
between them, and the density of perisomatic PV synapses
in the dentate gyrus affect the individual rate of reversal
learning. These results are in agreement with the view that the
dentate gyrus is important for fast integration of new spatial
information, indicating that enhanced perisomatic inhibition in
the dentate gyrus facilitates this cognitive function. In support
of this notion is a recent observation that reduction of
excitatory drive by conditional ablation of the GIuR-A and
GIuR-D subunits of a-amino-3-hydroxyl-5-methyl-4-isoxazole-
propionate (AMPA) receptors in PV’ interneurons impairs
specifically working and episodic-like memories (Fuchs et al.
2007). Similarly, administration of the psychotomimetic phen-
cyclidine reduces the density of PV' interneurons in the
dentate gyrus and impairs reversal learning in rats (Abdul-
Monim et al. 2007). Conversely, C57BL/6] mice experiencing
maternal separation have a decreased number of neurons in the
dentate gyrus and slower reversal-learning rate in the Barnes
maze, whereas learning and memory were unaffected com-
pared with control mice reared under normal conditions
(Fabricius et al. 2008). Furthermore, several lines of evidence
indicate that the dentate gyrus is crucial for spatial reversal
learning and working memory but not for consolidation and
retrieval of reference memory (Jung and McNaughton 1993;
Xavier et al. 1999; Neill et al. 2001; Lee and Kesner 2004; Rolls
and Kesner 2006; Hernandez-Rabaza et al. 2007; Niewoehner
et al. 2007). For instance, it was recently shown that granule
cells in the dentate gyrus play an important role in rapid
formation of a new contextual memory and discriminating it
from previously encountered similar contexts (McHugh et al.
2007). This cognitive process is defined as pattern separation
and can be supportive of reversal learning as tested in the
present study.

With a view on the physiological mechanisms underlying
this remarkable phenotype, we suggest that enhanced in-
hibition in the dentate gyrus may allow for a better signal-to-
noise ratio for information impinging onto the granule cells
from the entorhinal cortex. Indeed, the dentate gyrus is, within
the hippocampus, the primary target of the majority of
entorhinal afferents that terminate in a laminar-specific fashion
on granule cell dendrites and carry sensory information on
multiple modalities about the external world. It has thus been
suggested that the dentate gyrus serves as a gate, filtering
excitation from the entorhinal cortex (Hsu 2007), a function
that may explain the conspicuous extensive inhibitory network
of cells that are involved in synchronizing the rhythmic firing of
the granule cells (Ribak and Shapiro 2007). In this context,
enhanced inhibition would be functional by allowing the
processing of only new relevant information thereby improving
working memory and reversal learning. An increase in signal-to-
noise ratio may be achieved by suppression of background
firing of neurons and/or, as suggested by our analysis of
population spike LTP and E-S potentiation, by an increase in the
activity-dependent disinhibition of neurons encoding task-
relevant features of the environment. This region-specific
facilitation of activity-dependent changes in excitability may
improve filtering of sensory information and facilitate faster
reversal learning. A region-specific function of LTP has been
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reported by Okada et al. (2003) who showed that regional
enhancement of LTP via expression of Ca*"-permeable AMPA
receptors caused opposite behavioral consequences on the
water-maze task: Rats with enhanced CA1 LTP showed shorter
escape latency and better probe test performance, whereas
those with enhanced dentate gyrus LTP showed impaired
performance. It is noteworthy that both working memory and
reversal learning require not only that the newest relevant
information is consolidated into a new memory trace but also
that previously learned memories do not interfere with
acquisition and consolidation of new memories. Thus, the
reduced STP and LTP of fEPSPs in TNR-/- dentate gyrus may
minimize this interference in the dentate gyrus and thereby
enhance working memory and reversal learning.

In conclusion, our findings indicate that TNR ablation
reduces cell death during early postnatal development leading
to an increased number of neurons in the adult hippocampus.
An enhancement of the ratio of PV" interneurons to granule
cells and the ensuring increase in the perisomatic PV*
GABAergic connections to granule cells cause a reduction in
LTP of synaptic responses and enhanced population spike LTP
in the dentate gyrus, highlighting the importance of PV+
interneuron population in determining the physiological
properties of granule cells. Furthermore, the increased
perisomatic GABAergic terminals on granule cells of TNR-/-
mice correspond to faster reversal learning and enhanced
working memory abilities of these mice. The observation that
within TNR+/+ mice interindividual variability in the structure
of the dentate gyrus predicts the rate of reversal learning
confirms our interpretation of the described functional
alterations of TNR-/- mice and highlights the importance of
perisomatic inhibition in regulating dentate gyrus control on
specific cognitive functions.

Supplementary Material

Supplementary material can be found at: http://www.cercor
.oxfordjournals.org/.
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